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Abstract : The manufacture of polymer composites through resin transfer molding (RTM) process
involves the impregnation of fibrous reinforcements in a mold cavity and the subsequent cure reaction
of a reactive polymeric resin. Curing stage involves heat transfer coupled with thermoset resin cure. In
this study an energy balance was set up including the bulk properties of composites, which were
dependent on temperature, degree of cure and fiber volume fraction. A full three-dimensional finite
element method was used for solving the heat transfer problem of plate geometry. We developed a
computer program capable of predicting the temperature profile and the degree of cure in a mold as a
function of cure conditions and sample geometry. For a polyester/glass fiber composite, the
temperature and the degree of cure distribution inside a three-dimensional flat plate could be predicted.
Through numerical simulations it was shown that the appropriate selection of cure cycle was the most
critical processing parameter in the given material system.

Introduction

Resin transfer molding (RTM) has become an
attractive and efficient process for high perfor-
mance and low cost manufacturing of product in
the composite industry for years.
Applications for RTM using advanced composites
cover the full ranges of commercial and military
aerospace parts, automotive, and consumer

several

products. The expanded use of RTM composites
in high performance products requires efficient
structual design methods.

RTM process is composed of four steps.
Preform manufacturing, mold filling, curing and
demold processings are performed in the RTM
process sequentially. When curing a composite, it
is desirable that the curing process be completed
in the shortest amount of the time and the resin
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in a mold be cured uniformly in order to obtain
the resin transfer molded products with consistent
quality. The significance of a precise temperature
control lies in its effect on the physical and
mechanical properties of cured composites. There-
fore, the modeling for the prediction of tempera-
ture at any time and the degree of cure for
thermosetting resin within the composites becomes
of utmost importance.

The curing stage involves the exothermic
reaction of resin and the heat transfer through the
mold. The optimization of curing process requires
an understanding of curing reaction kinetics as well
as of heat transfer phenomena. The fundamental
law of conservation of energy was utilized by
several researchers to calculate the temperature
profile inside a mold during cure process.”® But it
has been reported that earlier studies offer little
experimental evidence and insufficient description
of changes in kinetics and transport parameters.

Gonzalez-Romero and Macosko' studied a
simple one-dimensional thin cavity problem. They
made use of moldability diagrams to define a set
of conditions to meet the process requirements.
Moldability diagrams were presented for the
filling and curing stages. They showed that the
conditions used in the process should fall inside
both the filling and curing process windows. The
criterion for selecting of fiber
reinforcement, injection time, catalyst level, and
process temperature in order to optimize
properties and demold time was described. The
effect of the cure cycle and resin aging on the
viscosity during cure were investigated by
Kranbuehl et al.? using the frequency dependent
electromagnetic sensor. Loos and Springer®*
reported the cure process modeled by a pair of
simple expressions and produced a simple
computer model to predict the temperature and
degree of cure for a composite material in
consolidation process. This model is valid only for
parts of plate geometry and simple cure cycle.
Kinsey et al.® investigated the temperature and
degree of cure of an advanced composite
material during autoclave cure. They could
analyze the effects of cure cycle ramps, strategies,
hold time and more realistic heat transfer
processes to obtain an optimum cure cycle.

the amount
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The primary goal of the present study is the
development of computational program capable
of predicting the temperature profile and the
degree of cure during resin curing stage in RTM
process. An energy balance was set up including
the bulk properties, which were dependent on
temperature, the degree of cure, and fiber contents.
A full threedimensional finite element method was
employed for the thermo-chemical problem of a
flat plate mold. In order to examine the resin
curing behavior for a polyester/glass fiber system,
numerical simulations were carried out by altering
the cure cycle and processing variables.

Thermo-Chemical Model

Heat Transfer Equation. The temperature
variation in the composite during cure is a result
of the heat transfer from an external heating and
the exothermic nature of the curing reactions.
The temperature inside the mold can be predicted
from an energy balance equation which is set
around a particular mold configuration.*® The
balance equation should also contain an
appropriate expression for the curing kinetics. The
energy balance equation can then be expressed as;

wZ oyr ot

2 2 2°
pc,,aa_f=k[aT IT  IT

]+AH, ‘R, (1)

where e, C,, k, and AH, are the bulk density, the
bulk heat capacity, the bulk thermal conductivity,
and the heat of generation of materials during
cure, respectively.

The rate of curing reaction and the degree of
cure are defined as;

da

—RA =CA07 (2)
CAO_CA
a=——"=" (3)
CAO

where Ca is the initial concentration of the

reactive resin. The initial and boundary condi-

tions of the above governing equation are given as;
(a) initial condition (t=0);

T=T, (43)

(b) at side walls;
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T =Tw(t) (4b)
(c) at center planes;

a—T=0 (4c)
on

Thermoset matrix composite materials consist of
three components, namely uncured resin, cured
product, and fibers. Therefore the bulk properties
of the materials must include those of all three
components.® During cure, density, heat capacity,
and thermal conductivity are functions of the
fiber content, temperature, and degree of cure.
The micro mechanical theory’ is applied to
calculate these bulk properties of the material.
The weight fractions of the uncured resin (w.),
cured product (w,), and fibers (w)), are given by;

Wr =Wy - (1-) (5a)
Wp =W - O (Sb)
W =wg, (5¢)

We applied the rule of mixtures to predict the
bulk density of materials during cure according to
the following equation;
1_w  w W 6)
p P P Py
The bulk heat capacity can be calculated by the
rule of mixtures:

Cp =wr-C,,+wp-C, +ws-C, ; (7)

Theoretical calculations for physical properties of
a fiber reinforced composite are based on the
fiber volume fraction in the material. The volume
fractions of uncured resin, cured product and
fibers are calculated from their weight fractions
and densities using the following equations.

Vr ZWIL (Sa)
pr

v, =w,,£ (8b)
_., P

Ve=w,~ (8¢)
f fpf

A number of theoretical treatments”™ have been
made in an attempt to relate the thermal
conductivity of a composite to that of the
individual components and the fiber volume
fraction of the fiber. Here we consider two types
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of composites according to thermal environment
and fiber arrangements. One is that fiber and
resin form a parallel mode for the given heat flow
and the other is fiber and resin form a
perpendicular mode. With the help of Fourier's
law of heat conduction, thermal conductivity of a
composite for two cases can be shown as the
following equations.”®

kj =Vip kp +V,-k;  for parallel mode (9a)
ke +kep + V- (kp —kip)]
"tk tkp =V (k)]
for perpendicular mode (9b)

k, =

where k, k, and k, are the averaged thermal
conductivity of composite, the averaged thermal
conductivity of matrix phase, the thermal conduc-
tivity of fiber, respectively, and V,, is the volume
fraction of matrix. In resin transfer molding process,
both characteristics of parallel and perpendicular
modes can be observed based on fiber preform
structure, and we have therefore chosen the
logarithmic mean of thermal conductivity of each
component to predict the bulk heat conductivity.

Ink =V,p - Inky, +V; - Ink; (9¢)

Curing Kinetics. The kinetics of thermoset
curing reactions are very complex and therefore
most of the kinetic models employed tend to be
more empirical rather than based on postulated
reaction mechanisms.””” Kamal and Sourour®
proposed an isothermal rate equation, which
generally expresses the mechanism of curing
reactions of unsaturated polyester and epoxy
resins. The rate of curing reaction is defined as;

%z(kﬁkzd")(l—a)" (10)

where m, n are constants and ki, k, are rate
constants that vary with temperature following
the Arrhenius relationship;
k, =k exp(—E/RT) (11)
ky=kyexp(—E,/RT) (12)

in which ku, ks are frequency factors, E,, E, are
activation energy and R is the universal gas
constant.
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Numerical Methods

Finite Flement Formulation. To represent
the spatial variation of temperature and the
degree of cure, we solve the governing equation
using a three-dimensional finite element method
at each time step. The Euler backward implicit
method for time integration in nonlinear transient
equation is used. To discretize the three-dimen-
sional space, 27-node hexahedron element was
employed. The temperature component is
approximated within each element by

27
T=3T,& (13)

After the method of weight residuals is applied to
Eqg. (1). the Galerkin formulation of the energy
equation is given as follows:

oT T T T
ox2  oy? 22

<3G, 2Lk _+_+—]—s>=0 (14)

where @ is the shape function, S is the heat
source term due to curing reaction, and ; denotes
the integration over the volume of the system.
Carrying out the integration by parts on Eq. (14).
and using the divergence theorem, we obtain the
following matrix form equation, two coefficient
matrices and load vector.

[C]-T+[A]-T =[F]
[C1=c, =], 25> @ -@,av

{15a)
{15b)
[Al=gq; =

®, 0D, 0D, oD, OP, 0P,
JV E) i J [ J el ]:|dV (15C)
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v o.av-[ L. @as (15d)
k S on

[F1=fi =],

The boundary conditions for this resuiting equa-
tion are described in previous section and
calculation may be stepped forward from the
initial condition by time marching scheme.

Time Marching Scheme. The above
equations are solved at each time step using the
finite element scheme. Of many available
integration methods, the Euler backward implicit
method is chosen taking into account accuracy
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and stability. Incorporating the Euler backward
implicit method in nonlinear transient Eq. (15),
the formulation gives as the following equation;

(Cin+1 + A ~A,-"+1) . ATI-"“ =Cin+1 (Tl" — Ti"—+11 )+ A 'Fin+1
— At AP TR (16a)
Tin+l = T,-"_Jil +AT,-"“ (16b)

where superscript denotes the time step to be
marched, and subscript denotes the number of
iteration. The solution algorithm is easy to
implement, but has the disadvantage of requiring
an appropriate time increment. To assure the
stability of a marching scheme, the time incre-
ment must satisfy the following condition at
every time step.*

At <%((Ax)2+(Ay)2+(Az)Z) (17)

where Ax, Ay, and Az are the minimum of grid
sizes for all elements.

Results and Discussion

The dimensions of the mold, the boundary
conditions and the finite element mesh used for
numerical simulation were represented in Figure 1.
We selected a flat plate as the geometry of mold.
The mold was sufficiently thick to cause signi-
ficant temperature variations through the thick-

11 om
-
/ @)
10cm

x

(b)

LIS A AL
""""""'
"”""""' /

z LA AAAAAY j /
LITL "
HAE 11
- -

X T 11T g

Figure 1. Mold geometry and mesh structure. (a) mold
dimension, (b) boundary conditions, and (c) finite element
mesh (no. of element=216).
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ness. The relatively large temperature variations
also might give rise to significant variations in
degree of cure. Initially the volume fraction of
fiber was 40 percent and the initial temperature
was set to be the room temperature.

For the polyester and glass fiber system, we re-
ferred the kinetic parameters given on Table 1
which were obtained based on Kamal model as
shown in Eq. {10). The thermodynamic and trans-
port properties were listed in Table 2. The values
in the above tables were experimentally deter-
mined by Han et al.* For curing the polyester
resin, they used 0.5 parts of bis(4-t-butylcyclo-
hexyl) peroxydicarbonate (P16N) and 1.5 parts
of benzoyl peroxide (BPO) per 100 parts of resin.

Figure 2(a) gave the plots of temperature
inside the mold as a function of time and position
in the thickness direction. The
represented the profile of mold wall temperature
employed as the boundary condition of wall
temperature depicted in Figure 1(b). It was
observed that as the thermal conductivity of both
the resin and glass fiber being very low, the rate
of heat transfer from the wall to the center of the
mold was very slow, and this was reflected in the
initial temperature difference between the region
near the mold wall and the center of the mold.
Also the time lag between starting cure process
and initiation of reaction was observed. This was

broken line

Table I. Kinetic Parameters of the Kamal Equation
for Polyester Resin (Polyester/P15N/BPO)"

ko 568667 x10%s"
kzo 8.61167x10° s
E, 25570 cal/M
E, 17930 cal/M
m 0.58

n 1.42

AH, 47.8 cal/M

Table II. Thermo-physical Properties of Materials
Used for the Numerical Simulation of a Polyester/
Glass Fiber Composite™

Density Heat Thermal
Materials (a/em’) Capacity Conductivity
{cal/g - K)  (cal/lcm - s - K)
Uncured Polyester 1.10 0.45 4.05%x10"
Cured Polyester 1.20 045 15AX1074946X10°T
Glass Fiber 254 0199 2.07%x10°
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due to the fact that heat should be gained
sufficiently from the mold wall to increase the
temperature to a certain level for the initiator to
begin to decompose.

Additionally, as the curing reaction being exo-
thermic, the temperature inside the mold exceed-
ed the boundary temperature. The tempera-
ture nonuniformity in the mold depended on the
rate at which heat was transported through the
composite and on the rate at which heat was
generated by chemical reaction. As shown in
Figure 2(a), the temperature overshoot occurred
since heat was generated in the mold faster than
it could be dissipated. The cure was considered
complete when degree of cure reached a
specified value at every point in the composite.
The time required to reach this value could be
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Figure 2. Distributions of (a} temperature and (b) degree of
cure inside a flat plate mold during cure. Labels denote the
points depicted in Figure 1{c).
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established by plotting degree of cure as a
function of time and position. Initially, the curing
reaction began in the region near mold wall and
the conversion was high, but after time of 500 s,
reaction rate was faster in its center of mold than
in the mold wall and complete cure was first
achieved in the center.

Figure 3(a) illustrated the temperature
distribution when wvarying the mold wall
temperature profile as broken line in this figure.
These results showed that as the mold wall
temperature was decreased near the end of cure
time, the temperature at and near the center of
the mold became higher than the mold wall
temperature. This could be attributed to the fact
that the curing reaction still continued at and
near the center of the mold, generating heat, and
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Figure 3. Distributions of {(a) temperature and (b) degree of
cure inside a flat plate mold during cure. Labels denote the
points depicted in Figure 1(c).
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that the thermal conductivity of the material was
so low that the center of the mold could not be
cooled fast enough. It was seen in Figure 3{b)
that the center of the mold wall attained higher
conversion than the region near the mold wall at
the completion of the curing process. After curing
processs, the cure was not complete in every
position inside the mold. This indicated that
under this cure cycle condition it was necessary
to perform a postcure.

The degree of cure will be uniform as long as
the temperature distribution inside the composite
is uniform. Conversely, if the temperature distri-
bution inside the composite becomes nonuni-
form, the degree of cure can also be expected
to be nonuniform. Therefore, cure cycles which
result in uniform temperature also would result in
composites that are cured uniformly. As expected,
Figure 2 and 3 illustrated that reaction onset
could be roughly estimated to occur at the
inflection point of the temperature profile since
the cure gradient was due to the thermal history
of the resin. Also, there were overshoot pheno-
mena as nonuniform temperature distribution,
which resulted in relatively large temperature
variations through the mold thickness as shown
in Figure 2 and 3. The temperature of mold wall
in Figure 2 and 3 was elevated under the straight
heating cure cycle condition. This cure condition
could not reduce the heat rate generated at
center of the mold. In general, the intermediate
hold period allowed the application of the highly
exothermic thermoset resin.

Figure 4{(a) showed the temperature distribu-
tions under the cure condition of mold wall
temperature with the intermediate hold period.
There was no overshoot in Figure 4(a). This
behavior could be characterized as good
temperature controllability which was attributed
to the low heating rate in comparison with Figure
2(a) and 3(a). The control performance was
largely influenced by heating rate. At low heating
rate, the temperature distribution inside the mold
tended to remain uniform as illustrated in Figure
4(a). The temperature inside the mold did not
exceed the boundary temperature and the
highest temperature was observed at the mold
wall. However this cure cycle took a considerably
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Figure 4. Distributions of {a) temperature and (b) degree of
cure inside a flat plate mold during cure. Labels denote the
points depicted in Figure 1(c).

long cure time for completion of resin cure. As
shown in Figure 4(b), the time required for com-
pletion of cure was calculated about 1000 s and it
was comparable to about 800 s in Figure 2(b).

For clearer visualization, Figure 5 depicted
contour plots of the temperature and the degree
of cure at each center plane of the plate for the
cure cycle specified in Figure 4 and the time was
600 s. A local hot area near the core of the mold
was identified and also the degree of cure was
higher than that of the region near the mold wall.
Since the curing reaction was exothermic, the
temperature was increased further as the curing
reaction continued and the temperature at the
center of the mold continued to increase even in
the region where the mold wall temperature was
kept constant.
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Figure 5. Contour plots of (a) temperature and {b) degree of
cure in xy-plane, (c} temperature and (d) degree of cure in yz-

plane, (e) temperature and (f) degree of cure in xz-plane at
t=600s. (T=361.6 K, AT=1.6 K, 0:=0.64, A¢=0.02).

As expected, one of the most important
processing variables that affect the properties of
resin transfer molded products is fiber volume
fraction. Here we had investigated the effect of
fiber volume fraction on the profiles of the
temperature and the degree of cure. Figure 6
showed the center temperature and the degree of
cure at different fiber volume fractions in this
system. It was clear in these figures that by
increasing the amount of fibers present in the
system, the reaction peak exotherm was reduced
and heat conduction was improved. This was
explained by the fact that the glass fiber had
higher thermal conductivity than the polyester
resin. Reinforcement materials such as glass fiber
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Figure 6. The effects of fiber volume fraction on dis-
tributions of {a) temperature and (b) degree of cure for a
polyester/glass fiber composite inside a flat plate mold.

acted as heat sinks for the thermoset composite
system. This explanation was also clear in Figure
6(b) that the degree of cure profiles closely
followed the temperature curves and consequently
the reaction progress was delayed with increasing
fiber volume fraction.

Conclusion

1. A computational program by three-dimen-
sional finite element method was developed for
the modeling of resin curing stage in the resin
transfer molding process. This program had the
capability of predicting the temperature profile
and the degree of cure in a sample geometry as
a function of cure condition.

2. The computational program was used to
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simulate the effects on the curing characteristics
of the two variables, cure cycle and fiber volume
fraction. Numerical simulations were performed
to demonstrate how this program can be used to
determine the appropriate cure cycle for a given
material system under the specified processing
conditions. From numreical analysis, it has been
found that increasing fiber contents reduced high
temperature rise in the core of the mold.

3. The development of the curing process
model in this work can provide a valuable aid for
the selection of cure cycle, formulation of the
resin system, and design of mold.

4. It was clear that the variables which influen-
ced the behavior of curing process were numerous
and interrelated. First of all, it should be absolutely
essential to obtain the kinetic parameters involved
in the curing reaction using resin/fiber mixtures
instead of resin alone for simulating the curing
process in RTM process.
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