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ABSTRACT: The compatibilization efficiency of two sty-
rene-butadiene-styrene triblock copolymers with short (SB1)
and long (SB2) styrene blocks was studied in polystyrene
(PS)–polypropylene (PP) blends of composition 20, 50, and
80 wt % PS. The supramolecular structure of the blends was
determined by small-angle X-ray scattering, and the mor-
phology was studied with transmission electron microscopy
and scanning electron microscopy. Structural changes in
both the uncompatibilized and compatibilized blends were
correlated with the values of tensile impact strength of these
blends. Even though the compatibilization mechanisms
were different in blends with SB1 and SB2, the addition of

the block copolymers to the PS–PP 4/1 and PS–PP 1/4
blends led to similar structures and improved the mechan-
ical properties in the same way. These block copolymers had
a very slight effect on the impact strength in PS–PP 1/1
blends, exhibiting a nearly cocontinuous phase morphology.
The strong migration of SB2 copolymers to the interface and
of SB1 copolymers away from the interface were detected
during the annealing of compatibilized PS–PP 4/1 blends. ©
2004 Wiley Periodicals, Inc. J Appl Polym Sci 92: 2431–2441, 2004
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INTRODUCTION

It is generally known that most polymers are thermo-
dynamically immiscible, and the modification of poly-
mer blends by interfacially active compatibilizers is
necessary to obtain materials with desirable proper-
ties. In polystyrene (PS)–polyolefin blends, additive
compatibilization, that is, mixture with appropriate
block copolymers (BCs), appears to be the most effec-
tive procedure,1–23 although reactive compatibiliza-
tion is now widespread. The addition of BCs with
blocks miscible or at least compatible with the corre-
sponding blend components reduces the interfacial
tension between the constituent homopolymers and,
thus, leads to their finer dispersion. Simultaneously, it
increases the interfacial adhesion of the two phases.

The compatibilization efficiency of a BC is given by
many parameters, including the number of blocks, the
molecular weight (MW) of the individual blocks, its
total MW, and of course, its chemical composition
with respect to the blend components. In previous

studies,20–23 we investigated the compatibilization
process in PS–polypropylene (PP) 4/1 blends, that is,
in blends with a PS matrix with a series of BCs con-
taining PS blocks and blocks of aliphatic hydrocarbons
different from PP. The reason we used this procedure
was that the synthesis of PS–PP BCs is rather expen-
sive and another commercially available compatibi-
lizer could be more convenient.

Considering our experimental data20–23 and also the
results of other studies,5,8,9,11,13,16,17 we introduced the
concept of symmetrical and asymmetrical systems.24

In symmetrical systems (A–B blend and A–B BCs),
good compatibilizers are BCs in which the MW of
individual blocks is comparable with the MW of the
corresponding homopolymers in a blend. In asymmet-
rical systems (A–B and A–B�; B is only chemically
similar to B�), the copolymers, with A blocks long
enough to form entanglements with the A homopoly-
mer, are partially entrapped in this component of the
blends, and they cannot easily take part in the forma-
tion of the A–B interfacial layer.

However, this phenomenon concerning the com-
patibilization in asymmetrical systems was observed
in blends with the A matrix, and the results of some
authors were contradictory to our conclusions. Radon-
jič and Musil14 found a diblock copolymer, polysty-
rene-block-poly(ethene-co-propene), to be a relatively
good compatibilizer for blends with PS–PP weight
ratios of 10:90 and 30:70, even though the MW of its PS
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block (50,000) was remarkably higher than 18,000, that
is, the critical MW necessary for entanglement forma-
tion.25,26 Similarly, Harrats et al.18 referred to polysty-
rene-block-poly(styrene-co-butene)-block-polybutene
tapered diblocks with MWs of 23,000, 19,000, and
28,000, respectively, as effective compatibilizers in PS–
low-density polyethylene (LDPE) blends rich in poly-
ethylene (PE; PS–LDPE � 20:80).

Fortelný et al.19 examined the compatibilization ef-
ficiency of a commercial styrene–butadiene (SB) BC in
high-density PE and LDPE–high-impact PS blends of
various compositions. They observed that the localiza-
tion and structure of the BC depended to a large extent
on the blend composition.

Because it is clear that the compatibilization effi-
ciency of a BC is determined not only by its molecular
architecture and the miscibility of its blocks with cor-
responding blend components but also by the compo-
sition of the studied blend, we decided to examine this
problem in detail.

Recently, we synthesized two sets of diblock,
triblock, and pentablock copolymers consisting of PB
(MW � 60,000) and PS (MW � 10,000 or 40,000; Table
I). The MW of the PS blocks in the first set was signif-
icantly lower than the critical value necessary for en-
tanglement formation (�18,000), and the MW of PS
blocks in the other set of BCs was sufficiently higher
than this value. We verified the compatibilization ef-
ficiency of these BCs in both asymmetrical (PS–PP 4/1
and PS–PE 4/1) and symmetrical (PS–PB 4/1) sys-
tems.23,24,27,28 All of the experimental results agreed
well with our assumptions on different compatibiliza-
tion processes in symmetrical and asymmetrical sys-
tems. As the triblock copolymers appeared to be the
most effective compatibilizers, regardless of the length
of the styrene blocks, for this work, we chose triblock
copolymers with short and long styrene blocks. We
studied their compatibilization efficiency in PS–PP
blends of compositions 80, 50, and 20 wt % PS to find
out how the blend composition affected both the lo-
calization and the internal structure of the BC in the
final PS–PP–BC blends. With small-angle X-ray scat-
tering (SAXS), transmission electron microscopy
(TEM), and scanning electron microscopy (SEM), the

structure of the blends with an addition of 5 or 10% a
BC were investigated with three types of samples:
quenched, slowly cooled, and annealed. In quenched
samples, the structure of the molten state was as-
sumed to be frozen; the slowly cooled samples under-
went standard cooling. The structure results were cor-
related with the measurement of the stress-transfer
properties of the blends.

EXPERIMENTAL

Materials

PS Krasten 171 was purchased from Kaučuk Co. [Kra-
lupy, Czech Republic; Mw � 295,100, number-average
molecular weight (Mn) � 64,100], and PP Mosten 52
492 was obtained from Chemopetrol (Litvı́nov, Czech
Republic; Mw � 330,000, Mn � 51,000).

SB1 and SB2 BCs, pilot-plant products of Kaučuk
Co., were prepared by anionic polymerization in tert-
butyl methyl ether (MTBE) at 50°C with 1,4-dilithio-
but-2-ene in MTBE as an initiator.28,29 The total MW
and the PS contents in the copolymers were deter-
mined by size exclusion chromatography–gel perme-
ation chromatography with a dual refractive index
and ultraviolet detection.30 Moreover, the PS content
was determined gravimetrically after the cleavage of
styrene blocks with di-tert-butyl peroxide and osmium
tetroxide (Table I).

Rheological measurements

The rheological properties of the BCs were measured
on a Rheometrics SYS 4 rotational rheometer with
antislipping parallel plates (Piscataway, NJ). The os-
cillatory shear measurements were carried out at
10�2–102 rad/s at 190°C. The linear viscoelasticity re-
gions for all of the samples were determined; the
experiments were performed at strains between 3 and
7%. The values of complex viscosity (�*) and elastic
modulus (G�), obtained at a frequency of 1 rad/s, are
summarized in Table I.

TABLE I
Molecular Characteristics and Rheological Properties of the SB1 and SB2 Copolymers

Type
Mtheor

a

(kg/mol)
Mp

b

(kg/mol)
Mn

(kg/mol)
Mw

(kg/mol)
PStheor

c

(wt %)
PSGPC

d

(wt %)
PSgrav

e

(wt %) �* (Pa s) G� (Pa)

SB1 80 79 73 78 25.0 25.6 26.2 6.2 � 104 6.1 � 104

SB2 140 134 117 129 57.1 57.7 58.9 6.1 � 104 5.9 � 104

aMtheor � target molar mass.
bMp � molar mass value for the most probable point on the SEC chromatograph.
cPStheor � target molar mass concentration.
dPSGPC � concentration of PS determined by GPC.
ePSgrav � concentration of PS determined by gravimetry after cleavage.
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Blend preparation

We prepared blends by mixing the components in the
W 50 EH chamber of a Brabender plasticorder (Duis-
berg, Germany) at 190°C and 120 rpm for 10 min.
Three sets of samples were prepared. The first set,
used for the determination of the structure close to the
molten state, was solidified in cold water after it was
removed from the mixer (quenched samples). The
samples used for the determination of structural char-
acteristics and mechanical properties were prepared
by the following procedure. The molten material from
the chamber was placed into a Fontijne press
(Vlaardingen, The Netherlands) preheated to 200°C.
After 5 min under a load of 100 kN, the material was
transferred from the hot press into a cold press and
cooled slowly to laboratory temperature (these were
the slowly cooled samples). From the plates obtained,
specimens were cut for the tests. The compositions of
the prepared blends and their mechanical characteris-
tics are given in Table II. According to SAXS measure-
ments, the quenched and slowly cooled blends of
PS–PP 4/1 with the addition of 10% of both BCs
differed significantly. These samples were then an-
nealed for 20 min at 190°C and cooled down (these
were the annealed samples).

Determination of the tensile impact strength (a�)

a� was measured with a Zwick tester (Ulm, Germany)
equipped with a special fixture for the test specimen
according to DIN Standard 53 448. The maximum
pendulum energy was 2 J. All of the measurements
were carried out at 23°C. The values obtained are
presented as arithmetical means of measurements on
10 specimens.

SAXS

SAXS measurements were performed with a recon-
structed Kratky camera with a 60-�m entrance slit and
a 42-cm flight path. The used Ni-filtered Cu K� radi-
ation [wavelength (�) � 1.54 Å] was recorded with a
position-sensitive detector31 (Joint Institute for Nu-
clear Research, Dubna, Russia), for which the spatial

resolution was approximately 0.1 mm. The intensities
were taken in the range of the scattering vector (q) of
(4�/�) sin � from 0.006 to 0.2 Å�1 (where 2� is the
scattering angle). The measured intensities were cor-
rected for constant sample thickness and transmission,
primary beam flux, and camera geometry.

SEM

A JSM 6400 (Jeol, Tokyo, Japan) scanning electron
microscope was used to study morphology. Samples
were fractured in liquid nitrogen and covered with
platinum in a Balzers sputter coater (SCD 050) (Lich-
tenstein).

TEM

Ultrathin sections were prepared to analyze the phase
structure of the studied polymers. After the sections
were cut at low temperatures with a glass knife of an
Ultracut UCT ultramicrotome (Leica, Sollentuna, Swe-
den), they were stained in osmium tetroxide vapor.
For observations and micrographing, TEM (JEM 200
CX, Jeol, Tokyo, Japan) or SEM (Vega, Brno, Czech
Republic) with a transmission adapter was used. To
diminish the formation of artifacts, we performed sec-
tioning at �130°C. We believe that at this temperature,
no substantial changes in sample deformation could
occur that would distort the image of the phase struc-
ture of the specimens.

RESULTS AND DISCUSSION

SAXS

BCs used as compatibilizers in additive compatibiliza-
tion are very often organized in an ordered supermo-
lecular structure, manifesting itself by an interference
maximum in the region of SAXS.32,33 Because the com-
patibilization efficiency of a BC is associated with its
interaction with the blend components and, conse-
quently, with the changes of its supermolecular struc-
ture, it is convenient to start the study of its structure
in compatibilized blends with SAXS. Also, SAXS gives
information on a comparatively large sample volume,
even if the information concerns the reciprocal space.
Microscopic methods show the real structure but from
a very small piece of a sample, which can be inhomo-
geneous. Thus, a combination of scattering and micro-
scopic methods appears to be very useful for investi-
gating a compatibilization process. Moreover, TEM
and SEM experiments are relatively time-consuming,
whereas the measurement of one SAXS curve takes
several minutes. So, we can easily check when a
steady state is achieved by comparing the SAXS
curves of samples obtained at different preparation

TABLE II
a� (kJ/m2) of PS–PP Blends Compatibilized with SB BCs

PS/PP 4/1 PS/PP 1/1
slowly
cooled

PS/PP 1/4
slowly
cooled

Slowly
cooled Annealed

PS–PP 11.0 9.5 32.6 27.2
�5% SB1 25.3 40.1 42.0
�10% SB1 29.0 20.6 41.5 43.6
�5% SB2 27.5 54.2 37.9
�10% SB2 30.0 44.9 55.0 58.2
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conditions. Then, several chosen samples can be stud-
ied by means of electron microscopy methods.

In previous articles, we showed that the appearance
of a maximum corresponding to an ordered BC struc-
ture on the SAXS curves of compatibilized blends
could have different meanings in symmetrical and
asymmetrical systems. In PS–PP 4/1 blends with the
addition of SB BCs, the interference maximum of a
neat BC was observed when a BC with short styrene
blocks was added,22,23 and it was shown by TEM that
the ordered BC was a part of the PS–PP interfacial
layer. Particles of BCs with long styrene blocks were
entrapped in the PS blend component and swollen by
the styrene homopolymer or rearranged into micelles
to such an extent that the structure of the BC was
disordered and no interference maximum was ob-
served.

However, in PS–PB 4/1 blends compatibilized with
SB BCs, no maximum corresponding to a neat BC was
observed in quenched samples; according to TEM, all
of the BCs were dispersed at the PS–PB interface.
During slow cooling, the BCs with long styrene blocks
maintained their position at the interface, whereas the
BCs having short styrene blocks were released from
the PS–PB interface, and BC particles with the struc-
ture of neat BCs were observed.28

A comparison of the structure of quenched and
slowly cooled compatibilized samples was now also

applied to the structure study of PS–PP blends with
varying compositions and compatibilized with SB
BCs.

In Figures 1–3, the SAXS curves of PS–PP blends
with the addition of 5 or 10 wt % SB1 or SB2 copoly-
mer are shown together with the SAXS curves of the
corresponding SB copolymers. The SAXS curves of the
compatibilized blends showed two maxima. The max-
imum at q � 0.4 nm�1, corresponding to a long period
in semicrystalline PP, was observed also on the SAXS
curves of the uncompatibilized samples. The maxima
at q � 0.24 and 0.15 nm�1 were attributed to the
separated ordered phases of SB1 and SB2, respec-
tively, as they were detected at the same q values as
the corresponding maxima of the neat SB copolymers.

It was evident that the greatest difference between
the quenched and slowly cooled samples was ob-
served for the PS–PP 4/1 blends with the addition of
SB2 copolymer [Fig. 1(b)]. We assumed that this BC
maintained its supermolecular structure during mix-
ing, but it was partially swollen with styrene ho-
mopolymer (see the broad maximum at 0.08–0.15
nm�1 in the q region on the SAXS curve of the
quenched sample). During cooling, the swelling con-
tinued, and the maximum of an ordered structure
vanished. Also, the presence of SB2 micelles in the PS
phase of the blend could not be excluded as both the

Figure 1 SAXS curves of PS–PP 4/1 blends with the addition of (a) 5 or 10% SB1 and (b) 5 or 10% SB2 (q � quenched; sc
� slowly cooled; ann � annealed). The curves are shifted in the y axis.
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formation of swollen particles of a BC and its mi-
cellization were observed by us.22,28

The SAXS curves of the quenched and slowly cooled
samples of PS–PP 4/1 blends with the addition of SB1
[Fig. 1(a)] also differed. An increase in the intensity for
q 3 0 may have indicated some changes in the dis-
persion of PP particles, and the increasing intensity in
the region of q corresponding to the position of the
interference maximum of the ordered copolymer
structure indicated an increasing amount of the SB1
ordered phase in the sample. In any case, it was evi-
dent that the melts of both systems, PS–PP 4/1–SB1
and PS–PP 4/1–SB2, were far from the equilibrium
state, so diffractograms of samples additionally an-
nealed at 190°C for 20 min before slow cooling were
also taken.

SAXS curves of annealed and slowly cooled com-
patibilized samples [Fig. 1(a,b)] differed again a little
in the innermost part of the scattering curve (q 3 0)
because of some changes in the morphology. No in-
terference maximum corresponding to the formation
of an ordered SB2 phase was observed in the annealed
PS–PP–SB2 blend, but the maximum of the separated
SB1 phase in the annealed sample of the PS–PP–SB1
blend showed another slight increase in comparison
with the slowly cooled samples.

When the PS amount in the PS–PP blends de-
creased, the differences in the SAXS curves of the
quenched and slowly cooled samples became less pro-

nounced. The SAXS curves of PS–PP 1/1 and PS–PP
1/4 with the addition of 5 or 10 wt % SB1 [Figs. 2(a)
and 3(a)] had very similar shapes with a slight maxi-
mum at q � 0.24 nm�1, corresponding to the sepa-
rated SB1 phase.

No regular BC structure was observed in PS–PP 1/1
or PS–PP 1/4 blends with the addition of 5 wt % SB2
[Figs. 2(b) and 3(b)] regardless of the cooling regime.
On the SAXS curves of both quenched and slowly
cooled samples of PS–PP 1/1 and 1/4 with the addi-
tion of 10 wt % SB2, a slight and broad maximum
appeared in the same q region as in PS–PP 4/1 blends
with the addition of the SB2 copolymer. So, interac-
tions of the PS block with PS were expected here, but
again we could not decide on the basis of the SAXS
data if the SB2 structure was disordered because of
swelling with styrene homopolymer or if the forma-
tion of SB2 micelles with the PB core in the PS phase of
the blends took place.

Electron microscopy and mechanical properties

The morphology of all three uncompatibilized blends
was examined on fractured samples by SEM, whereas
the morphology of compatibilized blends was studied
by scanning electron microscopy in the transmission
mode (STEM). Details of the PS–PP interface and in-
ternal structure of both SB1 and SB2 copolymers were

Figure 2 SAXS curves of PS–PP 1/1 blends with addition of (a) 5 or 10% SB1 and (b) 5 or 10% SB2 (q � quenched; sc
� slowly cooled). The curves are shifted in the y axis.
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taken with the transmission technique (TEM) at a
large magnification.

The aim of this study was to determine both the
localization and structure of the selected SB copoly-
mers in the final PS–PP–SB blends with varying PS–PP
compositions. As we were not seeking the optimum
amount of these BCs necessary for the covering of the
PS–PP interface, blends with the addition of 10% SB1
or SB2 were used, where the required effects were
pronounced. Because, according to SAXS, the largest
differences between quenched and slowly cooled sam-
ples were observed with the PS–PP 4/1 blends, these
blends were also studied by electron microscopy in
more detail than the blends with 50 or 20% PS.

PS–PP 4/1 blends

In Figure 4, the SEM micrographs of quenched and
slowly cooled samples of uncompatibilized PS–PP
blends are shown. As was expected from the SAXS
curves of these samples [see Fig. 1(a)], the morphology
of this blend underwent large changes at cooling. Dur-
ing the relaxation, the coalescence of PP particles took
place, and huge and anisometric particles appeared.

In Figure 5, micrographs of PS–PP 4/1 blends with
the addition of 10% SB1 or SB2 are shown. The mix-
ture of these BCs with the basic blend led in both cases
to a much finer dispersion, but the morphologies of
PS–PP–SB1 and PS–PP–SB2 differed significantly. In

Figure 3 SAXS curves of PS–PP 1/4 blends with addition of (a) 5 or 10% SB1 and (b) 5 or 10% SB2 (q � quenched; sc
� slowly cooled). The curves are shifted in the y axis.

Figure 4 SEM micrographs of uncompatibilized PS–PP 4/1 blends: (a) quenched and (b) slowly cooled samples.
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quenched PS–PP–SB1 blends [Fig. 5(a)], PP particles
were observed with dimensions of 0.5–5 �m and were
covered by a relatively thick BC layer. Besides, the
particles of the SB1 copolymer appeared attached to
the PP particles, having, according to SAXS, an inner
structure of a neat SB1 copolymer. In addition, tiny
SB1 particles were observed incorporated in the PP
particles. During cooling, the SB1 copolymer probably
escaped from the PS–PP interface, as the SB1 envel-
oped around the PP particles became thinner and
coalesced [Fig. 5(b)]. This process was even more pro-
nounced in the annealed samples of PS–PP–SB1
blends [Fig. 5(c)]. Here, the PP particles were much
larger than in the quenched blends. The reason for the
coalescence of the PP particles was evidently an addi-
tional organization of the separated phase of the
SB1 copolymer, which was attached to the PP particles
as large objects and, hence, caused a worse covering

of the interface by the copolymer. The small SB1 par-
ticles inside the PP phase were observed in all three
types of the samples, regardless of the temperature
regime.

However, the PS–PP interface was qualitatively the
same in all three types of the blends, quenched, slowly
cooled, and annealed, as is shown in Figure 6, where
the TEM micrographs at large magnification are pre-
sented. Both SB1 copolymer layers around the PP
particles and clusters of separated ordered SB1 phase
were detected.

In PS–PP–SB2 blends, quite a different morphology
was observed from that of PS–PP–SB1, but even more
substantial structural changes depending on the tem-
perature regime were also observed. The dispersion of
PP particles in quenched samples [Fig. 5(d)] was sur-
prisingly fine, even though practically all of the SB2
copolymer was distributed in the PS phase as very

Figure 5 STEM micrographs of PS–PP 4/1 blends with addition of (a) quenched, (b) slowly cooled, and (c) annealed 10%
SB1 samples and (d) quenched, (e) slowly cooled, and (f) annealed 10% SB2 samples.
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small particles. As the ordered structure of the neat
SB2 copolymer was lost, according to SAXS, the swell-
ing of the BC with styrene homopolymer or the for-
mation of SB2 micelles was expected. No SB2 envel-
oped around the PP particles; also, no spots of SB2 in
the PP particles were observed. During cooling, the PP
particles became larger; a part of SB2 was localized at
the PS–PP interface [Fig. 5(e)]. In annealed samples,
this process continued, similar to PS–PP–SB1, but the
motion of SB2 in the blend was quite different from
that of SB1. SB2 particles (or micelles) in a quiescent
molten blend migrated toward the PS–PP interface,
and in the end, they formed thick, pronounced enve-
lopes around the PP particles [Fig. 5(f)].

This process is shown in detail in Figure 6(b–d),
where the PS–PP–SB2 interface was taken by TEM at a
large magnification. In quenched samples [Fig. 6(b)],
the PS–PP interface was occupied only randomly by
separated SB2 micelles or by their clusters. The forma-

tion of these micelles was evidently a result of inter-
actions between the SB2 copolymer and the PS com-
ponent of the PS–PP blends, as can be deduced from
Figure 7, where the TEM micrographs of PS–SB2 are
shown. In quenched samples of PS with the addition
of 10% SB2, separated micelles of this BC with a PB
core and a PS corona were observed, whereas during
the slow cooling, the aggregation of these micelles into
larger objects took place. In PS–PP–SB2 blends, this
aggregation proceeded also but predominantly at the
PS–PP interface, and thus, the interfacial layer grew in
the slowly cooled samples [Fig. 6(c)]; in the annealed
samples, these aggregates formed even bridges be-
tween the PP particles [Fig. 6(d)]. The interactions of
SB copolymers with long PS blocks with the styrene
homopolymer were also confirmed by both SAXS and
TEM in our previous studies,21,22 but it was shown in
those studies that no such interactions of these BCs
took place in PP.

Figure 6 TEM micrographs of the PS–PP interface taken at a large magnification: (a) slowly cooled PS–PP 4/1 � 10% SB1
samples; (b) quenched, (c) slowly cooled, and (d) annealed PS–PP 4/1 � 10% SB2 samples; and (e) slowly cooled PS–PP 1/4
� 10% SB2 samples.
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Thus, the broad maximum on the SAXS curves of
the quenched samples of PS–PP–SB2 blends in the
region of small q values could be attributed to the
scattering curve of the SB2 micelles. On the SAXS
curves of the slowly cooled and annealed samples of
these blends, a strong increase in the intensity was
observed for q 3 0 because of changes in the mor-
phology that may have led to an overlap of this curve.

The results of SAXS and electron microscopy were
also supported by the measurement of a� in these
samples (Table II). The addition of both SB1 and SB2
copolymers to the PS–PP 4/1 blend led to a remark-
able increase in the values of a� in comparison with
those of the uncompatibilized blend, but there were
differences between slowly cooled and annealed sam-
ples in PS–PP–SB1 and PS–PP–SB2 blends. Although
in annealed PS–PP–SB1 samples, the value of a� (20.6
kJ/m2) decreased in comparison with the slowly
cooled ones (a� � 29.0 kJ/m2), because of the escape of
SB1 from the PS–PP interface in annealed samples of
PS–PP–SB2, the value of a� increased to 44.9 kJ/m2

compared with the a� value 30.0 kJ/m2 found in the
slowly cooled samples. This increase was, of course,
caused by the enrichment of the PS–PP interfacial
layer in SB2 and by a subsequent increase in the
interphase adhesion. These results were also in a good
agreement with the SAXS experiments.

These results clearly demonstrate that the distribu-
tions of SB1 and SB2 copolymers between the interface
and bulk phase in the PS–PP 4/1 blends strongly
differed for steady mixing and for the quiescent state.
It turns out that common predictions of the ability of
BCs to cover the interface, based on the rules of equi-
librium thermodynamics, have only limited applica-
bility to prediction of the morphology and properties
of compatibilized polymer blends. The coalescence of
PP particles in a molten quiescent PS–PP–SB1 blend
was in agreement with the results of Maric and Ma-
cosko,34 who found that short BCs show a strong
emulgation effect in mixing but they do not prevent
coalescence in the quiescent blend. The strong im-
provement in the covering of the PS–PP interface by

SB2 after annealing (annealed samples) and a substan-
tial increase in a� of the annealed PS–PP–SB2 blends
were somewhat surprising; we did not find a similar
effect in the literature. These results led us to the
practically important conclusion that the compatibili-
zation efficiency of SB BCs generally depends on the
conditions of the blend preparation and processing.

PS–PP 1/1 and 1/4 blends

According to the SAXS measurements, the quenched
and slowly cooled samples of both PS–PP 1/1 and
PS–PP 1/4 blends did not differ significantly from
each other, so we assumed that another temperature
relaxation did not significantly affect the structure of
simply pressed (slowly cooled) samples. Thus, in Fig-
ure 8, the only micrographs given are of the slowly
cooled samples of basic PS–PP blends with the addi-
tion of 10% SB1 or SB2.

In the PS–PP 1/1 uncompatibilized blend, a mor-
phology very close to a cocontinuous structure was
observed [Fig. 8(a)]. The addition of 10% SB1 led to a
change in the type of structure, and the formation of
PS particles took place [Fig. 8(b)], even if the structure
was very coarse and practically no SB1 envelopes
around the PS particles were observed. The change in
the type of the phase structure at a certain blend
composition by the addition of a compatibilizer has
been detected for several systems.19,35,36 Unfortu-
nately, a plausible theory of this effect has not been
available so far. Particles of SB1, having, according to
SAXS, the structure of the neat copolymer, were at-
tached to the PS particles, and similar to the PS–PP
4/1–10% SB1 blends, tiny SB1 particles without an
ordered structure were observed in the PP phase.

The addition of 10% SB2 to the PS–PP 1/1 blend
influenced the morphology of the basic blend less
remarkably [Fig. 8(c)]. Particles of PS were also ob-
served here, but they were enormously elongated, so
the structure reminded us more of the cocontinuous
than of the particle morphology. The SB2 copolymer
was completely dispersed in the PS particles, and

Figure 7 TEM micrographs of PS with addition of 10% SB2: (a) quenched and (b) slowly cooled samples.
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according to SAXS, its ordered supermolecular struc-
ture was lost.

An increase in the value of a� in the PS–PP–SB1
blend compared with the basic PS–PP 1/1 blend from
a� � 32.6 to 41.5 kJ/m2 was attributed to the change in
the morphology or it may have been caused by the
presence of an elastomeric SB1. A remarkably higher
increase in a� in the PS–PP–SB2 blend up to a value of
55.0 kJ/m2 could be explained by the preferential lo-
calization of the SB2 particles dispersed in the PS
phase near to the PS–PP interface.

The morphology of the uncompatibilized PS–PP 1/4
blend was similar to that observed in the PS–PP 4/1
sample with the reverse ratio of the dispersed phase
and matrix. Here also, two types of particles, spherical
with dimensions of 1–5 �m and strongly elongated
ones, were found [Fig. 8(d)]. Also, the structure of this

blend compatibilized with 10% SB1 was close to the
structure of the corresponding blend with the PS ma-
trix [Fig. 8(e)]. Envelopes of the SB1 copolymer around
PS particles were well developed, and SB1 particles,
having, according to SAXS, the structure of the neat
copolymer, were attached to the PS–PP interface. Tiny
SB1 particles dispersed in the PP phase were also
observed here. Also, the dimensions of the dispersed
particle (PP or PS) were not very different. As a similar
morphology was found in both these blends, approx-
imately the same increase in a� in PS–PP–SB1 blends
and PS–PP was not surprising (see Table II).

In PS–PP 1/4 blends with the addition of 10% SB2,
a very fine morphology was observed. The SB2 copol-
ymer was mostly dispersed in PS particles with aver-
age dimensions of 1–2 �m. Clusters of SB2 micelles,
similar to those observed in annealed samples of the

Figure 8 STEM micrographs of PS–PP 1/1 slowly cooled blends: (a) uncompatibilized, (b) with the addition of 10% SB1, and
(c) with the addition of 10% SB2. STEM micrographs of slowly cooled PS–PP 1/4 blends: (e) uncompatibilized, (f) with the
addition of 10% SB1, and (g) with the addition of 10% SB2.
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PS–PP 4/1 blend with the addition of 10% SB2, were
preferably localized at the PS–PP interface [Fig. 6(e)].

The formation of this layer at the PS–PP interface
rich in SB2 led to a remarkable increase in a� in these
blends, similar to that observed in the annealed PS–
PP–SB2 samples with the PS matrix. Somewhat sur-
prising was a strong difference between the a� of the
blends compatibilized with 5 and 10% SB2, that is,
with 25 and 50% compatibilizer relative to the dis-
persed phase. Normally, it is assumed that saturation
of the interface appears well below 20% compatibilizer
relative to the dispersed phase.8 In our opinion, nei-
ther SB2 subinclusions into the PS particle nor small
SB2 particles in the PP matrix should have had a
pronounced effect on the impact strength (SB2 con-
tained more than 50% PS).

CONCLUSIONS

The localization of a SB triblock copolymer in PS–PP
blends and its structure modification depended to a
large extent on the length of its styrene blocks. SB1
copolymer, having short styrene blocks (MW
� 18,000), maintained the ordered supermolecular
structure of the neat copolymer, and its particles were
attached to the PS–PP interface, regardless of the
blend composition. Also, in PS–PP 4/1 and PS–PP 1/4
blends, where a pronounced particle structure was
observed, this copolymer also became a part of the
PS–PP interfacial layer, thus improving the interfacial
tension. The SB2 triblock copolymer, with styrene
blocks long enough to form entanglements with the
styrene homopolymer, was entrapped in the PS phase
of the resulting blends as micelles. In blends with high
contents of SB2 relative to PS, SB2 covered the inter-
face. In blends with the PS matrix, this phenomenon
was observed only after sufficiently long temperature
relaxation. The addition of SB1 changed the type of the
phase structure of the PS–PP 1/1 blend. Despite dif-
ferences in the location and structure of BCs, the re-
lated PS–PP 4/1 blends compatibilized with SB1 and
SB2 showed practically the same increase in the im-
pact strength when compared with uncompatibilized
blends. The same was true for PS–PP 1/4 with 5% BCs.
The addition of SB2 led to a greater improvement in
the impact strength than that of SB1 in PS–PP 1/1
blends and PS–PP 1/4 blends with 10% BC.

A pronounced migration of SB2 to the interface was
found in the molten quiescent PS–PP 4/1 blend. How-
ever, coalescence and a worsening of the interface
coverage were observed in PS–PP 4/1 blends with
SB1. These changes in the structure were strongly
reflected by the impact strength. The described effects
clearly showed that the location of SB1 and SB2 copol-
ymers in thermodynamic equilibrium and in the
steady state differed substantially, depending on in-
tensive mixing. Generally, the compatibilization effi-

ciency of SB copolymers in PS–PP blends depended on
the conditions of blend mixing and processing and
could not be predicted with the rules of equilibrium
thermodynamics only.
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