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ABSTRACT
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1. Introduction the benefits of polymer composite materials with

low cost and high volume production rates. Bene-

Structural reaction injection molding (SRIM), fits of SRIM/RTM processing include the ability to

and its lower speed relative, resin transfer mold- produce reduced weight replacements in existing

ing (RTM), are being widely recognized as holding applications and to reduce manufacturing cost

a great potential for increased use in the produc- due to part consolidation'”. The advantages of

tion of composite parts. SRIM has received atten— SRIM processing in comparison with thermoplas-

tion especially in the ground vehicle industry, tic injection molding are shared with reaction

where there is considerable interest in obtaining injection molding (RIM), and include low process-
" AV gt a A b3 e
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ing temperature, and reduced clamping pressure
requirements® * * .

In recent years, a number of authors have pre-
sented models capable of handling two and three
dimensional flows™. One aspect of the modeling
that has been identified as being important for
the production of large parts is the ability to
anticipate premature gelation. Experimental
results reported by Secrivo®, for example, docu-
ment the effect of mold temperature on the
incomplete filling of large parts due to premature
gelation. To predict this numerically requires
simultaneously calculating flow, heat transfer,
and chemical reaction instead of assuming that
the reaction begins after filling is complete, ag is
done by Gonzalez-Romero® ™.

Because of the complex thermal-chemical inter-
actions inherent in SRIM, existing models require
long computing time even when ignoring chemical
reaction during the filling stage. The objective of
this research is to develope a methodology for
obtaining limits on important process variables
within which successful parts may be produced.
Moreover, a more numerically efficient simulation
of SRIM which captures the important features is
desired. A modeling strategy which achieves this
objective and can be used to give reasonable
guidelines for SRIM process design is presented.
The numerical simulations are verified by com-
parison with experimental results published by
Gonzalez-Romero™
ment. Finally, a sample process window is com-
puted using this model for mold temperature and
initial (inlet) material temperature.

and found to be in good agree-

2. Mathematical Model

Since the objective of the model is not an accu-
rate prediction of the flow front, but rather a rea-
gonable prediction of whether the part will fill and
cure successfully, one dimensional radial flow
between parallel plates is assumed. With this
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assumption, a Lagrangian framework is
employed, in which the coordinate system is fixed
on a particle as it moves radially outward. Since
the field variables are symmetric about the mid-
plane of the mold, the solution is sought between
the midplane and the top of the mold. A finite-
difference scheme is used to discretize both time
and space.

This work is based on the conservation of vol~
ume and energy. Emphasis is placed on making
appropriate assumptions to simplify the calcula-
tions while representing the major feature of the
process. The equations are expressed in terms of
femperature,

2.1 Basic Assumptions

In SRIM as shown in Figure 1, the thickness of
mold cavity is usually small. This combined with
the resistant pressure of fiber is assumed to
result in a flow front with a flat profile®. The
range of the temperature variation is assumed to
be small enough (21T to 250% in this study)
that the thermal conductivity k, the heat capacity
C, and the density £ do not depend on tempera-
ture. The fluid is assumed to be incompressible
and body forces are neglected. The heat transfer
in the radial direction is considered negligible in
comparison with the heat transfer in the trans-
verse direction because the mold cavity is thin
and the corresponding temperature gradients are
much greater in the transverse direction.

Heat transfer between the polymer and the fiber
preform is assumed to occur on a much shorter
time scale than that between the polymer and
mold due to the large surface area of the fibers.
As in the example of Gonzalez-Romero™, the tem~
perature of the fiber and the polymer are
assumed to reach equilibrium within one time
step after the polymer reaches the fiber. Based on
the conservation of energy, this equilibrium tem-
perature can be obtained by:
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®

mPCP +mef

where m, is the mass of polymer, m, is the mass of
fiber, C, is the heat capacity of polymer, C; is the
heat capacity of fiber, T, is the temperature of
polymer, Tf is the temperature of fiber, and T is
the equilibrium temperature of the polymer/fiber.
The properties of the polymer/fiber are obtained
using a harmonic average:

_ mPCp +mef

C- )
mp +mf
k k
ko7 f 3
(- ®)k, + Dk,
p==op, +(1-D)p; “4)

where C is the heat capacity of the polymer/fiber
composite, k, k,, and & are the thermal conduc~
tivities of the polymer/fiber composite, polymer,
and fiber respectively. 0, P, and Prare the
densities of the polymer/fiber composite, polymer,
fiber respectively, and <@ is the porosity which
is the volume fraction of the polymer. The values
of these thermal properties are listed in Table 1.

2.2 Governing Equations
The conservation of energy leads to the heat
equation for a given material

I T g ®)

pcﬂ =k 3
ot "
where t is time and y is the dimension in the
transverse direction, and ¢ is the heat genera~
tion rate. The initial conditions can be obtained
from Equation (1) by substituting Iy =T, and
T, =1,, T,is the mold temperature and T, is the
initial temperature of polymer. The boundary con-
ditions are:
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where h is the heat transfer coefficient, and £, is
the boundary thermal conductivity at the wall
between mold and polymer. The value of A is
based on the radial velocity of polymer, v, as
described by Gonzalez-Romero™:

h=Av, ®)

where A is the heat transfer coefficient constant
with the value given in Table 1, The boundary
thermal conductivity kb is given by:

2%k,
P k+k,

©

Based on conservation of volume, the continuity
equation is
.
Q0= ?H 2ndrv, dy
2

(10)

where Q is the flow rate, 7is the radial position,
H is the mold thickness, and v, is the velocity in
radial direction.

Table 1: Thermal Properties from Gonzalez-Romero .

Parameter Value
p; (@emd 11
0, (g/em® 2.54
Co (cal/g T) 045
G (cal/g ) 0.2
Ky (cal/sec cm®) 0.0004
Ky (cal/sec cm®) 0.0016
km (cal/sec cm®) 056
A-(cal”K cm®) | 10468 x 107
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2.3 Numerical Scheme

During the filling stage, each polymer segment
moves out like a circular ring as the mold is
filled. For a constant flow rate mold filling, one
dimensional flow assumption means that the loca-
tion of the flow front does not need to be found
numerically but can be calculated directly from
Equation (10) at any point in time. As described
above, the heat transfer within the Lagrangian
framework is assumed to be 1-dimensional in the
transverse direction(no radial conduction), and
the symmetry with respect to the midplane of the
mold reduces the caleulation domain to one half of
the mold thickness.

Each circular ring of the polymer/fiber compos-
ite is divided into several segments in the y-direc-
tion: ten segments were used for the results
reported. Unconditional stability was achieved by
implementing a fully implicit numerical scheme,
with backward differences in time and central dif-
ferences in space used to discretize the governing
equation. In this approach, the calculations for
heat conduction are based on the unknown cur-
rent temperatures, while the temperature of the
material at the end of the previous time step is
used in the solution of the kinetic equations to
calculate the heat generation term.

Using the first subscript to represent time and
the second subscript to represent the position in
the y-direction, the governing equation can be
expressed as:

kAt

Lij-To;= W[E,fﬂ +1,,4-21,]

“'E Q(Ti-l,j)

where At is the time step and Ayis the thick-

ness in y-direction of each segment. The subscript

Jjranges from 1 at the mold wall to N at the mid-

plane, while I varies from 1 for the first material
entering the mold to M for the last.

Considering symmetry about the mold mid-

b
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Fig.1 Schematic diagram of Structural Reaction Injection
Molding,

plane, the governing equation at the center of the
cavity can be written as:

Ty -Ton =20B[T y - Tin]
Ar .
+ e q(T;an) (12)
where 8 is kAt2 .
pCAy

At the mold wall, the governing equation can be
written:

Ly = Ty = BalTy - Ty]- BIT; - T

At .
+E q(T;4) (13)
where B, is
AL uring filling (14)
pCAy
Pr=1 kA
b . .
= during curing
PCAy

This numerical scheme converges with a rela-
tively large time step as shown in Fig. 2 plotted
the calculated gelation time as a function of the
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Fig. 2 Predicted gelation time as a function of numerical time

step for conditions corresponding to Experiment 1 in
Table 2.

inverse time step. Based on these results, a time
step of 0.1 seconds was selected for subsequent
calculations. An important advantages of a large
time step is that, since one ring of material ele-
ments is assumed to enter the mold during each
time step, the number of material elements is
reduced. Thus in this scheme the memory
requirements are proportional to the inverse time
step.

A further numerical simplification employed
based on the stated assumptions allows the
tracking of only the material point or points of
interest once filling is complete. Since filling is
usually a small fraction of the total simulation
time, this allows tremendous additional time sav-
ings when only one or a few locations contain
information of interest.

2.4 Material Tracking

A constant volumetric flow rate was modeled in
order to compare with the experimental results
from Gonzalez-Romero™. Using the flow rate, the
radial position, r can be obtained by conservation
of volume:

147

Odt
0
il

r=

(15)

The radial position is used to trace each poly-
mer particle. The average velocity in radial direc-
tion from time #.to time ¢ can be obtained from
the material element’s radial position 7:

v, =1 (16)

The velocity Y, is necessary for calculating the
heat transfer coefficient h.

3.-Model Verification

In order to verify this model, analytical predic-
tions were compared with experimental results
from Gonzalez-Romero™”. The circular mold cavity
between the midplane and the mold wall was
divided into ten segments in the transverse direc-
tion. The various experimental conditions are
summarized in Table 2.

Table 2: Experimental Conditions from Gonzalez-Romero™

Parameter | Exp. 1 | Exp. 2 | Exp. 3
Rm (cm) 10 10 10
H (cm) 0.58 0.63 0.53

i) 0764 | 0.764 | 0.764

Q (cn_13/sec) 22 ] 28
To (°K) 297 294 300
Tnm K) 411 399 415

# em) | 32 | 32 | 32
¢ 0.1. 0.1 01

* sensor location
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3.1 Polymerization Kinetics

A styrene-dimethacrylate copolymer material
mode] based on Gonzalez-Romern’s work has been
incorporated into this analysis. This polymeriza-
tion system contained equal amounts, by mass, of
ethoxylated bisphenol A dimethacrylate and
styrene. The resin also contained 1% by weight of
paratertiary butyl peroxide used as a free radical
initiator, and an undetermined amount of hydro-
quinone which is contained as an inhibitor in the
commercial resin. The inhibitor was used to delay
reaction during the filling stage, and to reduce
the risk of excessively high temperature during
curing which can degrade the material. The mate-
rial reacts via free radical co-polymerization, set-
ting its shape by crosslinking. The chemical sys-
tem is referred to as a styrene-dimethacrylate
(SDM) copolymer.

The heat generation rate, ¢4,
following equations:

is given by the

) X

= ®AH = 17
q " A7)
AH, = pC,T,, (18)

where & is the porosity, AH,is the chemical
heat of reaction, X is the conversion of monomer,
P is the density of resin,C, is the heat capacity,
and T,, is the adiabatic temperature rise, which
for this system was reported to be 162 K. There
are three species in this chemical system: the
monomer, the radicals, and the inhibitor. The
equations of species balance are given by the fol-
lowing set of equations, where R* is the conver-
sion of radicals, and Z* is the conversion of
inhibitor:

Monomer
X .
= = kR~ X] (19)
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Radicals

aR* k

— =1-kyt, L[1-Z']R" (20)
o k,

Inhibitor

éz* k

=ky-Z[1-Z"IR" 21

x [ I (21)

P

Table 3: Kinetic Parameters from Gonzalez-Romero™

Parameter Value
to(sec™) B1 exp(B»/T)
kx(sec?) | Ax exp(-Ex/T)
ke/kp 25
Ax(sec™®) 115 x 10°
Ex(°K) -90 x 10°
Bi(sec™ | 205 x 102
B2(°K) 191 x 10*

The initial conditions for all of these three
species are zero. The parameters in the above
equations were obtained by fitting experimental
data and are reproduced in Table 3. The value
reported for £, in the table has been rounded off,
from about 8630 °K to -9000 °K, improving the
agreement for all cases tested. This liberty was
taken because there exists considerable uncer-
tainty in extrapolating the temperature depen-
dence represented by this parameter from the 7
°K range over which the kinetic data were fit.

For this polymer system, when the conversion of
monomer reaches approximately 64%. the poly-
mer begins to gel™. The viscosity of the polymer
increases rapidly and as a result the flow is
stopped. If this conversion level is reached during
the filling stage, the filling process will cease
resulting in an incompletely molded part. In the
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Fig. 3 Comparison of predicted and experimental temperature
histories for one sensor, corresponding to the conditions
of Experiment 1 in Table 2.
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Fig. 4 Comparison of predicted and experimental temperature
histories for one sensor, corresponding to the conditions
of Experiment 2 in Table 2.
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Fig. 5 Comparison of predicted and experimental temperature
histories for one sensor, corresponding to the conditions
of Experiment 3 in Table 2.
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Fig. 6 Predicted in—mold temperature history corresponding to
Experiment 1 in Table2, with varions mold temperatures.

numerical model, this condition is checked to flag
unsuitable molding conditions.

4. Discussion

The predicted temperature profiles and corre-
sponding experimental data from Gonzalez-
Romero for experimental conditions 1-3 are plot-
ted in Figures 3-5. In these plots, §(=2y/H) is
the dimensionless transverse position, where H is
the total mold thickness. On a 60 MHz 486-based
PC with a math co—processor, the simulation
required only 11 seconds, where the temperature
at a single location of interest was computed for
300 seconds of simulated time. The agreement
between the numerical predictions and the experi-
mental results is very good overall. For the
remainder of the comparisons, the excellent
agreement suggests that the simplifying assump-
tions did not omit important features in modeling
the process. When the temperature of this resin
reaches 60-807T, the reaction rate increases
sharply®. After this point, the polymer tempera-
ture becomes higher than the mold temperature
and the mold -becomes a cooling system. helping
to prevent material degradation, or possibly
quenching the reaction and preventing complete
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cure: The material at the center gels and reaches
its peak temperature earlier than the material at
the walls.

The predicted effect of mold temperature is illus-
trated in Figure 6, based on the conditions for
experiment 1 in Table 2. For this set of condi-
tions, the model predicts that the reaction will
not go to completion when the mold temperature
is below 107T. In contrast, when the mold tem-
perature is above 230TC, the mold will not be
cornpletely filled because of premature gelation. It
can be seen from the numerical results that a 10
T change in mold temperature would be expected
to reduce the cycle time by about 50%. The peak

300

Bt of Porosity

150
Time (gec)

160 200 250

Fig. 7 Predicted in~mold temperature history corresponding to
Experiment 1 in Table2, with various fiber preform porosities.

SRIM Process Window
250 " Eremamre Gelation
guor ]
g 150 |
100
r Tomplets Converxion
50 100 150 W00 250
Initial Tempearnturs (C)

Fig. 8 Predicted premature and incomplete chemical reaction
for thickness, porosity, and flow rate corresponding to
Experiment 1 in Table?, with variable mold and initial resin
temperature,
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temperatures are also significantly changed,
implying a change in glass transition tempera-
ture,

The predicted effect of fiber volume fraction on
temperature exotherms is shown in Fig. 7. The
fiber volume fraction affects the temperature in
several ways, With increased volume fraction, the
velocities are higher for the same input flow rate.
More heat is transferred from the preform to the
polymer because of the increased thermal capacity
of the glass preform, and this heat is transferred
to less polymer, increasing its temperature more
rapidly. During the reaction, the increased fiber
volume fraction reduces the volume fraction of
polymer capable of generating heat. Finally, the
thermal conductivity of the system is increased.
These effects can be observed in the temperature
profiles shown in the figure. Before the major
reaction takes place, the composite with more
fiber(# =0.5) heats up faster than the pure
resin{@=1.0), and as a result the reaction begins
sooner. After the polymer temperature exceeds
the mold temperature, the increased fiber content
increases the heat transfer from the polymer to
the mold and reduces the total heat generated.
slowing down the reaction and resulting in a
lower peak temperature.

To illustrate the application of this model to the
determination of a process window, the effects of
the mold temperature and initial are considered
simultaneously in Fig. 8. These numerical results
can provide the basis for adjusting the process
variables to avoid incomplete chemical reaction,
incomplete filling and material degradation. A
complete SRIM process design requires choosing
the initial temperature and mold temperature
inside these margins.

5. Conclusion

A model has been presented for study of the
coupled phenomena of flow, chemical reaction,
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and heat transfer during SRIM. The one-dimen-
sional model is capable of quickly producing mold-
ability information for such process parameters as
mold temperature, initial temperature, and fiber
volume fraction. Different chemical kinetics may
be easily incorporated to explore different polymer
systems. An example process window for initial
resin temperature and mold temperature limits is
presented.

The implicit finite difference scheme employed
in this model allowed the use of a relatively large
time step, resulting in a solution that is consider-
ably more computationally efficient than a fully
explicit scheme and slightly better than a Crank-
Nicholson formulation. A typical simulation
required 11 seconds on a 60 MHz 486-based per-
sonal computer.

A further application envisioned for this model
is in parameter estimation studies. In many cases
some process parameters such as heat transfer
coefficients or certain kinetics parameters may be
very difficult to obtain experimentally. In such
cases, an inverse problem methodology may be
devised which uses a numerically efficient model
like the one presented here to estimate these dif-
ficult to measure properties.
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