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ABSTRACT: Phase morphology and mechanical properties of blends of high-impact poly-
styrene (HIPS) and polycarbonate (PC) blends compatibilized with a polystyrene (PS) and
polyarylate (PAr) (PS—PAr) block copolymer were investigated. Over a broad range of
composition from 50/50 through 30/70, HIPS/PC blends formed cocontinuous structures
induced by the flow during the extrusion or injection-molding processes. These cocontinu-
ous phases had heterogeneity between the parallel and perpendicular directions to the flow.
The micromorphology in the parallel direction to the flow consisted of stringlike phases,
which were highly elongated along the flow. Their longitudinal size was long enough to be
longer than 180 um, while their lateral size was shorter than 5 um, whereas that in the
perpendicular direction to the flow showed a cocontinuous phase with regular spacing due
to interconnection or blanching among the stringlike phases. The PS—PAr block copolymer
was found to successfully compatibilize the HIPS/PC blends. The lateral size of the string-
like phases could be controlled both by the amount of the PS—PAr block copolymer added
and by the shear rate during the extrusion or injection-molding process without changing
their longitudinal size. The HIPS/PC blend compatibilized with 3 wt % of the PS—PAr block
copolymer under an average shear rate of 675 s~ ! showed a stringlike phase whose lateral
size was reduced almost equal to the rubber particle size in HIPS. The tensile modulus and
yield stress of the HIPS/PC blends could be explained by the addition rule of each compo-
nent, while the elongation at break was almost equal to that of PC. These mechanical
properties of the HIPS/PC blends can be explained by a parallel connection model inde-
pendent of the HIPS and PC phases. On the other hand, the toughness factor of the
HIPS/PC blends strongly depended on the lateral size of the stringlike phases and the
rubber particle size in the HIPS. It was found that the size of the string phases and the
rubber particle should be smaller than 1.0 um to attain a reasonable energy absorbency by
blending HIPS and PC. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80: 23472360, 2001
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INTRODUCTION

Polymer blending is a simple and efficient method
for designing and controlling the performance of
polymeric materials using easily available poly-
mers. Its procedure makes it possible to develop a
new polymeric material of synergetic perfor-
mance of each polymer, to reduce the cost of en-
gineering plastics by diluting them with lower-
cost polymers, or to enhance the recycling of spent
plastics. These advantages of polymer blending
on performance, economy, or ecology have accel-
erated R&D activities in the field of polymer
blends or alloys in terms of academic and indus-
trial interests.'™®

However, almost all simple polymer blends fail
to compatibilize with each other due to their low
combinatorial entropy of mixing. Owing to their
poor interfacial adhesion strength, polymer
blends among immiscible polymers usually lead
to unsatisfactory properties by a simple mechan-
ical mixing. Thus, improvement in the interfacial
adhesion strength is a key factor for developing a
new polymeric material by polymer blending.

A general concept for improvement in the in-
terfacial adhesion strength between immiscible
polymers was summarized in ref. 5. In the general
industrialized compatibilization methods, addi-
tion of a block or graft copolymer is the most
representive® and has been applied to several im-
miscible polymer systems.>""!! A function of a
block or graft copolymer has been shown to reduce
the interfacial tension between two immiscible
polymers'? and to generate a finer dispersion dur-
ing the processing,'® leading to a dramatic in-
crease in the interfacial adhesion strength.'*

Although the addition of a block or graft copol-
ymer appears to be effective, this method has a
practical limitation for the following reason:
When a block or graft copolymer is mixed with
immiscible polymers, it often forms micelles by
itself in either of the polymer phases instead of
existing at the polymer—polymer interface.!®16
Formation of micelles reduces the effectiveness of
the block or graft copolymer as a compatibilizer
significantly.® Another method is to add a poly-
mer with functional groups which can generate a
block or graft copolymer during blend preparation
via an in situ interfacial reaction.!” 2! This ap-
proach, known as “reactive compatibilization,”
has been implemented in a number of commercial
products in recent years.’17 23

We carried out research and development on
polymer blends based mainly on polystyrene and
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Figure 1 Reaction scheme for synthesis of PS—PAr
block copolymer.

polyarylate (PS—PAr) block copolymers.?*2° In

our earlier publications, we proposed a novel syn-
thetic procedure for a PS—PAr block copolymer
(Fig. 1)*726 and reported its high potential for
high-precision optical applications.?*2527

In this research, we attempted to apply a PS—
PAr block copolymer as a reactive compatibilizer
for the immiscible blend system of high-impact
polystyrene (HIPS) and polycarbonate (PC).3°—38
Unlike the case for polymer blends based on poly-
amides or polyesters, schemes for the formation of
a block or graft polymer by an in situ reaction
with PC are not popular. This is due mainly to the
fact that terminal functional groups of the PC
chain are usually capped for the prevention of the
Fries transition. As a result, the terminal func-
tional groups of the PC chain are not allowed to
react with a reactive compatibilizer like poly-
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Figure 2 Transesterification between PS—PAr block copolymer and PC.

amides or polyesters. We paid attention to the
experimental results that PAr chains in PS-PAr
block copolymers were found to undergo transes-
terification®® with PC during the extrusion pro-
cess, even if PC is end-capped (Fig. 2).2° Thus, by
making use of the PAr and PS chains of the PS—
PAr block copolymer as a reactive unit with PC
and an anchor unit to the PS matrix of the HIPS
phase, respectively, the PS—PAr block copolymer
is expected to be applicable as a reactive compati-
bilizer for the HIPS and PC blend system.

The purpose of this article was to investigate
the phase morphology of HIPS/PC blends com-
patibilized with the PS—PAr block copolymer and
to discuss how the PS—-PAr block copolymer is
effective on the morphology generation. In addi-
tion, the relationship between the generated
phase morphology and their mechanical proper-
ties was examined.

EXPERIMENTAL

Materials

The PS-PAr block copolymer was synthesized
(Fig. 1) and characterized in the same way as

described previously (Table I).2425 In this study,
PAr weight percent in the PS—PAr block copoly-
mer is defined by eq. (1) according to the same
concept as described in ref. 29:

PAI' Wt % = 10 MPAI‘/(MVL + 10 MPAI')

(D

COOH—PS—COOH

where Mncoop_ps_coou and Mp,, are the num-
ber-average molecular weights of the fed COOH—
PS—COOH in step 2 of Figure 1 and of the PAr
unit, 358 g/mol, respectively. HIPS samples with
different rubber particle size were obtained from
the Nippon Steel Chemical Co. (Tokyo, Japan;
XL-1 and H-650). The size of the rubber particle of
XL-1and H-650 were 0.6 and 3.5 um on average,
respectively. XL-1 was used through all the ex-
periments. H-650 was used only for the purpose of
examining the effect of the rubber particle size on
the impact strength of the HIPS/PC blends. PC
was obtained from the Mitsubishi Chemical Corp.
(Tokyo, Japan; Novarex 7025A), which was a gen-
eral grade for injection molding. In the following,
the blend composition is shown on a weight—com-
position basis.

Table I Preparation and Characterization of PS-PAr Block Copolymer

COOH—PS—COOH

Feed Characterization of PS—PAr Block Copolymer

Homo- Block
COOH PAr®  Copolymerization
Sample M, My, (equiv/mol) PS/PAr M,* My* (Wt %) Ratio of PAr
PS—PAr block copolymer 20,000 39,000 2.01 85/15 32,000 85,000 0.5 96.7

2 Number-average (M,,) and weight-average (My,) molecular weight were measured without purification.
» Homo-PS and the pure PS—PAr block copolymer could not be devided due to limitation of the purification method.
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Figure 3 Feed set—average shear rate curve during
the extrusion process.

Melt Processing

The blends of HIPS, PC, and the PS—-PAr block
copolymer were intensively melt-mixed by a coro-
tating twin-screw extruder (Japan Steel Works
Corp. Japan; TEX30SS, 30-mm diameter, L/D
= 50, 120 rpm) at a feed rate of 30 kg/h under
260°C of barrel temperature. The average shear
rate during the extrusion process was kept about
680 s~ ! through all the experiments. For the pur-
pose of examining the effect of the shear rate on
the phase morphology, it varied from 225 to 900
s~ ! by controlling the feed rate according to Fig-
ure 3. The extruded blends were pelletized and
subsequently injection-molded under the condi-
tion of 260°C and 8000 kg cm ™2 using an injection
machine (Toyo Machinery Metal Corp., Japan;
Ti-80G2) to prepare standard specimens for ten-
sile strength and Izod-impact strength (1/8 in. in
thickness) measurements. Before each processing
experiment, all the polymeric materials were
dried for at least 12 h at 90°C in a vacuum oven to
ensure complete removal of the sorbed water.

Morphology Observation and Mechanical
Properties Measurements

The blend morphologies were examined by a scan-
ning electron microscope (SEM) or a transmission
electron microscope (TEM). For SEM observation,
the Izod or pelletized specimens were fractured in
liquid nitrogen, followed by cyclohexane etching

in an ultrasonic generator for 15 min to extract
the HIPS phases. The etched specimens were
washed several times by distilled water, followed
by drying. The etched surface was coated with
gold (30 nm in thickness). SEM observation was
carried out using a Hitachi SEM, S-2100A at an
accelerating voltage of 20 kV. In the SEM micro-
graphs, darker portions were assigned to the
HIPS-rich phases that were washed away by the
etchant, while brighter portions were assigned to
the PC-rich phases. For TEM observation, the
microtomed specimens were first stained with os-
mium teroxide vapor for 1 day at room tempera-
ture to stain the rubber particle of polybutadiene
(PB) in the HIPS phase selectively. Then, they
were further stained by ruthenium teroxide vapor
for 1 day at room temperature to obtain a clear
contrast between the PS matrix in the HIPS and
PC phase. TEM observation was carried out using
a Hitachi TEM, H-7100FA at an accelerating volt-
age of 100 kV.

The tensile test was carried out according to
ASTM D-638. Notched Izod impact strength was
measured according to ASTM D-256 using a pen-
dulum-type tester. At least 10 specimens were
tested for each data point.

RESULTS AND DISCUSSION

Phase Morphologies of HIPS/PC Blends
Uncompatibilized HIPS/PC Blends

Figures 4(1,2) and 5 show the phase morphologies
of the HIPS/PC blend at 50/50 and 30/70 compo-
sitions. The SEM micrographs in Figures 4(1,2)
and 5 were obtained from a microsection of an
Izod specimen in the parallel and perpendicular
directions to the flow, respectively. At both com-
positions, they form a cocontinuous structure
with heterogeneity between the parallel and per-
pendicular directions to the flow. For simplicity,
the terms parallel and perpendicular to the flow
are hereinafter referred to as the longitudinal and
the lateral, respectively.

In the longitudinal morphology, both HIPS-
and PC-rich phases are highly elongated along
the flow direction as shown in Figure 4(1,2). The
shape of these elongated phases looked like
straight string undergoing several breakups, in-
terconnections, and branchings. The stringlike
phases oriented along the flow were long. They
were at least longer than was the SEM scope of
low magnification in Figure 4(1,2), which was
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about 180 wm, while their lateral size was shorter
than about 5 um at both compositions. These
highly elongated phases indicate that the concen-
tration fluctuations parallel to the flow were
much more suppressed by the flow than that nor-
mal to the flow. The two-dimensional fast Fourier
transformation (2D-FFT) pattern analysis of the
SEM micrographs in Figure 4(1,2) showed a
sharp streak normal to the flow direction. They
signify that these elongated phases have a high
continuity and regularity in the parallel and nor-
mal directions to the flow, respectively. There was
a difference in the stringlike phase size and area
ratio of the darker phase between the 50/50 and
30/70 blends, although these differences between
the core and skin parts were small. In the 30/70
blend, the lateral size of the stringlike phase was
smaller than in the 50/50 blend. This could also be
confirmed by the fact that the 2D-FFT analysis of
the 30/70 blend showed a longer streak normal to
the flow direction than that of the 50/50 blend. In
addition, in the 30/70 blend, the area of the
darker region was rather wider than that of the
brighter region. This suggests that the PC-rich
region should contain a large amount of HIPS in
the 30/70 blend, while this tendency was not so
clear in the 50/50 blend.

On the other hand, the micromorphology in the
lateral section had a different appearance. Both
the HIPS and PC phases appeared to form cocon-
tinuous phases (Fig. 5) due to interconnection or
blanching among the stringlike phases even at
both compositions. There seemed little difference
in their micromorphology between the core and
skin parts, while there was a difference in the
area ratio of the darker portion between the 50/50
and 30/70 blends as discussed above. In the 30/70
HIPS/PC blend, the area of the darker region
seemed rather wider than that of the brighter
region, indicating that the PC-rich region should
contain significant amounts of HIPS. The size and
periodicity of the cocontinuous phases are dis-
cussed in the next section because it was difficult
to discuss these characteristics based only on the
SEM micrographs in Figure 5.

These stringlike phases with such high orien-
tation, continuity, and regularity as our experi-
mental results could not be obtained by a simple
mixing of immiscible polymer blend systems.
These phenomena were reported to be observed in
an immiscible polymer blend*® or solution*'~46
system under a high shear rate condition near the
homogenization point. Under such a high shear
flow, two opposing factors are dominant for the

generation of the phase morphology. One factor is
the thermodynamic driving force, which causes
composition fluctuation and promotes phase sep-
aration. The other factor is the hydrodynamic
driving force which suppresses the growth of com-
position fluctuation or which elongates domains
and eventually causes them to burst. A subtle
balance between these two opposing factors forms
the stringlike phase. Considering the process in
blending HIPS and PC combined with the re-
ported experimental results,*°~*5 a mechanism
for this kind of morphology generation could be
postulated as follows: When the HIPS/PC blends
were exposed to a high shear flow field of the
aforementioned order during the extrusion or in-
jection-molding process, the stringlike phases
were formed. In the cooling stage, the melt blend
was freed from this flow field. They were subject
to further phase separation according to the
phase diagram in the equilibrium state, that is,
immiscible at the whole composition range,3°~3%
until cooled down to the T, of PC. As its cooling
speed was faster than was the phase-separation
kinetics, the stringlike phases were frozen in the
molded blend by vitrification near the T,.

HIPS/PC Blends Compatibilized with PS-PAr Block
Copolymer

Figures 6 and 7 show how the morphology of
50/50 HIPS/PC blends was affected by the PS—
PAr block copolymer. The amount of the added
PS—-PAr block copolymer was varied from 1 to 5
wt %. As the difference in size or shape of the
stringlike phases between the skin and core parts
was small, the SEM micrographs in Figures 6 and
7 were obtained from only a core part of the Izod
test specimens. In the following sections, the lat-
eral size of the stringlike phases in the SEM
micrographs was estimated by that of the
brighter portions, that is, PC-rich stringlike
phases.

In the longitudinal micromorphology, the lat-
eral size of the stringlike phases decreased from
about 3.5 to 0.6 um as the amount of the added
PS—PAr block copolymer increased up to 3 wt %,
as shown in Figure 6. Even if its amount sur-
passed 3 wt %, the lateral size seemed to suffer a
further decrease, while the longitudinal length of
the stringlike phases was unchanged irrespective
of the amount of the PS—PAr block copolymer
added.

On the other hand, the lateral micromorphol-
ogy consisted of a cocontinuous phase with regu-
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core paris
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Figure 4 (1) Phase morphologies of 50/50 HIPS/PC blend obtained from the longitu-
dinal section and their 2D-FFT patterns: (a) low and (b) high magnifications. The arrow
indicates the flow direction. Bar in the 2D-FFT image corresponds to 6.88 X 10% (nm ™ 1).
(2) Phase morphologies of 30/70 HIPS/PC blend obtained from the longitudinal section
and their 2D-FFT patterns: (a) low and (b) high magnifications. The arrow indicates the
flow direction. Bar in the 2D-FFT image corresponds to 6.88 X 10% (nm ™ ').

lar spacing (Fig. 7). To discuss the regularity of
this cocontinuous structure pinpointedly, Figure
8 shows a typical 2D-FFT pattern based on the
SEM micrographs of Figure 7(a,d). The 2D-FFT
patterns essentially showed a ring structure with
a specific periodic wavelength, the so-called the
spinodal ring.*"~*° This kind of 2D-FFT pattern
indicates that these cocontinuous structures had
a specific periodic distance, shown as A, in Figure
7. This A, value seemed almost equal to the lat-
eral periodic distance of the stringlike phase (A;)
defined in Figure 6 for each sample. This is be-
cause all these continuous phases were originated
from the interconnection or blanching among the

stringlike phases. Its value also decreased from
about 5 to 1.5 um, with the increase in weight
percent of the added PS—PAr block copolymer up
to 3 wt %. When the amount of the PS—PAr block
copolymer added exceeded 3 wt %, the A, value
suffered no more decrease.

Considering these experimental results, the
PS-PAr block copolymer was found to success-
fully compatibilize HIPS/PC blends. With the ad-
dition of the PS—PAr block copolymer to the
HIPS/PC blend system by 3-5 wt %, the lateral
size of the stringlike phases could be reduced to
about 1/3 times smaller than that of the simple
blend system.
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(a)

(b)

Figure 4 (Continued)

Effect of Shear Rate on Morphology Generation

The lateral size of the stringlike phases observed
under a shear flow field was reported to decease
with an increasing shear rate, and, furthermore,
under a shear field exceeding the critical point, a
flow-induced homogenization occurs.*=*% To clar-
ify the effect of the shear rate on the morphology
generation, Figure 9 indicates the stringlike
phases of the extruded blends of 50/50 HIPS/PC
as a function of the average shear rate. The mor-
phologies in Figure 9 were obtained from the pel-
letized specimens. The average shear rate during
the extrusion process was varied from 225 to 900
s~ 1 according to the fed amount versus the shear
rate curve in Figure 3. In these series of the
extrusion experiments, the blends were compati-
bilized with 3 wt % of the PS—PAr block copolymer.

The lateral size of the string phases decreased
from about 2.3 to 0.6 um with an increasing shear

rate from 225 to 680 s~ ! (Fig. 9). When the shear
rate reached 680 s~ ! and above, the lateral size of
the string phases seemed to converge to the same
level. In this region of the shear rate, no kind of
shear-induced homogenization ever occurred.

Mechanical Properties of HIPS/PC Blends
Tensile Properties

In Table II, the tensile properties of the HIPS, PC,
and HIPS/PC blends are given. The experimental
error bar in Table II shows the range of data
excluding the maximum and minimum values. As
shown in Table II, the tensile modulus and yield
strength of the HIPS/PC blends were basically
according to the addition rule of the amount of
HIPC and PC, while the elongation of the
HIPS/PC blends was almost equal to that of PC.
There was little difference between uncompatibi-
lized and compatibilized HIPS/PC blends.
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In the HIPS/PC blends, HIPS- and PC-rich
stringlike phases were essentially connected in
the parallel direction to the flow, that is, the ten-
sile direction. Thus, the parallel connection model
of the respective HIPS and PC phases whose con-
tribution ratio is determined by its blend compo-
sition could explain these tensile behaviors. In
the parallel-connection model, the strain is com-
monly bore by both phases and stored energy at
the yield point should be additional, whereas the
value of the elongation at break should be domi-
nated by the specific phase with superior ductil-
ity. As a result of this interpretation, the value of
the modulus and yield stress should be according
to the additional values of each component con-
tribution. Also, the value of the elongation should
be almost equal to that of PC. Judging from the
good agreement between these estimations and
the experimental data, it may be concluded that
the tensile behaviors of the HIPS/PC blends can
be reasonably well explained by the parallel-con-
nection model of the HIPS and PC phases.

Energy-absorbing Properties of the HIPS/PC Blends

Figure 10(a) shows the Izod impact strength of
the HIPS/PC blends. The uncompatibilized
HIPS/PC blend showed a low Izod impact
strength of 230 J/m at a composition of 50/50,
while at a 30/70 composition, it showed a rela-
tively high Izod impact strength of 470 J/m. Un-

der the compatibilization condition using the PS—
PAr block copolymer, the Izod impact strength
increased monotonically as the weight percent of
the added PS—PAr block copolymer increased up
to 3 wt %, above which no further increase was
observed up to 5 wt %. When compatibilized with
a 3 or 5 wt % addition of the PS—PAr block copol-
ymer, the HIPS/PC blend exhibited a higher than
1000 J/m Izod impact strength even at the com-
position of 50/50.

To correlate this energy-absorbing behavior of
the HIPS/PC blends to their microphase morphol-
ogy, Figure 10(b) shows the relationship between
the lateral size of the PC-rich stringlike phase
and the Izod impact strength. The Izod impact
strength of the HIPS/PC blend increased as the
lateral size of the stringlike phases decreased.
Especially when the lateral size of the stringlike
phase was smaller than about 1.0 um, the Izod
impact strength reached higher than 1000 J/m.
These results indicate that the lateral size of the
string phases is a dominant parameter in deter-
mining the energy-absorbing behavior of the
HIPS/PC blends.

Effect of the Rubber Particle Size in HIPS on
Energy-absorbing Properties of the HIPS/PC blends

To explore how the rubber particle size in HIPS
affects the energy-absorbing properties of the
HIPS/PC blends, a series of Izod impact strengths

core parts

15u4m

skin parts

Figure 5 Phase morphologies of 50/50 and 30/70 HIPS/PC blends obtained from the
lateral section: (a) 50/50 and (b) 30/70 blends at high magnification.
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()
Figure 6 Phase morphologies of 50/50 HIPS/PC blends obtained from the longitudi-
nal section, as a function of weight percent of the added PS—PAr block copolymer. The

weight percents of the added PS—Par block copolymer are 0, 1, 3, and 5 for (a), (b), (¢),
and (d), respectively.

on the 50/50 HIPS/PC blends was carried out
using HIPS with a different rubber particle size
(H-650: rubber particle size is 3.5 um on average).
The results are shown in Figure 10(a). When
HIPS with a 3.5-um rubber particle was used, the
50/50 HIPS/PC blend exhibited almost the same
Izod impact strength as that of the simply mixed
blend, although it was compatibilized with a 3 wt
% addition of the PS—PAr block copolymer. This
result signifies that when HIPS with a relatively
large rubber particle size was used, the PS-PAr
block copolymer had no effect on the energy-ab-
sorbing properties of the HIPS/PC blend.

To clarify this postulation, a relationship be-
tween the stringlike phase size and the rubber
particle size in HIPS was examined. Figure 11

‘ {d} 12um

shows TEM micrographs of the 50/50 HIPS/PC
blends. Macroscopically, the morphology of these
blends comprised two phases: One phase was the
HIPS-rich phase containing rubber particles, and
the other was the PC-rich phase. In the PC-rich
phases, one can see several homo-PS domains as
shown in Figure 11. These homo-PS originally
belonged to HIPS. During the blend process, they
were dissolved into the PC phases. The lateral
size of the string phase was almost the same for
both the HIPS- and PC-rich phases. There was a
difference in the number of rubber particles con-
tained in the HIPS-rich phase between the simply
mixed and compatibilized HIPS/PC blends. In the
simply mixed HIPS/PC blend, one can see several
rubber particles in the lateral direction of the
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(c)

Figure 7 Phase morphologies of 50/50 HIPS/PC blends obtained from the lateral
section, as a function of weight percent of the added PS—PAr block copolymer. The
weight percents of the added PS—PAr block copolymer are 0, 1, 3, and 5 for (a), (b), (¢),

and (d), respectively.

HIPS-rich string as shown in Figure 11(a), while
in the compatibilized blends, one can see almost
one rubber particle there for both HIPS blends
[Fig. 11(b,c)]. These results signify that the lat-
eral size of the HIPS-rich phase could be reduced
almost equal to the rubber particle size in HIPS
by compatibilization with 3wt % of the PS—PAr
block copolymer, regardless of the rubber particle
size in HIPS. However, when the rubber particle
in HIPS itself was large, the lateral size of the

HIPS-rich string phases, which is almost equal to
that of PC-rich phases, could not reach the high-
impact region of Figure 10(b), even though they
were reduced to the rubber particle size level. As
a result, the HIPS/PC blends of Figure 11(c)
showed a low Izod impact strength. These results
indicate that the rubber particle size of HIPS is
also a dominant factor in determining the energy-
absorbing properties of the HIPS/PC blends. The
rubber particle size in the used HIPS should be

()

(b)

114 % 109 (nm™)

Figure 8 2D-FFT images calculated from SEM micrographs in Figure 6: (a) uncom-
patibilized and (b) compatibilized with 5 wt % of PS—PAr block copolymer.
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(e)

(d) 12 m

Figure 9 Stringlike phase of 50/50/3 HIPS/PC/PS—PAr block copolymer extruded
blends as a function of average shear rate during the extrusion process. Average shear
rate of (a), (b), (c), and (d) are 225, 450, 675, and 900 s~ ', respectively.

smaller than 1 um to attain high-energy absor-
bency for the HIPS and PC blend system.

CONCLUSIONS

The phase morphology and mechanical properties
of blends of HIPS with PC and the PS—PAr block
copolymer were investigated. The PS—PAr block
copolymer was found to successfully compatibilize
the HIPS and PC blends. The main results and
discussion are stipulated below:

1. The HIPS/PC blends form a cocontinuous
structure induced by the flow during the
extrusion or injection-molding process over
a broad range of their composition from

50/50 through 30/70. These cocontinuous
phases were characterized for their homoge-
neity. The micromorphology was affected by
the molten flow and showed two different
images dependent on the flow direction. One
was the micromorphology in the longitudi-
nal direction to the flow. The HIPS/PC
blends exhibited stringlike phases highly
elongated along the flow direction. These
stringlike phases showed high continuity
and regularity parallel and normal to the
flow, respectively. Their longitudinal size
along the flow was long enough to be longer
than 180 wm, while their lateral size was
shorter than 5 um. The other was the mor-
phology in the lateral direction to the flow.
The HIPS/PC blends exhibited regular co-
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Table II Tensile Properties of HIPS, PC, and HIPS/PC Blends

Modulus Yield Stress Elogation at
Polymer (Gpa) (Mpa) Break (%)
HIPS (XL-1) 1.72 = 0.17 32.0 = 0.17 27 + 2
50/50-HIPS/PC 1.95 = 0.10 44.4 * 0.60 117+ 4
(1.95) (47)
50/50/3-HIPS/PC/PS—PAr 1.96 = 0.09 44.7 = 0.20 118 = 2
(47) 47
30/70-HIPS/PC 2.10 = 0.15 50.3 = 0.40 111+ 5
(2.04) (53)
PC 2.18 = 0.20 62.0 = 0.50 115+ 4

Nos. in parenthesis show the value predicted from the addition rule of each component.

continuous phases due to the interconnec-
tion or blanching among the stringlike
phases. Their 2D-FFT images showed a so-
called spinodal ring whose specific periodic
distance almost equaled the lateral periodic
distance of the stringlike phases in the lon-
gitudinal section.

. The lateral size of the stringlike phases

could be controlled both by the amount of
the PS—PAr block copolymer added and by
the shear rate during the extrusion process
without changing their longitudinal size.
The HIPS/PC blend compatibilized with 3
wt % of the PS—PAr block copolymer under
an average shear rate of 675 s~ ! showed a
stringlike phase whose lateral size was re-
duced almost equal to the rubber particle
size in HIPS. Even if the amount of the
added PS—PAr block copolymer or the aver-
age shear rate surpassed 3 wt % and 675
s~ 1, respectively, the lateral size of the
stringlike phases seemed to suffer a further
decrease.

. The values of the tensile modulus and yield

stress of the HIPS/PC blends were in accor-
dance with the addition rule of each compo-
nent contribution, while the values of the
elongation at break were almost equal to
that of PC. These kinds of mechanical prop-
erties can be reasonably well explained by
the parallel connection model of each phase.

. The Izod impact strength of the HIPS/PC

blends strongly depends on the lateral size
of the stringlike phases and the rubber par-
ticle size in HIPS. It was found that the size
of the stringlike phases should be smaller
than 1.0 um to attain a higher than 1000
J/m Izod impact strength for this blend sys-
tem.

@

(b)

5. Considering Conclusions 1, 2, and 4 compre-

hensively, the optimal conditions for attain-
ing a high-energy absorbency in the HIPS/PC
blend system could be determined as follows:
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Figure 10 Notched Izod impact strength of HIPS/PC
blends. Izod impact strength (a) as a function of HIPS
weight percent in HIPS/PC blends and (b) as a function
of lateral size of the PC-rich stringlike phase: (O) un-
compatilized HIPS/PC; (A, A, ®) HIPS/PC compatibi-
lized with 1, 3, and 5 wt % of PS—PAr block copolymer,
respectively. (&) HIPS/PC/PS-PAr = 50/50/3, using
HIPS with a 3.5-um rubber particle.
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_ :
(c) Flow direction (c) 55um
longitudinal section lateral section

Figure 11 TEM micrographs of HIPS/PC blends: (a) 50/50 HIPS (0.6 um)/PC blends;
(b) 50/50/3 HIPS (0.6 pm)/PC/PS—PAr; (¢) 50/50/3 HIPS (3.5 um)/PC/PS—PAr blends.
Nos. in parentheses show the rubber particle size in HIPS. Arrows in the micrographs
indicate some examples of homo-PS domains dissolved into the PC phase.
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