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ABSTRACT: The correlation between morphology, me-
chanical properties, and micromechanical deformation be-
havior of the blends consisting of an asymmetric styrene/
butadiene star block copolymer (ST2-S74, total styrene vol-
ume content @5 = 0.74) and general-purpose polystyrene
(GPPS) was investigated using transmission electron micros-
copy and uniaxial tensile testing. Addition of 20 wt % of
GPPS to the block copolymer resulted in a drastic reduction
in strain at break, indicating the existence of critical PS
lamella thickness D.. Above D, lamellar block copolymers

displayed a transition from ductile to brittle behavior, sub-
stantiating the mechanism of thin layer yielding proposed
for lamellar star block copolymers. The blends showed a
variety of deformation structures ranging from classical cra-
zelike zones to those with internal shearlike components.
© 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 92: 1208-1218, 2004
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INTRODUCTION

Blending of homopolymers represents a common
technological means of combining their useful prop-
erties.'? However, this often leads to deterioration of
the mechanical properties because of poor phase ad-
hesion. Block copolymers, on the other hand, offer an
excellent option of combining the mechanical proper-
ties of homopolymers that are linked covalently in the
interfacial region. The chemical connectivity of the
component chains leads to the formation of highly
ordered microphase-separated structures with period-
icity of 10~100 nm.* Because the type and the dimen-
sion of these ordered structures control the mechanical
properties of these nanostructured heteropolymers,
morphology control in block copolymers has become
an important facet of modern materials science and
engineering.

Styrene/butadiene (SB) block copolymers are often
used in combination with other homopolymers such
as general-purpose polystyrene (GPPS). The blending
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reduces the price and, at the same time, endows the
brittle polystyrene (PS) with an increased toughness. It
represents an important way of morphology control in
block copolymers.

The ways in which the polymeric materials respond
in microscopic and submicroscopic level toward the
applied external stress determine their mechanical be-
havior." Micromechanics is concerned with the reac-
tion of individual macromolecules and microscopic
structures (such as crystallites, lamellae, grains, etc.)
toward the external load. Hence, it is desirable to
understand precisely the micromechanical deforma-
tion behavior of polymeric materials to be able to
adjust their macroscopic mechanical properties.!

In the past, phase behavior and morphology of bi-
nary diblock copolymer/homopolymer mixtures have
been intensively investigated.®”® It has been demon-
strated that the phase behavior of a binary block co-
polymer/homopolymer mixture is primarily gov-
erned by the length of homopolymer chains relative to
the corresponding block of the block copolymer (i.e.,
the ratio Nyomo-a/ Nplock-as Where Ny oo a and Nijocia
represent the degree of polymerization of added ho-
mopolymer A and corresponding block A in the block
copolymer AB, respectively). There is a competition
between microphase and macrophase separation in a
binary block copolymer/homopolymer blend. Which
effect predominates depends on the blend composi-
tion, as well as the ratio Ny, mo-a/ Nptoaea—° " In such
blends, the low molecular weight homopolymer is
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TABLE I
Overview of the Investigated Samples
MVI
Sample code (g/mol)* M, /M,?
ST2-574° 109,000 1.69
GPPS© 93,600 2.03

@ Number-average (M,) and weight-average (M,,) molec-
ular weights determined by gel permeation chromatography
(GPC) using PS calibration.

b Star block copolymer having total polystyrene volume
fraction ®pg = 0.74.

€ General-purpose polystyrene prepared by radical poly-

merization.

solubilized within the corresponding block of the co-
polymer at low concentrations. As the molecular
weight of homopolymer approaches that of the corre-
sponding block of the block copolymer, it tends to
segregate to the middle of the microdomains. Finally,
if the molecular weight of the homopolymer is larger
than that of the corresponding block of the block
copolymer, macrophase separation tends to predomi-
nate. Likewise, increasing homopolymer concentra-
tion in the mixtures favors the macrophase separa-
tion.*™?

In the investigation of phase behavior of SB block
copolymers and their blends with homopolystyrene
under thermodynamic equilibrium conditions, PS pro-
duced by anionic polymerization (which possesses a
narrow molecular weight distribution) was used.® In
spite of the great academic significance of equilibrium
morphology of the block copolymer/PS blends, these
are seldom realized in practical cases. The morpholo-
gies produced in these materials prepared by common
processing methods like injection molding, extrusion,
and compression molding, on the other hand, are
rather far from the equilibrium state. Moreover, PS is
usually synthesized by radical polymerization and has
a wide molecular weight distribution.

Compared with the study of morphology and phase
behavior of block copolymer/homopolymer blends,
less attention has been paid to the correlation between
their morphology, mechanical properties, and micro-
mechanical deformation behavior. In this article, we
describe this correlation in binary blends of a highly
asymmetric styrene/butadiene star block copolymer
and GPPS using injection-molded samples.

EXPERIMENTAL
Materials

Important characteristics of the investigated samples
are collected in Table I. The block copolymer chosen in
this study was an asymmetric star block copolymer
produced by BASF (designated as ST2-S74, volume
fraction of PS, ®pg5 = 0.74; BASF AG, Ludwigshafen,
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Germany). The details on synthesis and morphology
of this block copolymer can be found elsewhere.'* "> It
has four asymmetric SBS arms (on average), one of
which is much longer than the others. The longest arm
is styrene-rich, whereas the shorter ones are buta-
diene-rich. GPPS used in this study prepared by rad-
ical polymerization has a wide molecular weight dis-
tribution (number-average molecular weight, M,
= 93,600 and polydispersity index = 2.03).

The star block copolymer (ST2-S574) was melt
blended with GPPS in various weight ratios: 20, 40, 60,
and 80 wt % GPPS. Tensile bars were produced by
injection molding (mass temperature 225°C and mold
temperature 45°C).

Tensile testing

Macroscopic tensile tests were carried out using a
universal tensile machine at a crosshead speed of 50
mm/min at room temperature (23°C) using dogbone-
shape tensile bars according to ISO 527. At least 10
specimens were tested to obtain good statistics of the
measured value.

Electron microscopic methods

Morphological details of undeformed as well as de-
formed samples were examined using transmission
electron microscopy (TEM, JEOL 200 kV; JEOL, Tokyo,
Japan). For the TEM investigations, a small block of
specimen taken from the middle of a tensile bar (e.g.,
side I in Fig. 1), approximately 0.25 mm below the
surface, was trimmed to a pyramidal shape and im-
mersed in an osmium tetroxide (OsO,) solution for
several days at room temperature (23°C) to selectively
stain the butadiene phase. Ultrathin sections of the
samples for TEM were cut from each block using a
Reichert-Jung Ultracut-C Ultramicrotome (Vienna,
Austria) operated at room temperature (23°C). Sec-
tions from strained samples were taken from the lo-
cation close to the fracture surface. In every case, the
sections were taken from side I of the tensile bar, as
shown schematically in Figure 1. Lamellar long period
and lamellar thickness were quantified from the trans-

tensile bar

&/

Side I

YVY v

—

Figure 1 Scheme showing the location in the tensile bar
from which the sections were taken for the TEM. The arrows
indicate the direction of injection molding as well as the
lamellar orientation.
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Figure 2 Morphology of the star block copolymer ST2-574. Left: solution-cast film; right: injection-molded bar; injection

direction vertical.

mission electron micrographs using a special image
processing program and Fourier transformation.

RESULTS AND DISCUSSION

Morphology of star block copolymer/GPPS
mixtures

Microphase-separated morphology of the star block
copolymer (ST2-574) used in this study was discussed
comprehensively in parts I and II of this study.'>"?
Here, we discuss briefly the morphology of solution-
cast and of injection-molded ST2-S74 samples.

The TEM micrographs in Figure 2 depict the lamel-
lar morphology of this sample showing alternating PS
(white) and PB (dark) layers with PB lamellae embed-
ding scattered PS domains about 69 nm in diameter.
The PS and the PB lamellae, approximately 20 and 16
nm thick, respectively, were aligned in the direction of
injection molding because of shear stress (Fig. 2, right).
This typical morphology of the star block copolymer

has been referred to as a “two-component, three-
phase” morphology."’

The morphology of the injection mold is qualita-
tively equivalent to that of the solution-cast sample
(Fig. 2). However, it should be acknowledged that the
nonequilibrium morphology of the injection mold is
generally highly anisotropic, and this may vary de-
pending on the depth of the sample from the surface
and even across the length of the injection-molded bar
because of the presence of different shear stress field
along the sample cross section.'* To ensure a reason-
able comparison, the specimens for microscopic inves-
tigations of each sample were always prepared from
the identical locations of the injection-molded bars.
Therefore the results presented in this article are
rather qualitative, and we are aware of presenting the
micrographs that are representative as far as possible.

As shown in Figure 3, ST2-574/20 wt % GPPS blend
possesses, like the pure block copolymer, the lamellar
arrangement of microphase-separated PS and PB

Figure 3 Lower (left) and higher (right) magnifications of TEM micrographs showing the lamellar structure of ST2 + 20%
GPPS. Note that the PS lamellae are more continuous than in the pure star block copolymer.
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TABLE 1I

Average PS Lamella Thickness D and the Lamellar Long

period L Measured in TEM Micrographs of the ST2-S74/
GPPS Blends

ST2-S74 GPPS Dpg D L
(Wt %) (wt %) (nm) (nm) L (nm) (nm)
100 0 10-36 20 34-54 42
80 20 12-52 28 40-56 46
60 40 14-46 30 43-65 50
40 60 17-74 40 55-90 72
20 80 15-105 45 55-125 85

phases. Compared to the less-uniform PS lamellae of
the pure block copolymer, the layers in this blend are
quite continuous. Quantification of PS lamella thick-
ness by image processing of the TEM micrographs
reveals that the average thickness of the PS lamellae in
ST2-574/20 wt % GPPS is 28 nm (note that the average
thickness of the PS lamellae in pure ST2-574 was 20
nm), whereas the thickness of the PB lamellae changes
insignificantly (see also Table II). The PB phase still
embeds scattered PS domains.

Careful inspection of low-magnification images of
the sample ST2-574/20 wt % GPPS in Figure 4 reveals
two distinct regions: one of them contains more poly-
styrene and appears lighter (PS-rich regions, Fig. 4)
and the other contains lesser polystyrene or more
block copolymer (bc) and appears darker (bc-rich re-
gions, Fig. 4). Both regions possess a lamellar struc-
ture. The PS lamellae in the former are obviously
thicker than those in the latter. There are even regions
of thick stripes of polystyrene layers. The appearance
of these regions with different local PS content in the
blend with 20 wt % PS indicates that the added poly-
styrene homopolymer is unevenly distributed in the
corresponding block of the star block copolymer. The
appearance of thick stripes of polystyrene layers fur-
ther suggests that the added GPPS would mac-
rophase-separate under equilibrium conditions.

Uneven distribution of the added GPPS in the cor-
responding block domains of ST2-S574 was further
demonstrated by high-voltage electron microscopic
(HVEM) examination of these blends.’ In the semi-
thin sections about 500 nm thick, the presence of la-
mellar stripes, containing higher (lighter) and lesser
(darker) amounts of styrene, was observed, which also
confirmed the uneven distribution of the added GPPS
in the PS blocks of ST2-574 in agreement with the
present results. It should be noted that the uneven
distribution of the added polystyrene, especially the
formation of thick polystyrene layers that are exclu-
sively the homopolystyrene, is also a result of chance
mixing caused by processing.

Representative micrographs of samples containing
40, 60, and 80 wt % of GPPS are given in Figure 5.
These micrographs reveal the following features as
discussed below.
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1. The PS lamellae become increasingly more con-
tinuous in the blends in contrast to the split
lamellae of the pure block copolymer ST2-574
(compare with Fig. 2, right). Simultaneously, the
thickness of the PS lamellae increases with the
GPPS content in the blends, whereas the thick-
ness of the PB lamellae changes only insignifi-
cantly (see also Table II). Actually, the thickness
of the PB lamellae also increases slightly, which
may suggest that part of the added polystyrene
(i.e., the low molecular weight fraction of added
GPPS) might have been mixed to the butadiene
phase. Furthermore, the continuity of the PB
lamellae along the injection-molding direction
decreases at higher GPPS concentration as the
PB lamellae takes the form of “elongated PB
islands” [Fig. 5(b), (c)]. The reduction in the
length of the PB lamellae may be partly com-
pensated by an increase in their thickness.

At higher GPPS content = 60 wt %, the PS lamel-
lae fuse together, and polystyrene practically
forms the matrix [Fig. 5(b), (c)]. The PS domains
scattered in the PB phase persist irrespective of the
blend composition.

2. Despite the presence of a few unusually thicker
PS layers (thickness up to a few hundred nano-
meters; e.g., see Fig. 3), no particle-matrix mor-
phology typical of most polymer blends is ob-
served in the star block copolymer/GPPS
blends (Fig. 5). This is the reason that the inves-
tigated blends are almost as transparent as the
star block copolymer itself. The dimension of
heterogeneity in these blends lies well below the
wavelength of visible light, and thus too small
to scatter light.

PS rich regions

PS layers

bc rich regions

Figure 4 Low-magnification TEM micrograph of the sam-
ple ST2 + 20% GPPS.
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Figure 5 Lower (left) and higher (right) magnifications of TEM micrographs showing the morphology of injection-molded
ST2/GPPS blends: (a) 40% PS, (b) 60% PS, and (c) 80% PS; injection molding direction vertical.

3. The microstructures are always oriented in the
flow direction as a result of the shear forces
operating in the injection-molding process.

As the PS lamellae fuse to form PS matrix at higher
GPPS content (>40 wt %), it becomes more difficult to
accurately measure the thickness of the PS lamellae.
However, it is still possible to evaluate the thickness of
PS strands that still assume “lamellar form.” As de-
termined by the image processing of the TEM micro-

graphs, the thickness of the PS lamellae Dy as well as
the long period L (see Table II) in the blends show a
parallel increase with GPPS content. A continuous
increase in both Dpg and L in the blends with ascend-
ing PS homopolymer content clearly suggests that the
major part of the added GPPS is accommodated by the
PS blocks of the star block copolymer.

Several authors have reported macrophase separa-
tion in binary blends containing block copolymers.
Recently, Yamaoka'®'” studied the morphology and
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toughness behavior of the blends of K-Resin 05 and a
statistical copolymer of poly(methyl methacrylate)
and polystyrene (PMMA-co-PS) using compression-
molded samples and concluded that a macrophase
separation between the blend components takes place.
Previous works of Loéwenhaupt and Hellmann'® on
poly(styrene-block-methyl methacrylate) (PS-b-PMMA /
PS) have also shown the macrophase separation of
added PS if the molecular weight of the PS was larger
than that of the corresponding block of PS-b-PMMA
diblock copolymer. Macrophase-separated poly(vinyl
methyl ether) (PVME) domains were observed by
Hashimoto et al.'’ in a binary blend consisting of
PVME and a styrene/butadiene star block copolymer.
In part I of this study,'” we also reported a mac-
rophase separation of the GPPS in star block copoly-
mer matrix under equilibrium conditions. It should be
noted that the morphology of the injection-molded
block copolymer/polystyrene blends is obviously far
from equilibrium. Therefore, the conclusions drawn
about the phase behavior of block copolymer/ho-
mopolymer blends by studying them under thermo-
dynamic equilibrium cannot directly be translated in
the samples investigated in this work.

Unlike under equilibrium conditions, in which the
block copolymer and the added polystyrene undergo
macrophase separation, the injection-molded blends
displayed the microphase separation of the incompat-
ible phases (i.e., the phase separation was not ex-
tended over a macroscopic scale). Obviously, the latter
may be regarded as processing induced microphase
separation. It is known from the literature that the
structure formation in polymer mixtures is strongly
influenced by processing parameters.'*** Processing
may significantly alter the phase behavior of the block
copolymer systems by providing the new routes to
novel morphologies.”

The compatibility of the added polystyrene ho-
mopolymer with the star block copolymer can be at-
tributed to the complex asymmetric architecture of the
copolymer. As mentioned earlier in the experimental
section, the star molecules are made up of four asym-
metric arms (on average), one of which is much longer
than the others. The longer arm possesses a terminal
PS block with a molecular weight in the range of
70,000-90,000 g/mol. The polystyrene blocks in the
copolymer molecules are practically polydisperse, as
are the polystyrene homopolymer molecules added to
prepare the blends. Hence, it is quite reasonable that a
considerable amount of higher molecular weight frac-
tion of the GPPS can be added to the longest terminal
polystyrene blocks of the block copolymer molecules.
Meanwhile, the smaller PS blocks are also able to
dissolve a part of the low molar mass fraction of the
added PS. Furthermore, the macrophase separation in
the injection molds is mainly suppressed by the rapid
cooling of the melt. On cooling the melt very quickly,
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the microphase-separated structures are frozen in, and
the molecules do not have enough time to assume
thermodynamically the most favorable morphology.

Mechanical properties

The stress—strain curves of ST2-574/GPPS blends re-
corded at room temperature (23°C) are presented in
Figure 6(a). Elongation at break, yield stress, and
Young’s modulus are plotted as a function of blend
composition in Figure 6(b)-(d), respectively. As evi-
dent from Figure 6, the elongation at break decreases
drastically when ST2-574 is blended with 20 wt % of
GPPS. Yield strength and Young’s modulus increase
almost linearly, which is attributed to the increasing
overall polystyrene content. An abrupt change in elon-
gation at break for the blend (at 20 wt % GPPS) sug-
gests a transition in deformation mechanism (dis-
cussed later).

A well-defined yield point appears during the ten-
sile deformation of the pure block copolymer ST2-574
[Fig. 6(a)]. After the yield point, the stress declines
rapidly (strain softening), reaches a minimum, and
again increases slowly (strain hardening). This sample
undergoes fracture at a strain and stress of 257% and
20 MPa, respectively. Macroscopically, the deforma-
tion occurs by necking and drawing of the specimen.

The yield point is visible in some ST2-574/GPPS
blends as well. However, they show only strain soft-
ening. With increasing GPPS content the extent to
which the neck can elongate (drawing of the tensile
bar) decreases and the tendency of the brittle fracture
increases. Additionally, the blends exhibit a macro-
scopic stress whitening that indicates the formation of
the local deformation zones such as crazes. The stress
whitening becomes pronounced up to a GPPS content
of 40 wt %, and becomes less distinct with increasing
GPPS content because of extreme localization of the
deformation zones.

Micromechanical deformation behavior

The mechanical behavior of polymeric materials is
governed by underlying micromechanical processes
of deformation and fracture. Hence, the mechanical
properties of the samples characterized by the macro-
scopic tensile test may be directly correlated with the
strain-induced deformation structures.

Figures 7 and 8 show the deformation structures
observed in injection-molded ST2-574 and its two dif-
ferent blends with the GPPS, respectively. In the pure
star block copolymer (Fig. 7), the deformation mech-
anism is homogeneous deformation of the lamellae,
whereas the formation of local crazelike deformation
zones predominates in the blends (Fig. 8).

In pure block copolymer ST2-S74 (Fig. 7), homoge-
neous deformation of PS and PB lamellae results in a
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Figure 6 Mechanical properties of the star block copolymer/GPPS blends determined by tensile testing at 23°C according
to ISO 527: (a) stress—strain curves, (b) elongation at break, (c) yield stress, and (d) Young’s modulus as a function of blend

composition.

reduction in lamellar thickness (see e.g., Fig. 9) and the
long period by more than 50% [compare Fig. 7 (right)
with Fig. 2 (right)]. No locally confined deformation
zones were observed, which can be correlated with the
absence of stress whitening during the tensile experi-
ment.

In ST2-574, the PS lamellae show necking and draw-
ing, which may be accompanied by the subsequent

chain orientation. Drawing of the lamellae occurs in
manner analogous to that of the whole tensile speci-
men. This microscopic plastic flow of PS lamellae
(yielding of thin PS layers), called “thin layer yield-
ing,” depends strongly on the thickness of the PS as
well as the adjacent PB layers.'? The plastic drawing of
glassy polystyrene lamellae in SBS block copolymer
systems was reported earlier by Hashimoto et al.*>**

Figure 7 Lower (left) and higher (right) magnifications of TEM images showing the deformation structures in ST2-574;

deformation direction is vertical.
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Figure 8 Lower (left) and higher (right) magnifications of TEM images of ST2/GPPS blends showing crazelike deformation
zones; deformation direction is vertical: (a) 20% PS and (b) 60% PS.

and more recently in SBS block copolymer by Cohen et
el.>* This homogeneous plastic flow of the PS lamellae
is the reason for the observed surprisingly high elon-
gation at break in ST2-S74. That the toughness of the
polymeric materials can be largely increased by con-
trol of the microstructure was demonstrated in inde-
pendent studies by Wu,?® van der Sanden,?® and Baer
et al.””® in other systems.

Deformation structures in the selected blends of the
star block copolymer with polystyrene homopolymer
are given in Figure 8. Pronounced cavitation leading
to the formation of wide but relatively short, local
crazelike zones occurs at 20 wt % GPPS [Fig. 8(a)]. The
macroscopic elongation at break was found to de-
crease from 257% (in pure ST2-574) to some 34% (in a
blend with 20 wt % GPPS) as a consequence of the
change in deformation mechanism.

The microvoids and highly stretched PS lamellae
appear in the deformation bands [Fig. 8(a)]. The mac-
roscopic elongation of the sample, however, is limited
by the local nature of deformation. The deformation
zones look similar to the crazes observed in thermo-
plastics and their rubber-modified grades." The PS
lamellae in the deformation zones are extremely
stretched (A > 4) and partly separated by microvoids

and partly by stretched PB lamellae. The observed
macroscopic strain at break of 34% in this sample [see
Fig. 6(b)] is contributed almost alone by the stretched
PS lamellae in these deformation bands.

The transition in deformation mechanism from ho-
mogeneous plastic deformation (in pure block copol-
ymer; Fig. 7) to the formation of the local crazelike
deformation zones [in the blends; Fig. 8(a)] is obvi-
ously reflected in an abrupt change in macroscopic
behavior of the tensile specimens and can be corre-
lated with the morphology of the investigated sam-
ples. In particular, the deformation mechanisms in the
samples with layered structures can be dictated by the
thickness of the glassy PS layers. For example, Figure
10 compares the distribution of PS lamellae in the pure
star block copolymer and a blend containing 20 wt %
polystyrene. It can be easily recognized that the tran-
sition from homogeneous plastic flow of the PS lamel-
lae (e.g., Fig. 7) to the formation of local deformation
zones [e.g., Fig. 8(a)] occurs when the thickness of
polystyrene lamellae reaches a value of about 30 nm.
This observation provides strong support to the mech-
anism of thin layer yielding discussed in Michler et
al.’?
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Figure 9 Distribution of PS lamella thickness in ST2-S74 before and after deformation determined by evaluating the

corresponding TEM micrographs.

The localization of deformation at the regions of
higher polystyrene content (i.e., PS lamellae having
thickness in the range = 30 nm), resulting in a de-
crease in macroscopic elongation at break, was further
supported by HVEM investigation.'® The HVEM mi-
crographs of the strained semithin sections of the
blends containing 20 and 40 wt % GPPS demonstrated
that the formation of crazelike deformation zones was
mainly localized at the strips of thick polystyrene lay-
ers. In particular, the mechanism of craze termination
was observed in the HVEM.'® As the craze grew and
reached the region of lower polystyrene content, the
stress at the craze-tip could be relieved by the plastic
deformation of the PS lamellae leading to an arrest of
the advancing craze.

In several heterogeneous polymeric systems, in-
cluding styrene/butadiene diblock copolymers and
weakly segregated block copolymers, cavitation has
been accepted as a dominating deformation mecha-
nism where the plastic deformation of the brittle phase
occurs by its micronecking and subsequent draw-
ing.**° The micromechanism is characterized by the
cavitation in the rubbery phase in such systems. A
closer look at TEM micrographs in Figure 8(a) reveals
that microvoid formation has occurred in the polysty-
rene phase at several locations, which is in agreement
with the principle of thin layer yielding. Above a
critical thickness D, PS lamellae cannot plastically
flow and should undergo cavitation leading to the
formation of crazelike zones.
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®  ST2/20 wt.-% GPPS, injection mould
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Figure 10 Distribution of PS lamella thickness in the star block copolymer and a blend containing 20 wt % GPPS.
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At higher PS content, new kinds of deformation
zones were observed by TEM [e.g., Fig. 8(b)]. Narrow,
long, and sharp-edged deformation zones were found
in the blends having GPPS content = 40 wt % where
the lamellae are simply kinked relative to the defor-
mation direction (or the lamellae orientation direc-
tion).

Formation of such deformation bands [as those in
Fig. 8(b)] in the block copolymers under tensile load-
ing conditions has not been reported yet. The lamellae
inside these bands are tilted at an angle of about 50°
with respect to the strain direction. These bands re-
semble the kink bands observed recently by Polis et
al.>"** in a lamellar diblock copolymer under shear
deformation. With respect to the orientation of the
tilted lamellae with the loading direction, these bands
resemble the classical shear bands as observed in
glassy polymers."** Relative to the orientation of the
bands themselves, however, these structures look like
crazes.

The lamellae in these crazelike zones are only
slightly stretched, which results in much lower mac-
roscopic elongation of the sample [Fig. 8(b)]. In con-
trast, the kink bands observed by Polis et al.*"** i
lamellar diblock copolymer under shear deformation
were formed simply by the rotation of lamellae and
their thickness remained practically unchanged.

Lamellar rotation at the preferential slip planes have
been mentioned as being responsible for kink-band
formation by Polis et al.’’”* In our case, the mecha-
nism of the evolution of the deformation bands with
lamellae tilted at about 50° with the deformation di-
rection, as if they were shear bands, is not clear and
will be further investigated. In the line of recent stud-
ies on block copolymers having pentablock® or star
architectures,® which showed a transition from craz-
ing to shear deformation, so far it can only be assumed
that those structures might have their origin in the
tendency of star block copolymer systems toward
shear deformation.

CONCLUSIONS

The results discussed in this article may be summa-
rized as follows.

1. Injection-molded blends of the tapered styrene/
butadiene star block copolymer with the gener-
al-purpose polystyrene (GPPS) showed no mac-
rophase separation leading to the optically
transparent product. The increase in the thick-
ness of a part of the PS lamellae with increasing
PS content solidly suggested the incorporation
of the added PS to the polystyrene blocks of the
star block copolymer. Furthermore, the added
homopolystyrene distributed inhomogeneously
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in the block copolymer, even leading to the
formation of thick homopolystyrene layers.

2. Both the micromechanical and the mechanical
behavior of the blends were strongly influenced
by the total polystyrene content. A transition in
deformation mechanism from the homogeneous
plastic flow of PS lamellae to the formation of
crazelike deformation zones was observed as
the thickness of PS lamellae reached about 30
nm, supporting the mechanism of thin layer
yielding proposed earlier.

3. At higher PS content, deformation structures
revealed by the TEM resembled the “kink
bands” observed recently in lamellar diblock
copolymers subjected to shear deformation.
These bands possessed the characteristics of
both the crazes and shear bands.

The formation of crazelike deformation zones with
shearlike components is not fully understood and will
be further investigated. Future studies should also be
concentrated on the influence of block copolymer ar-
chitecture on the phase behavior and micromechanical
behavior of the block copolymer/PS blends. Determi-
nation of exact critical thickness and its dependency
on the temperature and strain rate is under way.
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