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Curing of fiber-resin mixtures is often the critical and productivity controlling step in the
fabrication of thermosetting-matrix composites. The long processing times (and costs)
R. Pitchumani‘ have remaingd the fundamental .impedinjent to Widespread commerciali;ation of cOmpos-
Mem. ASME ites. Sho_rte_nlng th_e cure cyc_le_ time, while ensuring a comple_te and unlfc_nrm cure in the
e-mail: pitchu@engr uconn edu product, is imperative fqr rgahzmg the goal of affordable materlqls processing, an‘d forms
' ' ' the focus of this investigation. Toward addressing the affordability challenge, this paper
explores the use of conductive carbon mats embedded inside the composite as a means of
providing internal volumetric resistance heating during the cure process. The supplemen-
tal heating results in temperature and cure uniformity through the cross section, as well
as speeds up the cure process. In the context of application to resin transfer molding,
systematic experimental and theoretical studies on various resistive heating configura-
tions are presented. Optimum processing strategies are derived based on the cure time
and microstructural product quality consideratiod§1087-135{0)01101-]
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Introduction used in curing the composite is increased, the cure cycle times can
be reduced. The conductive fibers are left embedded in the com-

Fabrication of reinforced thermosetting composites is acco bsite, since they are structural reinforcements as well.

plished using techniques such as pultrusion, autoclave curing, an itial studies on demonstrating the concept feasibility have

resin transfer mol_ding, all of which share the common and Criticﬁleen reported previousfyh,5]. For a viable practical implemen-
_step of cure. During th_e cure process the resin-saturated pref rzmon, however, a detailed understanding of the process is re-
is exposed to a prescribed temperature schedule—referred 0 @3,2ed. Toward this end, it is the intent of this study(@conduct
cure cycle—which initiates and sustains a cross-linking polym “systematic experimental investigation of the effects of the num-
!zatlon reaction of the resin and_transforms the f|b_er-resm m|x_tu[per of resistive heating elements, their placement, and the power
into a structurally hard composite product. In typical processingypplied to them on the fabrication time and parameters influenc-
the cure times could be on the order of hours, depending upon thg the product quality(b) develop a theoretical model describing
part thickness. An important objective of commercial compositgge process, and to validate it with the experimental data,(@nd
fabrication is that of reducing the manufacturing tit@@d cost  derive processing windows and optimum supplemental configura-
Significant reduction in the overall processing times can be regions from the investigations.
ized through a shortened cure cycle time, while ensuring a com-The experimental investigation is presented in the context of
plete and uniform cure of the product. the resin transfer molding process, although the underlying meth-
During the cure process, the outer layers of the laminate, whiebology and results are generically applicable to other cure pro-
are subject to external heating, cure far more rapidly than ticesses as well. A numerical model accounting for internal heat
inner layers, which are heated primarily by conduction from thgeneration due to the chemical reaction and the resistive heating
outer layers. The differential curing rates are especially significainom the embedded carbon mats is developed to simulate the pro-
in thick sections, where the differential leads to structurally poaess. The productivity enhancements afforded by the resistive
products. Toward addressing the above problem, alternative cheating approach are elucidated through comparison with the case
ing strategies using microwave energy have been expldred]. of conventional curing. Furthermore, microstructural evaluation
However, since microwave energy attenuates with thickness, tvas conducted on the fabricated specimens in order to assess the
problem of differential curing persists, although alleviated slightlinfluence of the supplemental heating on the product quality. A
in comparison to conventional curing. As a result, the approagiiocessing window, identified based on quality constraints, is pre-
adopted in practice is the use of cure cycles with lower tempergented which provides the feasible range of power input as a func-
tures and longer cycle durations, thereby leaving the objective t&#n of the number of carbon mat layers.
rapid and affordable composite processing yet to be realized. ~ The organization of the paper is as follows: A description of the
The shortcomings of existing cure strategies in regard to diffeiesistive heating experimental setup is presented first, followed by
ential curing and long cure cycle times may be avoided if th&e studies on resin kinetics characterization, the thermochemical
composite laminate being cured were to be heated fritirin the _model usgd for a theoretical simulation of the configurations stud-
cross section, in conjunction with peripheral heating. One ajd experimentally, and the results of the study.
proach to realizing this is the use of conductive fibers, such as
carbon, as heating elements embedded within the laminate. T@Qperimental Studies

passage of electric current through the conductive fibers causes . . . .
Experimental studies were conducted(& investigate the ef-

ects of three parameters—the number and the location of the
resistive carbon mats embedded inside the composite, and the
%ewer supplied—on the cure time and the parameters influencing

resistive internal heating which provides for a uniform curin
through the thickness. Physically, this approach reduces to eff
tively dividing the thick composite section into a number of thin
ner sections, each of which is cured uniformly by resistance he

ing from the conducting fibers. Moreover, since the total energ% e composite quality, antb) obtain a processing window, and

entify the optimal processing conditions. A lab-scale resin trans-
fer molding (RTM) setup, shown schematically in Fig. 1, was
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Fig. 1 Schematic of the experimental setup used for the resistive heating studies

step includes the injection of a catalyzed resin mixture, and it®tween the bus bars and the carbon mats throughout their length,
uniform permeation into the porous medium formed by thand provided for uniform distribution of the power supplied from
stacked fiber be¢known as a preform Finally, the whole system the source. The heating uniformity of the carbon mats was verified
is heated, expediting the curing of the resin. in separate experiments using an infrared thermal imaging camera
The main components of the experimental setup include a préseused on the plane of the carbon mats.
sure tank that houses the catalyzed resin and a mold in which th&'he power source supplied dc power with an adjustable voltage
preform is placed. The mold consists of a sandwich constructioh O to 20 V. Since the carbon mats were connected in a parallel
of a bottom base plate, a stack of picture-frame spacers whiailrangement to the power source, the total current was distributed
determine the laminate thickness, and a top plate, all made usegually among them. The low permeability of the carbon mats
Teflon. Teflon was selected based on(#sease of machinability, combined with the tight clamping and sealing of the spacer as-
(b) very low thermal and electrical conductivity, afig) inertness sembly served to eliminate any leakage of the resin from the sides
toward the epoxy resin system, which facilitates demolding. Tta# the mold during the infiltration process. In order to measure
base plate is comprised of a resin inlet port which is a 0.25 itemperature variation through the thickness, each of the spacers
diameter tapped hole that discharges into a concave runner alatgp had slots cut through them on the side opposite the injection
the width of the mold, as illustrated in Fig(a). The runner en- port to house the thermocouple wires. The top plate, made of 0.5
sures a uniform, essentially one-dimensional permeation of thre thick Teflon, included two air vents drilled to be in-line with
preform along the mold length. As shown in Fidga)l the Teflon the corners of the mold cavity furthest from the injection face, as
mold additionally incorporates a cavity, which houses a strighown in Fig. 1a). The overall sandwich setup was secured by
heater, for surface heating of the resin-saturated preform. Toair snap clamps.
heater cavity is closed by a copper plate that houses the thermo€ontrol of the surface heater mounted on the base plate of the
couples and ensures uniform surface heating of the composi®ld was accomplished with a solid state relay which was regu-
The copper plate was surface ground to a smooth finish in orderd#&bed by a proportional integral derivativ®ID) control scheme
minimize the surface interaction with the resin flow during thénplemented in LabVIEW6]. Temperature signals measured on
process, and was mounted flush with the surface of the Tefltre base plate and through the thickness of the mold by the ther-
base plate. mocouples were acquired via a terminal block to an NB-MIO-
The experiments were conducted for a mold catiymposite¢ 16L-9 National Instruments data acquisiti6BAQ) board. The
thickness of 0.5 in., which was formed using four spacers of 0.12®ating control was achieved by suitably adjusting the “on”
in. thickness each. Note that since the top Teflon plate acts as(alosed and the “off” (open duration of the solid state relay.
insulating surface, the arrangement studied also simulates the caseordingly the 0 percent—100 percent output signal from the
of symmetric curing ba 1 in. thick composite. The use of four PID controller was scaled to control the length of time that the
spacers provided for the incorporation of up to three resistigystem heater remained at full power. The temperature through
heating patches through the thickness of the preform. Slots wéhe thickness of the mold was recorded at the positibhsT2,
cut along the sides of the spacer frames in order to accommoda®& andT4, as shown in Fig. (&), every 2 s. The temperature
knife-edged, stackable copper bus bars along the length of tleadings were used to compute the degree of cure in the compos-
mold (i.e., thex direction in Fig. 3. Each bus bar had a V-shapedte, through its thickness, using the empirical kinetics model for
knife edge and a matching V-shaped groove machined along tit® resin system, which was developed as explained in the next
length, as shown in the cross-sectional view of the mold in Figection. The time required for the composite to reach a cure of 97
1(b), such that the bus bars could be stacked pefectly on top pércent throughout the cross section was considered to be the cure
one another. The carbon mats were secured tightly in place bieme.
tween the knife edge and the mating groove of adjacent bus barsContinuous glass strand mat, M8610, supplied by the Owens-
as illustrated in Fig. (b). This arrangement ensured firm contacC€orning Fiberglass Corporation was used as the reinforcement
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material in all the experiments. Carbon mats, G-104, supplied t  0.006 T
Textile Technologies, Inc., were used as the resistive heating e r do _ xeEATgmq_ gy ]
ments. The heating studies were conducted using epoxy res__ 4 gosf- da E
EPON-815, catalyzed with Epicure 3274, both supplied by th", A Kyo=4.18x10° "' E, = 55.92 [kJ/mol]
Shell Chemical Company. The resin selection for the study w: [ . m=025; n=175 ]
based on its low viscosity, which permitted quick mold fills usinc = 0-004f Temp. Model Exo. 1
relatively low injection pressures. The resin cure characteristk% [ emp. WMoae P
were obtained using differential scanning calorimetry explained i© o.003[ sorel — — - v 4
detail in the following section. %" i sope] —— - 4
C .
o [ .
Resin Cure Kinetics o 0.002 1
Information on resin kinetics is required fé& monitoring the 8 0.0011 R
degree of cure during the process as explained in the previo ' ! o . .
section, andb) describing the exothermic source term in the ther s \'bf*\t 1
mal model presented in the next section. Since the kinetic parai ~ 0.000t=bodsd oo b s Lo B,
0.0 0.2 0.4 0.6 0.8 1.0

eters of the resin-catalyst mixture, EPON 815/Epicure 3274, we
not available in the open literature, nor from the manufacture.,
they were characterized using differential scanning calorimetr:
(DSO). The goal of the characterization studies was to obtain %@
empirical expression for the cure rate of the form

da/dt=(K;+Kya™(1—a)" (2)

which is shown in the literature to describe well the experimen- . .
tally observed rate of cure for epoxy resins-9|. In the above Isothermal scans on the resin system were conducted to obtain
equation,a denotes a degree of cure defined as the fraction of tHé/dt versus time, for various temperatures in the range 80°C
initial resin concentration that has reacted at a time instant, t0 110°C. The value foH obtained above was also confirmed
andn are empirical exponents, an¢; andK, are the rate con- from the area under the isothermal thermograms. Since the total

stants that vary with the temperatufie, following the Arrhenius amount of heat generated by the cure reaction at any @(8,

Degree of Cure, o

. 3 Model parameters for the kinetics of the EPON 815 /
ICURE 3274 resin /catalyst system, obtained from isothermal
DSC scans.

relationship is directly proportional to the degree of cure, of the sample at
e RT CE.RT that particular instant, the rate of cudy/dt, can be defined as
Ki=kige "1 Ko=Kkye -2 2 q 1 da
in which ko andk,g are frequency factor&,; andE, are activa- Jo_ - XY (3)
tion energies, an® is the universal gas constant. dt Hg dt

The approach to obtaining the kinetic parameters followed auUsing the above relationship, the isothermal thermograms were
standard procedure as given by Han e{3). The principal steps cast as plots ofla/dt versus timet, and the degree of curey,
in the procedure are outlined below and the reader is referredy@s obtained by integrating these plots with respect to time. Fig-
Han et al.[7] for further details. First, the heat generated duringre 3 shows the cure ratde/dt, as a function of the degree of
the cure reaction was measured by completing the reactigiire, o, at a selected few of the various isothermal conditions
nonisothermally in which a predetermined amount of resin wagudied. The empirical parameters in the kinetics equafirs.
heated in a differential scanning calorimeter from room tempergt) and(2)) were then obtained as follows: first, the/dt versus
ture at the rate of 10°C/min until there was no more heat beingdata for each temperature was fitted to the right-hand side of Eq.
generated by reactiof@t about 200°C Figure 2 shows the rate of (1) to determinek;, K,, m, andn. The natural logarithms df;
heat generatedQ/dt, as a function of timet, referred to as a andK, were then plotted againstTL{K 1] to obtaink;o, Koo,

thermogram, for the nonisothermal DSC run. The total heat gef;  andE,. For the EPON 815/Epicure 3274 resin system, the
erated due to the reactioH, was obtained as the area under thgajye of K, was determined to be zero, while the valuekg,

thermogram by integrating the measured heat flow with respectQ m andn are summarized in Fig. 3.
time. The heat of the reactiofg, for the EPON 815/Epicure
3274 system was determined to be 384 J/g.

Process Model

A numerical thermochemical model was developed to describe

1.2 , 250 the cure process with supplemental internal resistive heating. The
- ] process phenomena involved dfe the heat transfer associated
= 1.0 L o00 with the heating of the fib_er-resin mixtl_Jre, including th_e _effects qf
= L 4 - the heat of the exothermic cure reaction and the resistive heating
= o8l ] <3D of the carbon mats, coupled wit2) the kinetics of the cure re-
8 r J1508 action, described by the Arrhenius-type empirical relationship in
S 46 ] 3 Eq. (D).
z [ 1 g The thermal model consists of solving the energy equation in
u—‘f i 100 @ Cartesian coordinates for the temperature distribution through the
5 0.4 ] 1 mold cross section. Assuming the heating to be uniform across the
L L ] & width and the length of the molck andz directions in Fig. 1, the
0.2 7150 = energy transfer is predominantly one-directional through the mold
F Heat of Reaction: 384 [J/g] ] thickness(y direction in Fig. 2. The governing equation, there-
0.0l 1 fore, for the one-dimensional heat transfer in the three-material

domain(formed by the copper base plate, the resin-saturated pre-
form layers, and the top Teflon coyeaccounting for the internal
heat generation due to the exothermic cure reaction and due to the
resistive heating of the embedded carbon mat in the composite,
may be written as

400 600
Time, t [sec]

800 1000

Fig. 2 Determination of the heat of reaction, based on a
nonisothermal DSC scan
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A (pCT)p] 4 ITp) N ) | face (y=L,) and the composite-Teflon cover interfacg:(Lb
. W bW ; <y=Ly (copper base plafe  +L,). These conditions can be represented as follows:

T=Tedt); y=0

A (pCT) ] o 2 da 1?2
—a ZW kLW +CAOHR(1_Uf)E+¢C NE Tt
—kT—=h(Tr=To); y=Lp+Li+Ly
Ly<y<Lp+L, (laminate 4) Y
aT, T, ™
ﬁ[(PCT)T]:i( T, Tp=T, kaZkLT? y=Lp
ot ay\ Tay | y Y
Ly+L <y<Lp+L_ +Ly (Teflon top plate T =T, kLW:kTW; y=Lp+L,

wherepC is the volumetric specific heal, is the temperature, ) O )

andy are the time and location in the mold thickness directiorYYhereh is thg heat transfer (.:oefﬂ(:lentl and all other terms in the
respectivelyk is the thermal conductivityC o is the initial con- above equations are as defined previously. The convective heat
centration of the resinA is the cross-sectional area in they transfer coefficient on the top plats, is obtained by using the
plane of the resin-saturated carbon mat perpendicular to the diréetrelation for natural convection of quiescent ambient air with
tion of the current flow, and is the fiber volume fraction. The constant temperature over a horlzontal flat plate configuration
subscriptsb, L, and T refer to copper base plate, preform Iayup¥13]- The thermochemical equations, E¢b.and(4), were solved

and the Teflon top cover, respectively. Additionally, is the for the temperature and the degree of cure profiles in the compos-
resistivity of the carbon mat arids the current passing through it. it€ Using an alternating implicit directiofADI) finite difference

The thermal conductivity of the resin-saturated carbon mat wiethod as explained by Rai and Pitchumiird].

obtained by using the mosaic model proposed by Ning and Chou

[10], from which the electrical resistivityy, was evaluated by Results and Discussion

applying Lorenz's law[11] equating thermal and electrical con-  rpe resistive heating experiments were conducted by system-

ductivity ratios as follows: atically varying the number of carbon mats, their location in the
Kk o preform, and the power supplied to them. The objective of the
c O¢ m - .
PR (5) studies was to understand the effects of these variables on the
m Om Y composite fabrication time, the temperature histories during the

wherek, o, and ¢ denote the thermal conductivity, the electricaprocess, and the microstructural quality of the parts fabricated. It
conductivity, and the electrical resistivity, respectively, and theay be recalled that the construction of the experimental appara-
subscriptsc andm respectively refer to the resin-saturated carbotus allowed for embedding a maximum of three carbon mats at
mat layer and the matrix resin. It must be mentioned that althoutgtationsc1, c2, andc3, as shown in Fig. 1. It may be reasoned
Lorenz’s law strictly pertains to metals, its applicability to comthat since the intent of embedding the resistive elements is to
posite materials has been demonstrated in previous st[is provide supplemental heating to the inner layers of the composite,
Note that the heat generation term due to the resistive heatingitaf best to position the heating elements at the locations furthest
the carbon mat is specific to the location where it is being placefdpm the base heater. Accordingly, three different placements of
and is zero at all other points in the composite cross sectidhe carbon mats were studied. Further, for each of the three place-
Further,da/dt denotes the rate of the cure reaction, which toments, two power inputs—9 W and 24 W—representing a low
gether with the heat of reactiohlr, determines the heat releaseand a high level, respectively, were investigated. The resulting six
rate during the cure process. The expression for the reaction rateasfigurations are listed in Table 1, along with the nomenclature
given by the kinetics model, Eq1). used to identify the different configurations, and the locations of
The governing equation, Ed4), is subject to the following the carbon mats in each case.
initial conditions in the three regions, namely, the copper plate, The effects of the supplemental heating configurations on the
the laminate, and the Teflon cover: temperature distribution within the composite are shown in Fig. 4
. . for four of the six configurations, namely, the base cassg1l

TLY.0=Tp(y.00=Tr(y,0=To, a(y,00=0in the laminate, .. ‘an4 :p1 (Table 3. A common cure cycle was used for all

the cases studied, and was comprised of raising the temperature of
where T, is initial (ambien} temperature. The boundary condi-the mold base, initially at room temperature, to 130°C within
tions associated with the governing equations, &), are the about 300 s and maintaining it at 130°C until the composite was
prescribed cure temperature cycle at the bottom of the copper baseed. The discrete markers in Fig. 4 represent the temperatures
(y=0 in Fig. 1 and convective heat loss at the top of the Teflorecorded from the experiments at the four thermocouple locations
cover(y=L,+L, +LyinFig. 1). In addition, the temperature andT1, T2, T3, andT4 (Fig. 1(a)), while the continuous lines repre-
the heat fluxes must be continuous at the composite-copper inteent the model-simulated values for the temperature distributions

Table 1 Heating configurations considered in the studies

Number of carbon mats Location from the mold base Power supplied Nomenclature
[in.] Wi
0 - - base
1 3/4 9 1cpl
3/4 24 1cp2
2 3/4,1/4 9 2cpl
3/4,1/4 24 2cp2
3 3/4,1/4,1/8 9 3cpl
3/4,1/4,1/8 24 3cp2
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Fig. 4 Variation of the measured and model-predicted temperature histories through the thickness of the composite for (a) base
heating only, and supplemental heating configurations: (b) 1cp1, (c) 2cp2, and (d) 3cpl

at the same four locations within the composite. As seen in tleat configurations. Further, the results are expressed in Higs. 5
plots, the model predictions follow the experimental temperatussd b) as a percentage change with respect to the base case, in
profiles closely for all cases, throughout the cure reaction. Thehich resistive heating was not included. Positive values on the
model predicts the magnitude and the location of the exotherpiots, therefore, denote an increase relative to the base case, while
within the composite accurately, to within the experimental erronegative values represent a decrease. Overall, the predictions of
As mentioned previously, reducing the cure time is one of tHBe process simulations are seen to match well with the experi-
prime objectives of using the supplemental resistive heating ef@ental trends on each of the parameters which are described
ments. However, the resistive heating of the carbon mats mb§low.
cause locally high temperatures and high temperature gradients. lfigure 5 shows that the maximum temperature and maximum
is also of interest to examine the impact of the supplemental hetemperature difference are minimally influenced by the supple-
ing on the spatial temperature difference through the thicknessroéntal heating over the range of the power inputs considered. The
the composite being cured. The high temperatures may degraal@ximum temperature difference is measured as follows: the dif-
the composite, and together with spatial temperature gradiefdfence between the maximum and the minimum temperatures
correlate to residual thermal stresses which are detrimental to f1§oss the cross section is noted at every time during the cure
product. Furthermore, in some applications, it may be desirable jp,cess. The maximum of these temperature difference data con-

g?r:tt:glﬁnrgiﬁ'én:)Togﬁgfnoha&rﬁﬁggﬁ;aiﬂzgrgg(':ﬁgtns ?rshgrggfenss%utes theA T .« Values reported. For most of the configurations
addition to the cure time, the various heating configurations areUd'ed’ the measured values By and A Tpgy are seen to be

examined in regard to the maximum temperature, temperature thin the experimental accuracy. It is evident from the simulation
mogeneity through the composite cross section, and the maxim{fsults (Fig. (b)) that, for a fixed number of carbon mats, the
temperature gradienttemporal in the composite during the Maximum temperature increases, whereas the maximum tempera-
process. ture difference decreases with increasing power input. In particu-
The results of the study are summarized in Fig. 5, wherein Fitgr, the use of a single carbon mat with a power input of 24 W,
5(a) presents the experimentally observed trends, while the datd.®, the p2 configuration, exhibits the largest maximum tem-
Fig. 5(b) correspond to the numerical simulation of the six differperature owing to the highest local power dissipation. Further-
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fept  1cp2  2cpt 2cp2  3cpl  3cp2 ration, on the other hand, yields a 25 percent reduction in the cure

Heating Configuration time with a moderate, more acceptable, increase in the tempera-
ture gradient value. The embedding of two carbon mats with a
Fig. 5 Comparison of (a) experimentally established and ~ (b)  high power supplied to them may therefore be regarded as being
model-predicted values of the parameters  Tnax, ATmax: Tmax:  Optimal based on the processing time and the temperature-related
and teye , Normalized with respect to the base case, for the considerations. This configuration is highlighted by the lightly
different heating configurations listed in Table 1 shaded rectangular area in Fig. 5. The trends in the experimental
data are corroborated by the simulation results in F{g).5
In addition to the processing considerations, it is important to
more, since the dp2 configuration provides the maximumexamine the void content in composites since the voids directly
supplemental heating furthest from the base heater, the spaiidlluence the mechanical properties of the composite; a higher
temperature gradienfT,,,,, IS minimized. void content leads to deterioration of the composite properties. In
Of the six resistive heating configurations studied, the case obader to evaluate the void fraction, image analysis was performed
single carbon mat heated with a power of 24(¢., the p2 through the composite thickness. Seven specimens corresponding
case in Table ldemonstrated the largest value of the maximurto each of the six resistive heating configurations and the base
temperature gradient. The temperature gradient was found todase were sectioned from the composite plaques fabricated. The
principally a function of the rate at which the carbon mat wasamples were mounted and polished for microstructural inspec-
heated, which is, in turn, a function of the resistance of the carbtion, using standard sample preparation techniqdé$ A suit-
mat and the magnitude of the current passing through it. As thble magnification was selected so as to clearly resolve the matrix,
number of carbon mats increases, the total current suppliedcegbon mat, glass fiber, and the void regions. Using a reflected
divided among them, which leads to lower local power dissipdight source, the representative sections of the microstructure were
tion. The case of ¢p2 corresponds to the supplied power beingaptured into a 8100/100 AV Power PC Macintosh computer via a
dissipated entirely in one location, resulting in the highest tenscion image grabber from a Hitachi CCD camera mounted on a
perature gradient. Nikon Optiphot microscope. The image analysis software, NIH
Figure 5 demonstrates that the cure time is reduced with theage, was used to evaluate the void fractions of the captured
addition of the resistive heating elements. For a given number difjitized images.
carbon mats, the cure time decreases with increasing power supFigure 6 presents the void fraction distribution across the thick-
plied. The cure time savings, however, decrease with increasingss of the composite specimens for two representative cases: the
number of carbon mats, as seen in Fig. 5. The use of a sindlepl and the 8pl heating configurations. The chain-dashed
carbon mat with a power input of 24 \(the 1cp2 caseg, there- lines in the plots denote the locations of the carbon mats. Overall,
fore, corresponds to the least cure time, of the cases studied, &nd observed that the void fraction is higher in the vicinity of the
represents the optimal arrangement solely from a productivibarbon mats. This may be attributed to the localized heating and
viewpoint. However, this configuration leads to excessive terthe resulting vaporization of the volatile contents in the epoxy
perature gradients, which may be undesirable. Ttye22configu- matrix around the resistive elements. The maximum void fraction
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Fig. 8 Processing window on the feasible range of power in-
Fig. 7 Variation of the average and maximum void fractions in puts, obtained from the experimental study
the composite specimens for the seven configurations listed in
Table 1

Figure 8 shows the processing window obtained based on the
experiments conducted. The abscissa represents the number of
is seen to be high for the case of resistive heating using singlarbon mats used while the ordinate shows the feasible range of
carbon matFig. 6(a)) since the input power is dissipated entirelypower. The values of the constraints Bpay, ATmax, and Tmax
in one location. The distribution of the power supplied amongsed to obtain the processing windows are given in the figure. The
three resistive elements, on the other hand, leads to lower veigaded bands in the plot indicate the range of acceptable power
fraction valuegFig. 6b)). inputs which satisfies the specified constraint values. Toward
Figure 7 summarizes the maximum void fraction and the avemaintaining the temperature difference within the permissible
age void fraction through the specimen thickness, for each of thgit, a minimum amount of power is required to be supplied to
seven cases in Table 1. As observed, the void fraction increases laminate. Accordingly, the lower bounds are seen to be gov-
by about 2 percent with increasing power supplied. The averagged by the allowable temperature difference within the compos-
void fraction ranges from 3 perceffor the lower power cas¢$o ite (which was taken to be 96.5°C in this stidyThe upper
5 percent(for the higher power caspsThe maximum void frac- bounds, however, are determined by the constraints on the maxi-
tion is the highest for the cases involving a single carbon mahum allowable temperature gradigdt39°C/$ and the maximum
wherein resistive heating is intensely localized and consequeniémperature within the composite during cig7°0. As noted
leads to high temperatures. For all the other cases, the maximgatlier, increasing the number of resistive carbon mats embedded
void fraction is seen to be less than 10 percent %. Figure 7 furthgithin the composite leads to a reduced local power dissipation
reveals the trend that for a given pow@ither 9 or 24 W the within each mat. This implies that a larger power may be used
average and the maximum void fractions decrease with increasinghout violating the constraints. The maximum and the minimum
number of carbon mats, owing to the distribution of the resistieermissible power are therefore seen to increase with increasing
heating through the thickness. number of carbon mats, although the shift is less pronounced for
It is evident from Fig. 7 that the@?2 configuration, which was the lower bound.
seen to be optimal based on the results in Fig. 5, corresponds to &he cure time values associated with the upper and lower
maximum void fraction of about 9.5 percent and an average vdigunds are also indicated in Fig. 8. It is clear that the upper bound
content of 5 percent. An alternative configuration of embeddingbrresponds to the maximum permissible power and, therefore, to
two carbon mats with a low power input, the 21 case, yields a the least cure time for a fixed number of carbon mats. From a
marginal reduction of about 2 percent on the void fractions; howomparison of the cure time values, it follows that the use of two
ever, the cure time savings are significantly diminished, as seerciirbon layers, at its upper bound on the povagout 19 W, is
Fig. 5(b). It may, therefore, be qualitatively reasoned that the uske optimum configuration which minimizes the cure time as well
of two carbon mats with a high power inp(ite., 2cp2) repre- as satisfies the imposed constraints. The corresponding void frac-
sents the best supplemental heating scenario over the rangeigis may be obtained from a linear interpolation of the data in
power inputs studied. Fig. 7 between the two power levels of 9 and 24 W to be 8.8
The measured temperature data from the experiments was glegcent(maximum and 4.3 percentaveragg It is noteworthy
used to obtain processing windows that represent the feasithi@t the two-carbon heating configuration derived as being opti-
range of power inputs as a function of the number of embeddatlim from the processing windows is in agreement with the opti-
carbon mats, for maintaining the maximum values of the tempefi@aum inferred qualitatively earlier from Figs. 5—7.
ture, the temperature difference, and the temperature gradienfdditional constraints, such as process capability, may be
within specified limits(constrainty. The construction of the pro- added toward obtaining a more refined process window. Further-
cessing windows is as follows: For a fixed number of carbon maigiore, process simulations conducted over a wide range of param-
a linear variation was assumed for each of the paramef€fsz eters may be used to obtain a better estimate of the processing
AT axr Tmax: @ndtg,s—between the two power inputs studiédl window and the optimum parameters, as presented in a compan-
and 24 W. For specified values of the constraints, upper andn study by Zhu and Pitchumafil6,17. These studies also re-
lower bounds on the power were then determined by superimpegal a greater sensitivity of parameters, such as the maximum
ing the inequality constraint specifications on the assumed lindamperature difference to the heating configurations, over a range
variations. This yielded three permissible ranges of power for ref power densities outside those discussed in this paper. The in-
sistive heating using one, two, and three carbon mats. terested reader is referred to Zhu and Pitchurha6j17] for fur-
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ther details. The present study investigated the use of a constant t = time (s

current through the cure process. Due to the exothermic nature of v; = fiber volume fraction

the cure process, the supplemental resistive heating could poteny, z = coordinate axes

tially be tapered off fafter initiation of sufficient e.xotherm. .TheGreek Symbols

suggests that an optimum current cycle along with an optimum

cure temperature cycle may be obtained for maximizing process @ = deg_re_e_of cure

efficiency. Such strategies are presently being explored and will # = resistivity of the carbon maim)

be reported in the future. p = dens.it.y(kg/m3) . o
m, n = empirical exponents in the cure kinetics modEk.
Conclusions (1)

The use of embedded carbon mats as internal resistive heatfigoscripts
elements was explored as a means of accelerating the cure pro- , — copper
cess. Experiments as well as numerical process simulations were | — |aminate
conducted for a range of combinations of power inputs and carbon T — Teflon
mat placements within the composite. A processing window was
presented toward identifying the range of acceptable power tHReferences
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