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SYNOPSIS

In this experimental research, we investigated the influence of processing history on the
development of structural gradients in injection-molded syndiotactic polystyrene (sPS).
The structures formed during injection molding of this slow-to-crystallize polymer are
explained by the complex interplay between the mechanical history of the sample and the
cooling conditions dictated by such variables as mold temperature, cavity geometry, and
injection speed. When crystallized under shear, sPS exhibits unusually high preferential
chain orientation along the flow direction; this orientation gradually decreases toward the
core. The mechanical properties are related to the degree of orientation and crystallinity.

© 1996 John Wiley & Sons, Inc.

INTRODUCTION

Syndiotactic polystyrene (sPS) is a recently devel-
oped engineering thermoplastic, synthesized using
metallocene catalysts.!? Its high heat deflection
temperature, high stiffness, good chemical resis-
tance, and low dielectric constant are attractive fea-
tures for the automotive, appliance, packaging, and
electronic industries.?

This polymer exhibits complex polymorphic be-
havior involving three different crystal structures
and several mesomeric forms.»*!® The « form,’ the
most common crystal form, was first observed by
Ishihara and colleagues, and its detailed structure
was determined by Greis and coworkers.>® This
form, belonging to the space group P62¢, is hexag-
onal with a = 26.25 A, ¢ = 5.045 A, and a crystalline
density of p = 1.033 g/cm®. The polymer chains in
this form are in planar zigzag conformation. The
second crystal form, called 8,*? is orthorhombic with
a=881A,b=2882A,andc = 5.08 A. The polymer
chains in this form are also in planar zigzag confor-
mation. After solvent treatments, Vittoria and
colleagues’® obtained a new crystal form in which
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the chains attain helical conformation (é-forms).
The unit cell parameters of § forms depended on the
type of solvent. Guerra and coworkers® gave a de-
tailed analysis of the conditions leading to different
crystal forms of sPS. They also reported that solvent
removal from the é-forms resulted in another crystal
form (vy-form) with helical conformation. The -
form, being apparently metastable, transforms into
the a-form upon heat treatment. The formation of
the mesomorphic order through mechanical, ther-
mal, and/or solvent treatments of glassy sPS was
also reported.®'® More recent studies concentrated
on the details of the formation and the structure of
the polymorphic and mesomorphic forms.!'"1°

Normal vibrational analysis of a-form sPS was
carried out by Reynolds and Hsu® and that of 8-
form was done by Nyquist and coworkers.?! Fourier
transform infrared (FTIR) analysis of the polymor-
phism was also carried by several authors.”>?® It has
been reported that there are bands corresponding
to different crystal forms of sPS. Particularly, the
band at 1222 cm ! is characteristic of the a-form
and that at 935 cm™! is characteristic of the 8-form
of sPS.

The equilibrium melting point, fusion enthalpy,
and fusion entropy of sPS were determined to be
285.5°C,%® 8.57 kd /mole, and 15.88 J(K mole),?” re-
spectively. A special annealing procedure yielding
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Figure 1 Shear viscosity of sPS as function of shear
rate.

sPS with a melting point of 291.5°C (that is, 6°C
higher than the calculated equilibrium melting tem-
perature) was reported by Gvozdic and Meier.?
Studies of crystallization of sPS from the molten*
and glassy® states showed that the spherulitic
growth rate of sPS is about one order of magnitude
higher than isotactic polystyrene (iPS) and that the
crystallization half-time has a minimum between
140°C and 200°C. As with iPS, the nucleation den-
sity of the sPS increased upon crystallization from
the glassy state.

De Candia and colleagues® studied the drawing
and dynamic mechanical behavior of sPS films in
the temperature range 110-200°C. Their results
showed that the glass transition temperature (7})
and crystallinity were affected by drawing and de-
pended strongly on drawing temperature. They re-
ported that at 110°C, films were drawn with the least
tension. Hsiung and Cakmak?® studied the uniaxial
free width stretching of amorphous and crystalline
sPS films in the temperature range of 100-120°C.
They observed that the processability window (i.e.,
the region between cold crystallization temperature
and T,) narrowed as the stretching ratio increased.
They reported 110°C as the optimum processing
temperature for the sPS films. Their refractive index
measurements and wide-angle X-ray scattering
(WAXS) studies indicated that this narrowing was
due to increasing stress-induced crystallinity and
molecular orientation. Both investigative groups—
de Candia and colleagues, and Hsiung and Cak-
mak—reported the formation of a-form crystals
during film processing of sPS.

With the growing industrial use of engineering
thermoplastics in the manufacturing of high-per-
formance parts, a number of studies of injection

molding of such polymers have appeared in the recent
literature.?*3" These include slowly crystallizing po-
lycondensates such as poly(phenylene sulfide) (PPS),3*
poly(ary! ketones),?* and poly(ethylene naphthalate
(PEN).*” The common feature of all these polymers
is the formation of the amorphous (skin)-semicrys-
talline (intermediate)-amorphous (core) type of mul-
tilayer structures in the thickness direction. The major
processing parameters influencing the formation of
these structures were found to be the injection speed
and mold temperature. At elevated temperatures,
where the thermally activated crystallization became
significant, these polymers behaved similar to fast-
crystallizing polymers such as polyethylene and poly-
propylene. In this paper we report the effects of in-
jection-molding variables on the structures of injec-
tion-molded sPS small dumbbells.

EXPERIMENTAL

Materials

The sPS used in this study was provided by Dow
Chemical Co., Midland, MI. The sPS pellets, having

CUT A (TD-ND)

b)

Figure 2 Dimensions of the cavity and schematics of
the cutting procedures.
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Figure3 Transmission photomicrographs of the B-cut samples taken from the indicated
locations of the samples molded at 40°C. Injection speed is (a) 6.9 cm®/s; (b) 34.5 cm®/s.

an average molecular weight of M,, = 400,000, were
dried in a vacuum oven at 85°C for 12 h before pro-
cessing. The rheological properties of the material
were determined using a Kayeness Glaxy V (model

8052) capillary rheometer. Dies having a diameter
of 3.81 mm and length-to-diameter (L/D) ratios of
10, 20, and 30 were used. The experiments were per-
formed at 300°C and 320°C and the results were
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Figure4 Transmissionphotomicrographs of the B-cut samples taken from the indicated
locations of the samples molded at 110°C. Injection speed is (a) 6.9 cm?®/s; (b) 34.5 cm?/s.

corrected for the end effects. Figure 1 represents the Injection Molding

shear viscosity as a function of shear stress for sPS.

We observed a typical shear thinning effect; how- End-gated ASTM small dumbbells [Fig. 2(a)] were
ever, in the studied shear rate range, the Newtonian injection-molded using a Boy 158 injection molding

plateau was absent. machine at 280°C. Three mold temperatures—40°C,
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Figure5 Transmission photomicrographs of the B-cut samples taken from the indicated
locations of the samples molded at 140°C. Injection speed is (a) 6.9 cm®/s; (b) 34.5 cm®/s.

110°C, and 140°C—were used. The material was in- 6.9 cm®/s (medium), and 2.1 cm®/s (low). The holding
jected using three different injection speeds corre- time, injection pressure, and back pressure were kept
sponding to volumetric flow rates of 34.5 cm®/s (high), constant at 60 s, 13.8 MPa, and 2.75 MPa, respectively.
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Figure 6 Transmission photomicrographs showing the complex flow patterns at the end
of the cavity (the samples were used as negatives). B-cut; injection speed is: (a) and (b),

6.9 cm®/s; (¢) and (d), 34.5 cm®/s.

Cutting Procedures

Three cutting procedures were used to section the
samples [Fig. 2(b)]. Procedure A consisted of cutting
sections perpendicular to the flow direction in the
TD-ND plane. In procedure B the samples were
sectioned parallel to the flow direction in the FD-
ND plane, along the center of the sample. Finally,
procedure C consisted of cutting sections from skin
to core, parallel to flow direction in the FD-TD
plane. Samples having an average thickness of 0.4
mm were cut with a Leco Varicut VC-50 diamond
saw, and samples having an average thickness of 20
um were cut using a Reichert-Jung 2050 microtome.

Optical Microscopy

The transmission optical photomicrographs of the
cut samples were taken through a Leitz Laborlux 12
POL S microscope using a Nikon 8008S camera. In
cases where reproduction of internal structures re-

quired high contrast and detail, the samples were
used as negatives in the photographic enlarger.

Differential Scanning Calorimetry (DSC)

The thermal analysis of microtomed samples cut
with procedure C was carried out in the temperature
range 0-300°C using a TA Instruments DSC (model
2910) with a heating rate of 10°C/min. Crystallinity
was calculated through

AH,,
X= 28 o
where AHexp = AHmelting - AHcr.)ld crystallizations and
AH° = 53.2 J/g?" is the heat of fusion of 100%

crystalline sPS.

Hot-Stage Microscopy

A sample microtomed from location #2 of a small
dumbbell was placed between thin cover glasses and
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Figure 7 Transmission photomicrographs showing the complex flow patterns at the end
of the cavity (the samples were used as negatives). C-cut; mold temperature is 140°C.
Injection speed is (a) 6.9 cm®/s; (b) 34.5 cm®/s.
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placed in a Mettler FP82 HT hot stage. The hot
stage was placed at a 45-degree angle to the extinc-
tion axes of the cross-polars of the Leitz microscope.
The sample was heated at 10°C/min in the temper-
ature range 50-310°C. The heating and melting
event was recorded with a Sony 3 CCD camera con-
nected to both a video recorder and the image-cap-
turing card of a Sun 4/150 workstation.

Fourier Transform Infrared Spectroscopy (FTIR)

Microtomed samples cut from different locations
using procedure B were scanned from skin to core
on the microscope stage of a Perkin-Elmer model
16C FTIR spectrometer. Samples were scanned 15
times at a 2 cm ™! resolution.

Microbeam Wide Angle X-Ray Diffraction
(WAXD)

Skin-to-core WAXD patterns of the B-cuts were
taken using the matrixing microbeam X-ray camera

(MMBX) developed in our laboratories.® The cam-
era was connected to a Rigaku RU-200B rotating
anode X-ray generator operated at 40 kV and 150
mA. The CuKa beam, having a 100-um diameter,
was obtained using a nickel foil monochromatizer
and a pinhole collimator.

Tensile Testing

The small dumbbells having an initial gauge length
of 19.2 mm were tested using a Q-TEST-6 tensile
testing machine at 22°C (room temperature). The
drawing rate was 1.27 mm/min. Five samples were
tested for each condition and the results were av-
eraged.

RESULTS

Optical Microscopy

Figures 3, 4, and 5 show the unpolarized optical
photomicrographs of the samples cut from different
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Figure8 Transmission photomicrographs of the A-cut samples taken from the indicated
locations of the samples molded at 40°C. Injection speed is (a) 2.1 cm®/s; (b) 6.9 cm?/s; (¢)

34.5 cm®/s.

locations of sPS small dumbbells using procedure
B. We can clearly observe a multilayered structure
consisting of dark and light layers that evolves with
location in the mold, injection speed, and temper-

ature. Although the layer structure of the sPS is
similar to the amorphous-crystalline-amorphous
(light-dark-light) alternations observed during the
injection molding of other slowly crystallizing poly-
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mers,>*~" it is more complicated. At 40°C mold tem-

perature, which is below the T, of sPS (T, = 90°C),
we observe a very thin transparent skin and a trans-
parent core (Fig. 3). The thickness of these layers
increases at the locations where the sample is sub-
jected to low stresses; namely, away from the gate
at location #1, at the diverging region (location #4),
and at the end of the dumbbell (location #5).
Sandwiched between the transparent layers are
a dark layer and a translucent layer. Contrary to
the transparent layers, the thickness of both the
translucent and dark layers increases at the locations
subjected to high stresses; namely, at the gate (lo-
cation #0), converging (location #2), and neck (lo-
cation #3) regions of the dumbbell. When the mold
temperature is increased above the T, (Figs. 4 and
5), the transparent skin and core layers disappear
and the structure of the FD-ND plane consists of
the translucent layer near the skin and the dark
layer at the interior of the part.” Several sublayers
are also visible in the interior dark region. The
thickness of the translucent layer increases, at the
expense of the dark layer, in the regions where poly-
mer chains experience high stresses during molding.
However, at a given location the overall thickness
of the translucent layer decreases as the mold tem-
perature is increased. Increasing the injection speed
causes a decrease in the thickness of both the trans-
lucent and the dark layers at low mold temperatures;

Y In these photomicrographs the intensity of the light was
increased to reveal details of the internal structure; the trans-
parent appearance of the skin layer is an artifact.

(Continued from the previous page)

whereas at high mold temperatures, only the trans-
lucent layer decreases in thickness.

Complex flow patterns reminiscent of melt frac-
ture phenomena can be observed at the divergent
and end regions of the small dumbbells. These are
shown in Figures 6 and 7, where the samples are
used as negatives to reproduce the details of these
structures (i.e., the dark and light colors are re-
versed). In the ND-FD plane (Fig. 6), we can still
distinguish an alternating sequence of dark and light
layers; however, in this case they are not localized
to skin or subskin region but are distributed in the
thickness direction and in general follow the stream
lines. The C-cuts (Fig. 7) taken from the center of
the FD-TD plane (core) were included in order to
obtain a three-dimensional visualization of the flow.
In this plane we can differentiate the samples molded
at lower injection speed from those molded at higher
speed. In the former samples, the complex flow pat-
terns are concentrated at the center of the end re-
gion, whereas they cover almost the whole width of
the latter samples. The structure of the white layers
that branch out from skin (refers to TD in this cut
as opposed to ND in A and B cuts) are similar to
the patterns caused by the well-known fountain
flow.® On the other hand, at the center of the mold
the shape of the layers suggests an instability in the
flowing melt stream. Thus the simple mold-filling
by fountain flow at the earlier stages transforms into
a complex filling at the final stages and is limited
to the center of the cavity.

Study of the A-cuts showing the TD-ND plane
of the samples (Figs. 8-10) revealed further details
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Figure9 Transmission photomicrographs of the A-cut samples taken from the indicated
locations of the samples molded at 110°C. Injection speed is (a) 2.1 cm®/s; (b) 6.9 cm?®/s;
(c) 34.5 cm?/s.

about the overall morphology of the small dumbbells. polymer chains are subjected to high stresses, this
In this plane, the translucent layer extends like a strip extends next to the skin of all four surfaces to
strip and covers the majority of the transverse di- form a ring that is interrupted only at the corners

rection next to the skin. At locations where the (stagnancy points). These strips are thickest at the
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center of TD and ND planes and their thickness
decreases toward the corners. Dark layers circum-
scribing the translucent strip are also visible in this
plane. Note that the dark sublayers observed in the
B-cuts taken from locations #0, #1, and #2 of the
samples molded at 110 and 140°C are actually sec-
tions of ringlike dark layers.

The overall effect of increasing mold temperature
is to increase the area covered by dark regions and
to decrease the area covered by the translucent strip.
The thickness of the latter also becomes more uni-
form as the mold temperature is increased. Increas-
ing the injection speed mainly affects the translucent
layer; its area reduces and its thickness along the
flow direction becomes uniform.

We also observed that in the TD-ND plane the
complex flow patterns seen in the end region of the
samples manifest themselves as spirallike dark lay-
ers that concentrate at the center of the sample. In
this plane they are more clearly visible and are not
limited to the end region of the sample but extend
throughout the mold, especially in the samples
molded above the T, of sPS. The patterns are stron-
gest at the core and end regions of the samples, sup-
porting the fact that the complex flow takes place
toward the final stages of the mold filling.

Differential Scanning Calorimetry

Figure 11 shows the DSC scans of the skin (#2a) to
core (#2e) C-cuts taken from a small dumbbell
molded at 110°C using the high injection speed. The
thickness of each slice (a—e) was around 0.18 mm.
We observed the T, around 90°C, the cold crystal-

lization exotherm around 135°C, and the melting
endotherm at about 265°C. The DSC spectra of skin
layers a and b show another very weak melting en-
dotherm (see arrows in Fig. 11) around 295°C. As
the HOT-STAGE MICROSCOPY section shows, this
secondary peak is caused by a crystal population
having a higher melting point. The absence of the
cold crystallization peak near the skin layers indi-
cates that these regions consist of crystalline sPS.
The corresponding crystallinity profiles (Fig. 12)
show a maximum near the skin where the translu-
cent layers are observed. As the mold temperature
increases, the percent crystallinity of the core region
increases and the crystallinity profile becomes more
uniform. On the other hand, when the injection
speed is increased, the maxima becomes sharper and
its position shifts closer to the skin. These results
indicate that both the translucent and dark layers,
observed in the optical photomicrographs, are crys-
talline. The main difference between these layers is
the crystallite sizes. In regions where the polymer
chains are subjected to very high stresses during the
molding, the sizes are at or smaller than the wave-
length range of the visible light, thereby appearing
translucent. The darkness of the secondary layers
is due, most probably, to the presence of crystal-
lites large enough to scatter light, which leads to
partial absorption of the light as it passes through
the sample.

Hot-Stage Microscopy

The melting sequence of a microtomed B-cut taken
from location #2 of a dumbbell molded at 40°C using
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Figure 10 Transmission photomicrographs of the A-cut samples taken from the indicated
locations of the samples molded at 140°C. Injection speed is (a) 2.1 em3/s; (b) 6.9 cm®/s;

(c) 34.5 cmm®/s.

the medium injection speed is summarized in Figure
13. For this series of experiments the sample cut
with Procedure B was placed in the polarized light
microscope between the crossed polars with the flow

direction making a 45-degree angle with the extinc-
tion axis of the polarizer and analyzer. At the be-
ginning of the experiment, we could distinguish the
same layer sequence we observed during the optical
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studies: the amorphous skin, translucent crystalline
layer, opaque crystalline layer, and amorphous core.
The amorphous core initially exhibited a high in-
tensity. The depolarized light intensity passing
through the core and skin gradually decreased at
100°C (around the T, of sPS) due to relaxation with
the onset of segmental motion. The core slowly
started to crystallize at around 115°C and this pro-
cess was completed at around 180°C. During this
stage the core of the sample became opaque. We
observed no significant morphological change be-
tween 180 and 260°C. The melting that started at
around 270°C could be observed by an increase in
depolarized light intensity of all the layers. At 275°C

T T T T T T T

Location #2 surface
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Figure 11 Skin-to-core DSC scans of samples molded
at 110°C using the high injection speed. Location #2.

the light intensity reached its peak, and the core of
the material melted immediately after the peak was
reached. Around 290°C the shear-induced crystalline
layers near the skin started to melt; the melting pro-
ceeded from the core toward the skin. Around 295°C
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Figure 12 Effect of mold temperature on crystallinity
variation along the normal direction of injection molded
sPS small dumbbells. Injection speed is: (a) and (c), 6.9
cm?/s; (b) and (d), 34.5 cm?/s.
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Figure 13 Melting sequence of a sample molded at 40°C using the medium injection
speed. Polarized transmission photomicrographs taken from a B-cut placed at 45 degrees

to cross-polars.

the bulk of the sample became molten, however
thread-like structures could be observed in the
translucent crystalline region. The melting was
complete at 297°C. Figure 14 shows the details
(200X) of the translucent layer morphology.
Threadlike structures were observed similar to the
structures seen during the melting of shear-crystal-
lized layers in injection-molded PEN.?” These are
most likely extended chain crystals that formed
during the flow and have higher melting points.

FTIR

In order to determine the structural differences that
lead to the formation of translucent and dark crys-
talline layers, we first attempted to characterize
them through FTIR. The evolution of FTIR spectra
going from skin to core of location #2 of this sample
is shown in Figure 15. The regions near the skin
and core are amorphous, as marked by the absence
of crystalline 1222-cm™* (a-form) or 935-cm™! (8-



form) bands. The appearance of a strong 1222-cm™*

peak in the spectra taken from the intermediate lay-
ers indicates the existence of a-form crystals in these
layers. The 935-cm™ band was absent in all the
studied samples, eliminating a possible formation of
B-form crystals. The intensity and area of the crys-
talline 1222-cm ! band show significant changes
from skin to core, indicating a corresponding change
in the crystallinity profile. In order to obtain a semi-
quantitative description of this change we analyzed
the 1250-1100-cm™! region of the samples molded
at 40°C and 110°C.* The area under the three char-
acteristic peaks (namely, 1154, 1181, and 1222 cm™)
were determined by peak separation. Figures 16 and
17 summarize the results obtained by normalizing
the 1222-cm™ peak using three different procedures:
(1) intensity of 1222-cm™! peak/intensity of 1181-
cm ! peak; (2) area of 1222-cim™! peak/area of 1153-
cm™! peak; and (3) area of 1222-cm™ peak/area of
1187-cm™! peak. We found that normalizing the
crystalline peaks by using the integrated areas
yielded more consistent results when compared to
the intensity normalization procedure suggested by
de Candia et al.®' The relative absorbance profiles
are in agreement with the DSC results.

Micro-Beam Wide Angle X-Ray Diffraction

Figure 18 shows a typical wide angle X-ray diffrac-
tion (WAXD) pattern of the crystalline sPS taken
from injection-molded samples. We could index
strong and very highly oriented 110, 300, 220, and
211 planes belonging to the a-form of sPS. The
MMBX WAXD patterns taken at a series of loca-
tions from skin to core are shown in Figures 19, 20,
and 21, along with transmission optical photomi-
crographs of the same locations in the parts. These
WAXS patterns were taken with the X-ray beam
along the transverse direction, thus the vertical di-
rection corresponds to the flow direction and the
horizontal direction to the normal direction.
Figure 19(a), WAXD patterns of a sample molded
at 40°C using the medium injection speed, shows a
thin skin layer that has weak but distinct diffraction
spots superposed on a weak amorphous halo. This
indicates the presence of both the amorphous phase
and oriented crystals at the skin. Moving toward

¥ Qur analysis was limited to the samples molded at 40 and
110°C. As will be shown in the next section, the orientation of
c-axis in the direction of flow is quite high in these samples, thus
the orientational effects on the strongly parallel 1222-cm™ band
can be neglected. On the other hand, the orientation of the samples
molded at 140°C varies from skin to core, preventing us from
using them for crystallinity measurements.
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Figure 14 Polarized transmission optical photomicro-
graphs showing the details of the morphology of the
translucent layer around 300°C. Sample molded at 40°C
using the low injection speed.

the core, the intensity of the diffraction spots in-
creases, indicating that the degree of crystallinity
increases in the subskin layers. Moreover, the ab-
sence of azimuthal spread of the spots indicates a
high level of orientation of the chain axis in the flow
direction. Just before the core is an azimuthal
broadening of the diffraction spots due to a decrease
in this orientation. The core of the sample consists
of amorphous sPS characterized by the amorphous
halo. When we map the positions of the WAXD
patterns onto the optical photomicrographs, we find
that the highly crystalline and oriented region cor-
responds to the translucent layer, the moderately
oriented region to the dark layer, and the amorphous
region to the transparent core.

Figure 19(b) shows the same sequence for the
sample molded using the high injection speed. In
this case, although the overall trend is the same, the
degree of crystallinity is lower than the former case.
The WAXD patterns of the sample molded at 110°C
are very similar to those molded at 40°C; however,
the overall degree of crystallinity is higher. This is
manifested by an increase in the intensity of the
diffraction spots and the appearance of weak dif-
fraction rings in the core (Fig. 20). Finally, increas-
ing intensity and azimuthal spread of the WAXD
spots indicate that there is a significant decrease in
the level of orientation and an increase in overall
crystallinity in the small dumbbells molded at 140°C
(Fig. 21). The X-ray patterns confirm the results of
thermal and FTIR analysis and show clearly that
the translucent layers have not only a higher crys-
tallinity but also a higher orientation than the dark
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Figure 15 FTIR spectra taken from a sample molded
at 40°C using the high injection speed. Location #2. Dis-
tance between each scan is 150 um. (a) Skin; (f) core.

layers that are situated adjacent to the translucent
layers toward the core.

Tensile Properties

Including the samples molded at low mold temper-
atures, injection-molded sPS small dumbbells
showed brittle fracture when tested in tension [Fig.
22(a)]. Figures 22(b) and (c) show that both tensile
strength and modulus exhibit a maximum at 110°C
mold temperature. There is no significant effect of
injection speed on mechanical properties; the ex-
ception is the sample molded at 40°C and at low
injection speed (6.9 cm®/s), which shows the double
crystalline layer and higher crystalline orientation
at wider regions of the sample.

DISCUSSION

The study of sPS showed that evolution of crystal-
linity gradients with molding conditions is charac-
teristic of slowly crystallizing polymers.®**" The final
morphology is a result of a local competition between
the time required to cool the polymer to a given
temperature and the time required to crystallize the
material at that temperature. Another critical factor
in this competition is the stress history, since it can

change the crystallization kinetics drastically at a
given temperature.*’ A convenient way of determin-
ing the final stress profile of the molded parts is to
measure the birefringence patterns.’! Figure 23
shows typical birefringence profiles observed in the
FD-ND plane of injection-molded polymers. We ob-
served that the profiles have two maxima: one at
the skin and another at an intermediate position
between the skin and the core. After the second
maximum the birefringence gradually decays toward
the core. The formation of these patterns was ex-
plained by the kinematics of the mold filling and
concurrent heat transfer.*>*> However, the sharpness
of the boundary between the stress-induced crys-
talline layers and the amorphous core suggests that
the local (dynamic) stress field is more critical than
the final stress field in the formation of the layers.
The maximum of the dynamic shear stress should
be in the “zone” between the frozen layer and the
flowing melt. The location of this maximum and its
spread depends on several variables, such as mold
geometry, mold temperature, injection speed, and
melt temperature. These variables will influence the
competition between cooling and crystallization by
modifying not only the stress history but also the
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band as a function of distance from skin. Sample molded
at 40°C. Injection speed is (a) 6.9 cm®/s; (b) 34.5 cm®/s.
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band as a function of distance from skin. Sample molded
at 110°C. Injection speed is (a) 6.9 cm?/s; (b) 34.5 cm®/s.

thermal history. Their effect on the phase transition
can best be represented on time-temperature tran-
sition (T'TT) curves used in our earlier studies to
develop a model to connect the stress effects with
crystallization.?*>” These are shown in Figure 24 for
three different gapwise locations in the mold and
for different molding conditions. The parabolic curve
on the right side of the figure represents the locus
of points where crystallization begins (induction
envelope ) whereas the decreasing curve on the left
side of the figure is the cooling curve, showing the
change of melt temperature with time. When these
two curves meet, the phase transition (crystalliza-
tion) begins. The effect of applying stress to the
polymer is to enhance nucleation and surface area
available for growth such that the induction time is
reduced and crystallization temperature is increased.
On the TTT curve, this corresponds to shifting the
induction envelope to higher temperatures and
shorter times. Increasing melt or mold temperature,
on the other hand, reduces the overall stress history
by decreasing the viscosity of the material and in-
creases the cooling time and the rate of relaxation.
This moves the TTT curves to longer times, ap-
proaching that of quiescent crystallization. Figure
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24 (a) illustrates the structure formation on the skin
(location of first maxima in the birefringence pro-
file) at different mold temperatures. At low tem-
peratures, rapidly increasing frozen-layer thickness
narrows the already thin flow channel at locations
near the gate where the cooling time is longer. This
causes the material to build a high stress history,
especially in the converging (location #2) and neck
(location #3) regions where the deformation field
has an additional elongational component. Such a
high stress history improves the crystallization ki-
netics; however, the cooling rate of the samples
molded at 40°C is much too fast for the two curves
to meet, causing the formation of the amorphous
skin layer. When the cooling rate is lowered by in-
creasing the mold temperature to 110 or 140°C, the
cooling and crystallization curves meet even at the
skin region, eliminating the amorphous skin layer.
The same effect can be observed if we proceed toward
the core: the rate of heat transfer is lowered by the
poorly conducting skin layers while the stresses per-
sist (second maximum in the birefringence profile );
thus the stress-induced crystallization rate over-
comes the cooling rate and the two curves intersect
[Fig. 24(b)]. These arguments are further supported
by the highly oriented WAXS patterns of the stress-
induced crystalline layers. Finally, at the core, al-
though the cooling rate is slower, the material has
very low stress history (final minimum in the bi-
refringence profile). As a result, the induction en-
velope is moved to higher crystallization times and
lower crystallization temperatures, preventing the
two curves from intersecting at 40°C, where the
cooling rate is faster than the thermal crystallization

Figure 18 WAXD patterns taken from the crystalline
region of a sample molded at 110°C using the medium
injection speed. The planes are indexed according to the
a-form of sPS.
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Figure 19 Skin-to-core MMBX WAXD patterns of the sPS taken from location #2 of
a sample molded at 40°C. The position of the X-ray beam is indicated on the accompanying
transmission optical photomicrograph. Injection speed is (a) 6.9 cm®/s; (b) 34.5 cm®/s.

rate. When the mold temperature is above the T,s
(110 and 140°C), the cooling rate is further slowed,
allowing the temperature at the core to remain around
the thermal crystallization temperature [Fig. 24(c)];
as a result, the cooling curves intersect the induction
envelope, causing the start of crystallization. The

LOCATION #2
CONVERGING

SKIN
| . -
2 . .
3 . o
4 . o
| . -
6 . o

CORE
b

crystals are then formed under quiescent conditions
during the holding stage, resulting in the diffraction
rings characteristic of randomly oriented crystals.
The effect of mold geometry and injection speed,
although not shown in Figure 24, can be explained
in a similar fashion. We observed earlier that the
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Figure 20 Skin-to-core MMBX WAXD patterns of the sPS taken from location #2 of
a sample molded at 110°C. The position of the X-ray beam is indicated on the accompanying
transmission optical photomicrograph. Injection speed is (a) 6.9 cm®/s; (b) 34.5 cm®/s.

thickness of the stress-induced translucent crystal-
line layer decreased at the mold locations where the
cross-sectional area for the flow is larger. This is
due to the fact that under the same cooling condi-
tions (mold temperature) the local stress history
will be reduced in these locations, limiting the region

where the material can crystallize. The same is true
for the injection speed: by increasing the injection
speed we reduce the cooling rate and the thickness
of the frozen layer. This translates into a wider flow
channel and a lower viscosity, reducing the mate-
rial’s stress history.
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Figure 21 Skin-to-core MMBX WAXD patterns of the sPS taken from location #2 of
a sample molded at 140°C. The position of the X-ray beam is indicated on the accompanying
transmission optical photomicrograph. Injection speed is (a) 6.9 cm®/s; (b) 34.5 cm®/s.

At this point we can also comment on the for- length of the light, making them appear translucent.
mation of dark crystalline layers that surround the As we proceed toward the core, the birefringence
translucent layers. Around the second maximum in decays and the stress history as well as the nucle-
the birefringence profile, a higher nucleation rate is ation rate are lower, resulting in the formation of
expected due to the effect of stress. This causes the larger crystals whose size is comparable to the

final size of the crystals to be smaller than the wave- wavelength of light. We also must distinguish be-
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Figure 22 Tensile properties of injection-molded sPS.

tween the dark crystalline layers observed below and
above the T,. The thickness of dark layers in the
samples molded at 40°C is significantly affected by
injection speed and mold geometry and the layers
have a high degree of orientation, suggesting that
although their size is larger, they are formed during
the filling stage. On the other hand, these variables
do not significantly influence the dark layers ob-
served in the samples molded at 110 and 140°C.
Moreover, there is a sharp boundary between the
stress-induced crystalline layers and the core in the
samples molded at 40°C. Also, the WAXS patterns
of the dark layers observed at high mold tempera-
tures do not show significant orientation, suggesting
that these layers are formed during the holding stage.

The melting experiment clearly showed that the
flow-induced crystalline sPS and thermally crystal-
lized sPS have different thermal behaviors. In a pre-
vious study, ®” Ulcer and Cakmak observed the same
phenomena in injection-molded PEN. However,
contrary to sPS, the difference between the melting
behavior of thermally and stress-crystallized regions
was clearly noticeable in the DSC scans of the PEN
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samples. The threadlike precursors that were visible
at the final stage of melting and their higher melting
point suggest that the stress-induced layers are nu-
cleated by highly extended, bundlelike nuclei. If the
final morphology is reminiscent of shish-kebab
morphology, where the mass percentage of the
higher melting fraction is much lower compared to
the crystals that epitaxially grow on them, this would
explain the absence of a higher melting peak in the
DSC scans.

We believe that the formation of crystalline
layers which follow the complex stream lines at
the end regions of the samples is related to the
elastic memory of the polymer. As the polymer
flows in the mold network, it undergoes severe
shear stress history that leads to the formation of
crystalline “threads” (threadlike shear-induced
crystalline nuclei). Due to the elastic memory of
the polymer, these threads preserve their stress
history even at locations where the stresses are
low (i.e., locations #4 and #5). Whenever enough
thermal activation energy is provided at some
point downstream, they crystallize. And since they
follow the local streamlines, they give us the op-
portunity to delineate the complexity of the flow
in this region. These flow patterns resemble the
buckling phenomena observed earlier by Hsiung
and Cakmak*® (two of the present authors) in in-
jection-molded liquid crystalline polymers. The
buckling was attributed to internal jetting followed
by the compression of the innermost stream lines
during the packing stage. The existence of peri-
odicity in our samples made us ponder other pos-
sible mechanisms related to flow instabili-
ties*%4748; (1) differential orientation between
skin and core; (2) failure at critical elastic strain;
and (3) propagation and amplification of distur-
bances by melt elasticity. During injection molding

A
An
Skin Core
Figure 23 Typical birefringence profiles observed in

B-cuts of injection-molded thermoplastics.
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Figure 24 The effect of molding conditions and gapwise position on the shape of TTT

curves: (a) skin; (b) shear; (¢) core.

through end-gated cavities, the polymer undergoes
extensive elongational and shear stress, especially
in the gate and the converging region. The inten-
sity of these stresses and related strains increases
toward the end of filling due to the reduction of
the flow channel by frozen-layer formation. When
the material reaches location #1 or location #4 it
decelerates substantially because of the increasing
cross-sectional area of the flow channel and has
the chance of recovering these stresses. It is pos-
sible that at this stage a combination of the above
mechanisms leads to flow instability. Alterna-
tively, the flow-induced crystallization and noni-
sothermal effects might contribute to the flow in-
stability by creating a mushy zone. However, at
this stage the mechanisms leading to instability
cannot be determined without further studies.
Interestingly, the different morphological features
seen in the samples molded at different injection
speeds did not affect the mechanical properties sig-
nificantly. The degree of crystallinity and the ori-
entation levels were found to be primary factors de-
termining the tensile strength and modulus of the
samples. At lower injection speeds and mold tem-
peratures, preferential orientation of the chains
along the flow direction (and thus the tensile testing
direction) increases, resulting in improved mechan-
ical properties. As we have seen, the increase of in-
jection speed and mold temperature results in re-
duction of overall preferential orientation. This is
apparently responsible for the reduction of these
properties at the highest mold temperature. The
samples molded at 110°C showed the best tensile
properties, which is attributed to the high crystal-
linity and orientation of the samples molded at this
temperature. The effect of the complex flow patterns

on the mechanical properties was not obvious since
they concentrated on the grip region.

CONCLUSIONS

Although it is not a polycondensate, injection-
molded sPS showed the amorphous skin—crystalline
shear-amorphous core structure observed in other
slowly crystallizing polycondensates, such as PEN,
PEEK, and PPS.3*%7 As with the other polyconden-
sates, the regions of sPS started to crystallize ther-
mally when the mold temperature was above its T.
The formation of these structural gradients can be
explained by the model proposed by Hsiung, Cakmak
and coworkers.?*** Our optical and WAXS studies
showed that the stress-crystallized layers consist of
highly oriented a-form crystals which appear trans-
lucent due to high nucleation density. The thermally
crystallized layers, on the other hand, consist of
randomly oriented « crystals and have a lower nu-
cleation density; as a result, they become opaque.
We have found that the stress-induced crystalline
regions are nucleated by threadlike nuclei whose
melting temperature is above the regular melting
point of sPS. The complex flow patterns that we
observed point to a possible presence of flow insta-
bility, especially at the diverging sections of the thin
cavities. Despite the structural gradients observed
in the injection-molded small dumbbells, the struc-
ture—property relationship was controlled mainly by
the degree of crystallinity.

This research is funded by M. Cakmak’s National Science
Foundation Presidential Young Investigator Award
{Grant #DMC-8858303).
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