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Abstract—It is necessary to study the effect of various process conditions on the final injection-molded parts
for producing precision injection-molded products. In the present paper we have focussed on the effect of
process conditions on the optical anisotropy remaining in the disk-shaped product by varying the process condi-
tions systematically. Polystyrene and polycarbonate, which have different photoelastic properties, were used
to mold the disk of the diameter of 10.16 cm and the thickness of 2 mm. By examining the gapwise distribution
of birefringence and extinction angle the effect of holding pressure on the structure of optical anisotropy,
especially, on the value of inner two birefringence peaks has been shown clearly. Furthermore, structural
difference in birefringence data of two different materials have been found which came from the differences
in optical and physical properties. This experimental data could serve as a basis of testing the computer simula-
tion program to predict the residual stresses and optical anisotropy distribution in the final injection-molded
products.
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1. Introduction

Injection molding is one of the most popular
processes in the plastic industry. Recently, birth
of new engineering plastics made it possible for
the more precise articles to be produced through
injection molding process. Precision injection mol-
ding is a terminology used to cover manufacturing
the products whose tolerence is order of micron
or less. It goes without saying that final residual
stresses should be reduced to make a product
of good quality. Understanding the physics invol-
ved in whole injection molding process is even
more necessary than before.

Extensive literatures [1-6] can be found to
study the physical mechanisms forming the final
residual stresses and birefringence in injection-
molded products by experiments and numerical
simulations. Flow-induced and thermally-induced
stresses (or birefringence) were usually studied
separately. Especially, for the optical products,
such as optical disks and plastic lenses, the final
optical structure in injection-molded parts itself
became important to study. More detailed survey
for each mechanism to induce the final stresses
and birefringence will be given in section 3.

In our previous research [7,8], the effect of
various process conditions on the birefringence
of injection-molded center-gated polystyrene disks
were presented by examining the in-plane and
gapwise birefringence. In the course of our pre-
vious experimental investigation, we found the
need for more systematic study with different ma-
terial and different processes. So, injection-molded
disks were made with polycarbonate as well as
polystyrene under the various packing pressure
condition. Polycarbonate was chosen ‘because it
showed different stress optical behavior from pol-
ystyrene. In this paper, the detailed experimental
birefringence and extinction angle distribution in
gapwise direction for polystyrene and polycarbo-
nate disks will be presented and compared.

2. Photoelasticity and Birefringence

In the linear photoelasticity theory, refractive
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index difference changes with the difference of
principal stresses proportionally when the stress
is applied to isotropic materials as follows:

n,—n=C(t;— 1)
where i, j, k=1, II, Ill & ixj*k=i

And T, ty, wy are the principal stresses, that is,
the stresses in the direction of the three principal
axes, and n; is the index experienced by a light
wave polarized in the direction of the principal
axis 1. C is the (relative) stress-optical coefficient.
This linear stress-optical relationship has been te-
sted and verified in wide range of conditions for
various polymeric materials [9]. The stress-optical
coefficient for the polystyrene is known about —
4800 Brewsters (1Br=10"" Pa~') abhove T, and
8~10 Br in glassy state. The stress-optical coeffi-
cient for the polycarbonate is known about 3500~
3700 Br above T, and 60~70 Br in glassy state.
Note that sign of the stress optical coefficients
for polystyrene and polycarbonate is different
above T, due to the difference in dielectric prope-
rty of two materials. The dependency of stress-
optical coefficient on temperature and time near
glass transition temperature, which is known as
photo-_wiiscoeiasticity, has been studied in detail
recently [10].

The geometry and coordinate system of 10.16
cm diameter center-gated disk are shown in Fig:
1. For the simple-shear case like our center-gated
disk where shear stresses are in the-1-2 plane,
following the notation in [5] the non-zero cormipo-
nents of the index tensor are nyj, nz, na and Nz

Sample for measuring
gapwise birefringence

T 2o
Pressure Transducers

Fig. 1. Sample geomefry and. the coordinate system
in center-gated disk.
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Fig. 2. Stress distribution on the fluid element and
its corresponding Mohr’s circles of stress for
the simple-shear case (a). And Mohr's circle
representations for the index of refraction te-
nsor for negative C (b) and positive C (c),
respectively.

Figure 2(a) shows the state of stresses imposed
on a fluid element under the simple-shear case,
which can be described with a Mohr’s circle. The
angle between the coordinate system and the pri-
ncipal axes is called the extinction angle. By appl-
ying the linear stress-optical relation the maxi-
mum birefringence An in the 1-2 plane and the
extinction angle X can be written as follows;

An sin 2X= 21112: 2C T2
An cos 2X=n;;—ny=2C(tn—T2)
[An|=|Cl\/(tu— To)? + (211

If we keep the sign convention of the stress-opti-
cal law carefully, the following expression for An

is found to be more precise.

An= C\/ (tu— 'sz) +(2t2) T

| n —f22|

Figure 2(b) and (c) show the state of refractive
index tensor in the 1-2 plane as a Mohr's circle.
Note that the extinction angle is defined differen-
tly for the case of positive and negative stress-op-
tical coefficients. This is necessary to make sure
the interpretation of bire fringence and extinction
angle data in the section of results for polystyrene
and polycarbonate, repectively.

3. Formation of Frozen-in Birefringence

There are four well known phenomena which
cause frozen-in birefringence in injection-molded
samples.

The fountain flow region in the vicinity of the
flow front is believed to form a very thin skin
layer with a very high tensile force in the flow
direction during the filling stage. However, this
layer is difficult to define and discern in the biref-
ringence measurements because cooling effects
are also very significant in this region. This foun-
tain flow phenomenon has been reviewed very
well in Coyle et al. [11] using flow visualization
and numerical techniques. Their illustration shows
the deformation history of rectangular elements
located at different vertical positions, where the
element starting from the middle yields a highly
stretched inverse V shape near the wall. Mavridis
et al. [12] included the effect of fountain flow
in their viscoelastic numerical simulation and sho-
wed an extra birefringence peak at the wall in
injection-molded plates.

The stress distribution during the filling stage
depends on the geometry of the sample. The
shear-stress distribution in the gapwise direction
is one of the most significant sources for genera-
ting high molecular orientation. Isayev and Hieber
[13] applied Leonov’s viscoelastic model to calcu-
late the stress distribution through the filling and
post-filling process with no holding pressure app-
lied. Note that the nondimensional shear rate re-
mains maximum at the wall even though the ac-
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tual shear rate becomes negligible due to cooling
by the cold wall. The location and the quantative
value of predicted gapwise birefringence peak in-
duced from the shear stress and subsequent st-
ress relaxation showed good agreement with Ka-
mal and Tan’s [3] experimental data for the poly-
styrene strip.

After the filling process, the packing (or hol-
ding) process affects flow until the gate freezes
off. During this process, more material enters the
mold to reduce shrinkage of the molded product.
Basically, the material whose temperature is still
above T, will still be moving and the orientation
formed under the high stress from the post-filling
process will remain as two inner birefringence
peaks. Note that the stress-relaxation process is
dependent on the local temperature and pressure
history. Recently, Flaman [14] and Wimberger-
Friedl [15] analyzed the whole injection molding
process numerically by using a compressible ver-
sion of Leonov model [16,17]. The qualitative
process for forming two inner birefringence peaks
could be explained well. However, the quantitative
prediction of birefringence distribution still needs
more investigation.

Finally, cooling effect involved throughout the
entire injection molding process plays a major role
to form a frozen-in birefringence. When hot plastic
melt touches the cold mold surface a frozen layer
start to grow and penetrate further in from the
wall. After flow stops, this cooling and the stress
relaxation will be the two dominant processes.
Conventional analyses [18-20] for freely quenched
plate were very useful to understand the physics
involved in forming the residual stresses and bi-
refringence. Recently, researchers [5, 15, 21] paid
more attention to the different boundary condi-
tions from free quenching, such as constrained
and partially constrained quenching, to emulate
the injection molding process more realistically.
Their study showed big differences between free
and constrained cases for the final structure of
residual stresses and birefringence.

To understand and predict the birefringence
and stresses in the final molded parts accurate
pressure, temperature history and birefringence
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data are still wanting.

4. Experimental Setup and
Sample Preparation

The mold used in [7, 8] was modified to ensure
the clamping force to be in the machine’s limit.

- The diameter of the disk was reduced to 10.16 cm

and the nominal thickness was 2 mm as shown
in Fig. 1. Four Dynisco pressure transducers(465-
XL) were flush mounted at the nozzle, under the
sprue, 1.905cm and 3.81 cm apart from the sprue
in radial position, respectively. An extra hydraulic
pressure on the back side of injection screw was
also recorded.

First part of injection-molded samples were
made of polystyrene, Dow Styron 615APR via Boy
50T machine and Moog controller. The molding
conditions of a melt temperature of 225C, a mold
temperature of 40C and injection speed of 23.8
cc/sec were kept constant. The holding (hydraulic)
pressure was varied from 0 MPa (no packing) to
4.14 MPa with an increment of 0.69 MPa.

Second part of injection-molded samples were
made of polycarbonate, GE Lexan 141-111. The
molding conditions of a melt temperature of 300,
a mold temperature of 80C and injection speed
of 23.8 cc/sec were kept constant. The holding
(hydraulic) pressure was varied as in the same
way for polystyrene.

The measurement of birefringence was carried
out under the polarizing microscope (Leitz) with
a Berek compensator (B and K types). In order
to measure the birefringence the samples were
cut along the radial direction with a diamond saw
and polished with diamond(or aluminum) powder
to get the better optical vision. The thickness of
cut samples was varied between 0.2 and 0.5 mm.
With this method we could get the gapwise profile
of An (or ni;-n») and extinction angle which will
provide more detailed information for understan-
ding the optical structure in the final injection-
molded products.

5. Experimental Data and Results

5.1. Injection-molded Polystyrene Disks
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Fig. 3. Pressure traces at various radial locations for
packing pressures of OMPa (a) and 207
MPa.

Figures 3(a) and (b) show the pressure traces
at different locations for the case of packing pres-
sure of 0 and 2.07 MPa, respectively. This experi-
mental data is very important to study the process
numerically. Predicting the downstream pressure
history by using the upstream pressure as an in-
put is very useful practice to conform the models
for theory and property data involved in the nu-
merical simulation.

The gapwise distribution of An and extinction
angle at different radial locations for packing pre-
ssures of 0, 2.07 MPa and 3.45MPa are shown
in Figs. 4, 5 and 6, respectively. Henceforth, the
horizontal axes in the figures for gapwise distri-
butions are non-dimensionalized based on the
half-gap thickness of the disk, h. And positive va-
lue of y/h has been kept to the side where the
sprue is. Also, note that the birefringence value
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Fig. 4. Gapwise profiles of birefringence An (a) and
extinction angle (b) of polystyrene disk at va-
rious radial locations when no packing pres-
sure applied (The extinction angles for r=
225cm~4.50cm are shifted by 50 in the
plot.).

of An for polystyrene is negative following our
definition in section 2.

In Figs. 4 (a) and (b), distinct peaks are found
at y/h is about £0.8 for An and y/h is about
+ 0.9 for the extinction angle. These peaks near
the mold wall are due to the flow-stress distribu-
tion during the filling and subsequent relaxation
[13]. The birefringence value of about —2Xx107*
in the flat inner region in Fig. 4(a) attributed to
the thermal stresses developed during the subse-
quent cooling process after the flow has stopped
as explained in section 3.

Fig. 5 shows the effect of packing process on
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Fig. 5. Gapwise profiles of birefringence An (a) and
extinction angle (b) of polystyrene disk at va-
rious radial locations for hydraulic holding
pressure of 2.07 MPa.

the frozen-in birefringence and extinction angle
at all radial locations. The general shape of distri-
bution of the birefringence in 1-2 plane, An,
shows two distinct peaks as shown in Fig. 5(a).
The peak near the mold wall (y/h= % 0.8) is gene-
rated from the flow-stress distribution during the
filling stage as in the case of no packing. waever,
the other inner peak is due to the flow during
the post-filling stage [14, 15]. Both inner and ou-
ter peak values decrease away from the sprue in
radial direction. In Fig. 5(b) inner peak can also
be found for the extinction angle at y/h is about
£ 0.6. At the center (y/h=0), where the theoreti-
cal extinction angle should be exactly zero, the
birefringence value still shows about —2X107*
as no packing case.
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Fig. 6. Gapwise profiles of birefringence An (a) and
extinction angle (b) of polystyrene disk at va-
rious radial locations for hydraulic holding
pressure of 3.45MPa.

Fig. 6 shows the effect of higher packing for
both the birefringence and extinction angle. Near
the sprue the extinction angle shows the hump
rather than a single peak pattern for the inner
birefringence peak zone. Near the central zone
less flow-induced and more thermally-induced bi-
refringence results in this pattern.

5.2. Injection-molded Polycarbonate Disks

The gapwise distribution of Dn and extinction
angle at different radial locations for packing pre-
ssures of 0, 2.07 MPa and 3.45MPa are shown
in Figs. 7, 8 and 9, respectively. Note that the
birefringence for polycarbonate always shows po-
sitive value following our definition.
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Fig. 7. Gapwise profiles of birefringence An (a) and
extinction angle (b) of polycarbonate disk at
various radial locations when no packing pre-
ssure applied.

In Figs. 7 (a) and (b), no inner peak (induced
by post-filling'proces:s) was found as with polysty-
rene. However, the birefringence shows about 8 X
107* at the center and decreases as well-known
papabolic pattern [19, 20]. This pattern of birefri-
ngence would emulate the residual thermal stress
pattern-for the constrained-quenching [5, 15, 21]
rather than the case of free quenching. -From the
results for the extinction angle in Fig. 7 (b), which
is almost zero in the region of —0.7<y/h<0.7,
we can conclude that this parabolic birefringence

pattern is mostly due to the thermally-induced.

stresses.
Fig. 8 shows the case of packing pressure of
207 MPa.vThe general shape of distribution of the
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Fig. 8. Gapwise profiles of birefringence An (a) and
extinction angle (b) of polycarbonate disk at
various radial locations for hydraulic holding
pressure of 2.07 MPa.

birefringence is similar to the case of polystyrene.
However, except the radial location near the sp-
rue, less flow-induced and more thermally-indu-
ced effect have been found for polycarbonate than
for polystyrene.

Fig:9 shows the case of packing pressure of
345 MPa. At the most radial locations the effect
of higher packing can be found for the inner peak
value of birefringence as in the case of polysty-
rene. However, the inner peak value was found
to be less for higher packing case at the radial
location of 1.50 cm apart from the’ sprue. Probably
it is due to the rapid relaxation process during
the post-filling stage. Numerical simulation inclu-
ding proper viscoelastic property data could exp-
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Fig. 9. Gapwise profiles of birefringence An (a) and
extinction angle (b) of polycarbonate disk at
various radial locations for hydraulic holding
pressure of 3.45 MPa.

lain this kind of experimental results.
6. Conclusions

The effect of the packing pressure on the final
birefringence and extinction angle for injection-
molded polystyrene and polycarbonate disks has
been examined experimentally.

Fig. 10 summarized the typical pattern of the
final birefringence structure for all three polysty-
rene cases at r=2.25cm. Outer peak values are
almost same for both birefringence and extinction
angle regardless of packing level. However, inner
peak pattern for the extinction angle changes to
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Fig: 10. Gapwise profiles of birefringence An (a) and
extinction angle (b) of polystyrene disk at
r=225cm for hydraulic holding pressures
of 0, 2.07 and 3.45 MPa.

hump by increasing the packing pressure level,

Fig. 11 shows the final birefringence structure
at r=2.25cm for all polycarbonate cases including
two extra cases. Those two cases were not shown
in the previous section because of the limitation
of space. For the outer peak values of both birefri-
ngence and extinction angle the same explanation
as in the case of polystyrene is effective. By inc-
reasing the packing pressure more effect on the
peak value of birefringence can be found clearly
in the middle as shown in Fig. 11(a). It is clearly
due to the fact that extra molten plastics is injec-
ted in the cavity during the post-filling stage. For
the extinction angle in the inner birefringence
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Fig. 11. Gapwise profiles of birefringence An (a) and

extinction angle (b) of polycarbonate disk
at r=2.25cm for hydraulic holding pressu-
res of 0, 2.07, 2.76, 345 and 4.14 MPa.

peak zone a typical single peak pattern rather than
a hump pattern was found with polycarbonate.
The experimental data for the materials with
different optical and physical properties should
serve as a basis of understanding and predicting
the residual stresses and optical anisotropy distri-
bution in the precision injection-molded products.
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