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A computer code was developed to simulate the filling stage of an injection/compression molding process using a
Jfinite element method. The constitutive equation was the compressible Leonov model and the PVT relationship
was assumed fo follow the Tait equation. The flow-induced birefringence was related to the calculated flow
stresses through the linear stress-optical law. Simulations of a disk under different processing conditions,
including variations of the compression stroke and compression speed, were performed to determine their effects

on the flow-induced birefringence.

Simulated pressure traces were also compared to those obtained in

conventional injection molding and with experimental data from the literature.

1. Introduction

The importance of molding processes to manufacture precision
plastic optical parts, such as lenses, disk substrates, and other
optical components, is continuously increasing. Plastics offer
significant advantages compared to conventional optical glass parts.
Besides their light weight and lower material loss, a further
advantage of injection molded polymer optical products is the
integration of the mounting and assembly features, such as brackets
or snap-fit-joints, which can be molded with the optical element in a
one-shot process. Several special injection molding techniques
have been developed to fulfill the rising requirements on the parts
for quality. One of these techniques, injection/compression
molding, is a widely used process. By adding a compression stage
after partial melt filling of the cavity, molded parts with a lower
molecular orientation can be manufactured at a lower pressure.’
The optical part quality strongly depends on the internal part
properties, such as  molecular  orientation. Thus,
injection/compression  molding offers the opportunity to
manufacture high-precision optical parts with improved optical
quality.

Klepek® used 1nject10n/compre3510n molding to mold thick
optical lenses. Yang et al.>? experimentally investigated the quality
of disks molded using injection/compression molding. They
showed that injection/compression molding enhanced the
dimensional accuracy, especially in the direction perpendicular to
the compression. Michaeli and Wielpuetz® investigated main
processing parameters influencing the optical part quality in the
injection/compression molding process, using a design of
experiments. In their experiments, the main influencing parameters
on the optical part quality were the injection and compression
velocity for injection/compression as well as the injection velocity
and packing pressure for conventional injection molded parts. At
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the present time, a science-based design technique for
injection/compression molding of optical products has not beien
established. This is due to a lack of understanding of the
viscoelastic mechanical and optical behavior of polymeric materials
during cavity filling of injection stage and squeezing flow occumng
during compression stage.

Numerical analysis of the process that includes the viscoelastic
effects is quite difficult. Isayev and Hieber’ were among the first to
propose a theoretical approach to relate the nonlinear viscoelasticity
of polymers to the development of the frozen-in molecular
orientation (blrefrmgence) in injection moldings. Isayev and Azari®
and Isayev et al.’ performed both theoretical and experimental
investigations of the squeezing flow of the melt using nonlinear
viscoelastic constitutive equations. They considered a shear-free
flow and channel flow with a moving boundary squeezing melt,
similar to what occurs during the compression stage of molding.
Osswald and Tucker'® presented a compression molding simulation
for non-planar parts that combined a finite element solution of the
governing equations with a control volume scheme for tracking the
moving flow front based on inelastic flow models. The simulation
results were compared with those of experiments, including both
model laboratory materlals and production SMC moldings. Kim et

al'" and Lee et al.’? developed a numerical analysis system based
on a finite difference method for the governing equations of |the
symmetric radial flow and studied the distribution of birefringence
in a center-gated disk after injection and mJectlon/compressnon
molding using the Leonov model.”® They showed that
injection/compression  molding could reduce birefringence
compared with injection moldmg Chen et al. perfor ted
inelastic'*'> and viscoelastic'® numerical analyses of the
injection/compression molding process. Although they studied the
effects of the averaged birefringence variation under various
processing parameters, the gapwise birefringence distribution was
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not described. Recently, Fan et al’ developed a code for
simulating injection/compression molding of a CD-R using a
compressible viscous flow model. Comparisons between the
measured and calculated nozzle pressures and the mold
displacement were made.

In this study, we develop a numerical flow simulation program
for an injection/compression molding process using the finite
element method. The constitutive equation used here is the
compressible Leonov model.'> The PVT relationship is assumed to
follow the Tait equation.”® Using the linear stress-optical law,' the
flow-induced birefringence is related to the flow stresses calculated
with the Leonov model. Simulated pressure profiles of both
injection and injection/compression molding are compared with
experimental data from the literature to verify the numerical
predictions. In addition, simulations of a disk under different
processing conditions, including variations of the compression
stroke and compression speed, are performed to determine their
effects on the birefringence variation. Simulated pressure traces are
also compared to those obtained for conventional injection molding.

2. Finite Element Analysis

2.1 Governing Equations

There are two mold filling stages during an injection/
compression molding process: partial injection mold filling with a
polymeric melt into a slightly open mold, and the subsequent
compression mold filling by complete closing of the mold.
Inelastic®® and viscoelastic’' simulations of the injection stage have
already been developed based on the control volume approach.
Here, the governing equations for the compression stage are given.
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Fig. 1 Schematic diagram of compression molding

Using the coordinate system shown in Fig. 1, the momentum
equations in the absence of inertia and body forces are
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where x and y are the planar directions, z is the gapwise
direction, oy represents the total stress, and v,, v,, and v, are the
velocity components in the x, y, and z directions, respectively. The
density pis assumed to follow the Tait equation.'®
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where C is a constant and B is a function of temperature.

In a nonisothermal problem, the momentum and continuity
equations are coupled with the energy equation. Then the energy
equation is
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where C,, x;, and @ are the spec1ﬁc heat, thermal conductivity,
and d1s51pat10n function, respectlvely

By employing the Leonov constitutive model,' the stress field
can be related to the velocity gradient field as follows:

o =-P3+7],5(Vv+ )+z’7kc (6)

- K

where P is the pressure, s is a rheological parameter lying
between zero and one, and 77, G, and C, are the shear viscosity,
relaxation time, and elastic strain tensor for the " mode of the
Leonov model.

The boundary conditions may be summarized as:

vx=vy:O,vz=—vc at z=h (7)
a
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P=0 at the melt front )
0=, atthe gate or entry (10)
T=T,6 atz=h (1)
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By substituting Eq. 6 into Eqs. 1 and 2 and integrating the
results with respect to z using the symmetric boundary condition
(Eq. 8), the velocity gradients in the absence of normal forces are
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The integration of Egs. 13 and 14 using Eq. 7 leads to
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By substituting Eqs. 17 and 18 into Eq. 3, the governing

equation for pressure is
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s.=[c fpdzw% (23)
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The trol-volume finite element method”®?' with triangular
elements and linear shape functions is used to solve Eq. 19. G and
H are assumed constant in each control volume and S, and S, are
assumed constant in each element. For general planar geometries,
the elastic strain tensor is determined in the streamwise coordinate
system (r, 6, z), where r is the flow direction, #1is perpendicular to r
in the counterclockwise direction, and z is the gapwise direction.
The numerical scheme used to solve the elastic strain tensor is
described in Refs. 22-24.

The flow-induced birefringence in the rz plane can be calculated
from the stress-optical law'® as

An =CfJ(Grr—ozz) ‘+4r)] (24)

where (7 is the stress-optical coefficient at the melt state.

2.2 Melt Front Advancement in the Compression Stage

The volumetric flow rate of the melt during the compression
stage is equal to the rate at which the closing mold displaces the
volume occupied by the filling process through the surface defined
by the melt front boundaries. The filling parameter associated with
each control volume is taken into consideration using the mass flux
from the moving surface. For control volumes located on the flow
front, the filling parameter can be calculated from the occupied
volume fraction and the additional volume fraction due to
compression during a specified instant.

The total mass flow rate of the melt through the surface during
the compression stage is

2P LV

TR (25)
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where #; is the half-thickness at time ¢ = k, and f; and V; are the
filling parameter and volume of control volume i.

Using the pressure gradient, the mass flow rate g,; from element
N into control volume i can be calculated by assuming a constant
velocity over the element. By equating the new mass of material in
control volume i at time # = k£ + 1 to the sum of the old mass at time
t = k and the mass flow into the control volume during A¢, the filling
parameter f; for each node can be calculated from

p.-M f,M V'm — p'k f,k V‘k + ;(IMAI (26)
For each control volume i, the mass at time = k is
Py =p LAy @)

where p,,, is the density averaged along the thickness and Ay; is
the area of triangular element N connected with node i. The mass at
timet=k+1is

PV = pu T A - 1) (28)

By substituting Egs. 27 and 28 into Eq. 26 and setting f f” =

the time increment Af; required to fully fill the control volume at
node i is

Pul= O A2
At = =
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29

The time increment is calculated for every melt front node and
the smallest value is selected as the next time increment. From
Egs. 26 — 28, the filling parameter at every melt front node can be
updated as follows:
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During the compression stroke, the numerical simulation of the
injection mold filling for a partially opened mold is performed as
described in Ref. 22. When the amount of injected melt inside the
cavity is exactly the same as the required final part volume, the
process is switched to the compression stage. The computanonal
domain during the transient compression stage is updated by
changing the location of the melt front and the half-gap thickness of
the cavity with a time step for the melt front advancement using
Eqgs. 29 and 30. The simulation is performed until the mold cavity
is completely filled, which is determined by checking the filling
parameters.

3. Material and Procedures

The simulation was based on the experiment and input data bf
Chen et al.”® The material used is Polystyrene (CHI MEI/PG33)
and the mold is a center-gated disk. The diameter and thickness of
the disk is 14 cm and 0.1 cm, respectively. The molding conditions
are as follows: a melt temperature of 240°C, a mold temperature of
40°C, a volumetric flow rate of 76.6 cm’/s, a compression stroke of
0.05 cm, and a compression speed of 1.0 cm/s. Based on the
C-MOLD database, the model parameters of the Leonby
viscoelastic equation were calculated using a least square fitting
method. The data for the polystyrene material used in the
simulation are listed in Table 1. A total of 315 elements with 134
nodes are used to model a quarter disk, considering the symmetry of
the disk. The amount of melt injected inside the cavity before
compression was defined so that the volume of the material would
be exactly the same as the part volume.

Simulations were also conducted for other experimental
conditions used by Chen et al.’® These conditions are shown [in
Table 2. The thickness of the disk and volumetric flow rate were
0.2 cm and 156 cm?/s, respectively, while the other conditions were
the same as those described above.

Table 1 Properties of Polystyrene CHI MEI/PG33

« Leonov Model Parameters at T, = 462.977 K with N = 6]
and s = 0.0005:

m(T,) =10234.6 Pa's, 6i(T,) =10 s

m(T,) = 10211.1 Pa-s, &(T,) =0.8 s

(o) = 2272.9 Pa-s, &(T,) = 0.0644 s

i(T,) = 188.4 Pa-s, 64(T,) = 0.00517 s

75(T,) = 65.1 Pa-s, 65(T,) = 0.000415 s

n6(T,) = 1.69 Pa-s, GT,) = 0.000033 s

¢ Parameters in WLF equation:

Cy=25.878, C;=51.6, T,,,=373.15K

* Glass transition temperature: 7, = 378 K

* Stress-optical coefficient: 7 = -4.8x10”°Pa”

e Thermal conductivity: x=0.18 J/ m-s:K
» Specific heat: C,=2.10 x 10° J / kg:K

Table 2 Processing parameters

Processing Case A Case B Case C
parameters

Compression

stroke (cm) 0.05 0 o1
Compression

speed (cm/s) 20 20 -0 J
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4. Results and Discussion

4.1 Pressure and Temperature Development

Fig. 2 compares the simulated cavity pressure near the gate at
the end of the filling stage with the corresponding experimental data
reported by Chen et al.'®> for both conventional injection molding
(CIM) and injection/compression molding (ICM). The predicted
pressure profiles are in good agreement with the experimental
results. However, there are some differences in the magnitude near
the switching time of 0.20 s. A possible reason may be the
response-time delay of approximately 0.025 s for switching the
injection/compression molding machine to the compression mode.
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Fig. 2 Comparison of predicted cavity pressure profiles near the
gate with experimental data measured by Chen ef al. 13 for CIM and
ICM

As expected, the pressure at various radial positions differed
significantly in injection molding, as shown in Fig. 3. This
difference was smaller in injection/compression molding, as shown
in Fig. 4, although the pressure abruptly increased when the mold
closed during the compression stage. From Fig. 5, a slight
additional decrease in the pressure difference was obtained as the
compression stroke increased. The thicker cavity gap in larger
mold openings reduced the temperature drop slightly during the
filling stage, as shown in Fig. 6, resulting in a relatively more
uniform pressure inside the cavity. The pressure decreased in
magnitude with decreasing compression speed, as shown in Fig. 7.
This can be explained by considering the relatively reduced normal
force when the mold closed at the lower compression speed. These
results indicate that the pressure became more uniform over the
entire cavity and decreased in magnitude with increasing
compression strokes and decreasing compression speeds.
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Fig. 3 Simulated pressure traces at various radial positions during
the filling stage of injection molding
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Fig. 4 Simulated pressure traces at various radial positions during
the injection and compression stages of injection/ compression
molding under Case A conditions
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Fig. 5 Simulated pressure traces at various radial positions during
the compression stage of injection/compression molding under
Case B conditions
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Fig. 6 Gapwise distribution of temperature at a radial position of
4.58 cm at the end of compression during injection/compression
molding under Case A and Case B conditions
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Fig. 7 Simulated pressure traces at various radial positions during
the injection and compression stages of injection/compression
molding under Case C conditions
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4.2 Velocity Profiles

Fig. 8 shows the predicted gapwise velocity profiles at the end
of filling during injection molding. As expected, the velocity
decreased with increasing radial positions from the gate and the
melt flow diminished around z / 4 = 0.8 due to cooling from the
mold wall. However, the velocity increased with the radius during
injection/compression molding, as shown in Fig. 9. Similar
velocity profiles were also obtained in Refs. 11 and 16. The

velocity behavior can be explained by considering the mass balance.

Since the volumetric flow rate of the melt through the surface
increased with the radius, the velocity through the section at a
position far from the gate was greater than that near the gate due to
the mass balance. In addition, the centerline velocity difference
between r = 1.80 cm and » = 4.58 cm was 60 cmy/s in conventional
injection molding (see Fig. 8), whereas the value was only 21 cm/s
in injection/compression molding (see Fig. 9). This is an indication
that the squeezing flow during the compression stage causes the
pressure distribution in the mold cavity to become more uniform,

resulting in a reduction of the flow velocity difference with position.
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Fig. 8 Predicted gapwise distribution of velocity v, at various radial
positions at the end of filling during injection molding (¢ = 0.21 s)
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Fig. 9 Predicted gapwise distribution of velocity v, at various radial
positions at the end of the compression stage (¢ = 0.222 s) during
injection/compression molding under Case A conditions

4.3 Birefringence Development

The predicted gapwise flow birefringence distribution at various
radial positions at the end of the filling stage during injection
molding is shown in Fig. 10. The maximum birefringence occurred
atz/ h=0.85 - 0.90 due to the dominant effect of the first normal
stress difference. The peaks continually decreased in magnitude
with increasing radial position from the gate.

It is important to identify the effects of the compression stage on
the birefringence in molded parts. For this purpose, numerical
simulations were performed using the varying compression strokes
and compression speeds listed in Table 2. Figs. 11-13 show the
predicted gapwise birefringence distribution during injection/
compression molding. The birefringence peaks increased with the
radius, the opposite of the results obtained during injection molding
(see Fig. 10). This tendency could be caused by the different
velocity profiles described above. From these figures, it is clear
that the introduction of a compression stage after partial melt filling

of the cavity reduced the level of birefringence. The birefringence
was reduced slightly as the compression stroke became larger.
Although a larger stroke increased the effects of the compression
stage slightly and reduced the stresses due to the relatively low
cavity pressure described above, it did not significantly reduce the
birefringence, as noted in the simulation results reported in Refs. 11
and 16. Our simulation results are in agreement with the
experimental data in Ref. 16: both sets of data indicate similar small
effects of the compression stroke on the birefringence.

As the compression speed decreased, the birefringence also
decreased in magnitude and became more uniform over the entire
cavity, as shown in Figs. 12 and 13. This could be because the
slower material flow through the surface defined by the melt front
boundaries at low compression speeds causes a decrease in the
shear rate, resulting in a lower birefringence. This is also in
agreement with the experimental results of Ref. 16: both sets of data
indicate that the compression speed significantly affects the
birefringence distribution in moldings. Therefore, we conclude that
one of the main parameters affecting the quality of an optical part in
injection/compression molding is the compression speed, as
observed in the experiments of Michaeli and Wielpuetzb. The
birefringence is significantly lower and more uniform in
injection/compression molding than in injection molding. T}:1e
quality of optical parts strongly depends on the frozen-in
birefringence. Therefore, injection/compression molding processes
offer the opportunity to manufacture high-precision optical parts
with improved optical quality.
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Fig. 10 Predicted gapwise distribution of the birefringence An|at
various radial positions at the end of filling during injecti9n
molding (= 0.21 s)
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Fig. 11 Predicted gapwise distribution of the birefringence Anjat
various radial positions at the end of the compression stage
(t=10.222 s) during injection/compression molding under Casel A
conditions
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Fig. 12 Predicted gapwise distribution of the birefringence An at
various radial positions at the end of the compression stage
(t=0.246 s) during injection/compression molding under Case B
conditions

T T T T
I —e—r=1.80cm 1
—&—r=2.73cm
6 —A—r=3.65cm B
v r=4.58 cm
51 i
G At 1
x
s st iy
d O
o St .
2r xxx,-' a
xITee®
1k ¥§§§': et 4
11
o -.."'“[Il \ \ !
00 02 04 06 08 10
z/h

Fig. 13 Predicted gapwise distribution of the birefringence An at
various radial positions at the end of the compression stage
(¢ =0.294 s) during injection/compression molding under Case C
conditions

5. Conclusions

A numerical flow simulation program using a finite element
method for injection/compression molding was developed. The
constitutive equation used here was the compressible Leonov model.
The PVT relationship was assumed to follow the Tait equation. The
flow-induced birefringence was related to the flow stresses
calculated by the Leonov model using the linear stress-optical law.
To verify the numerical predictions, simulated pressure profiles for
both injection molding and injection/compression molding were
compared with experimental data from the literature. In addition,
simulations of a partial disk using different process conditions,
including varying compression strokes and compression speeds,
were performed to determine their effects on the birefringence
variation.

The predicted pressure profiles were in good agreement with the
experimental results. However, there were some differences in the
pressure magnitude when the simulation switched from an injection
to a compression process due to the time delay introduced when
switching the injection/compression molding machine to the
compression stage. The velocity increased with the radius of the
cavity during injection/compression molding. This result was the
opposite of the trend during injection molding. Also, the cavity
pressure was reduced in magnitude. The pressure became more
uniform over the entire cavity and decreased in magnitude with
increasing compression stroke and decreasing compression speed.
Therefore, a higher compression stroke and lower compression
speed result in lower levels of birefringence. The compression
speed particularly affected the flow-induced birefringence
distribution.  The birefringence during injection/compression
molding was lower and more uniform than that obtained during
injection molding. Since the quality of an optical part strongly
depends on the frozen-in birefringence, injection/ compression
molding offers the opportunity to manufacture high-precision

optical parts with improved optical quality.
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