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ABSTRACT: More than 25 PP/PS/SEP blends, where PP
is isotactic polypropylene, PS is atactic polystyrene, and SEP
is poly(styrene-block-ethylene-co-propylene), were prepared.
The main objective of this study was to investigate the
influence of PP/PS viscosity ratio, �TM, on the blends’ mor-
phology. It was shown that �TM strongly influenced not only
the overall morphology of the blends, but also the morphol-
ogy of SEP, which exhibited as many as five different types
of structure when blended with PP and/or PS. SEP was
found an efficient compatibilizer of PP/PS blends as it de-

creased the average particle size in all studied systems. An
interesting “by-product” of this work was the discovery of a
brand-new type of polymer morphology, which was called
morel structure. The characteristic feature of the morel struc-
ture was PS matrix compartmentalized by SEP. © 2006 Wiley
Periodicals, Inc. J Appl Polym Sci 101: 2236–2249, 2006

Key words: polymer blends; morphology; compatibiliza-
tion; viscosity

INTRODUCTION

Polymer blending is a convenient route for the devel-
opment of new polymer materials, which combine the
properties of several single polymers. Since most
blended polymers are immiscible, compatibilization is
required to reduce coalescence, to lower interfacial
tensions between components, and to improve the
phase adhesion.

The shape, size, and spatial distribution of the
phases in polymer blends result from a complex inter-
play between viscosity (and elasticity) of the blend
components, their interfacial properties, blend compo-
sition, and processing conditions, as shown in a num-
ber of previous studies. It is generally agreed that
among different factors, the viscosity ratio � (i.e., the
ratio between the viscosity of the dispersed polymer
versus the viscosity of the matrix polymer) turned out
to be one of the most critical variables in controlling
the blend morphology.1–14 A high viscosity ratio in
many cases resulted in coarse morphology, while
matching the viscosities (� � 1) may result in much
finer morphology,1,6,7 although the general consider-
ation of a minimum occurring when � � 1 is not
universally true. The diameter of dispersed particles

in polycarbonate/polypropylene blends increased by
a factor of 3–4 times, in the interval � � 4.5–17.3.9

Reduction in the size of the minor phase particles in
same blends was achieved below � � 1, with the
minimum particle size occurring at � � 0.25. More-
over, � plays also a very important role in the process
of the blend phase-inversion.5,12,14

Several theoretical and experimental studies have
been performed to explain these processes, starting
with the pioneering work of Taylor.15,16 The dimen-
sionless parameter, known as the capillary (or Weber)
number (Ca � R�m�/�, where R is characteristic size
of the dispersed droplet, �m the viscosity of the matrix,
� shear rate, and � the interfacial tension), is often
used for describing the size of the dispersed particles
in polymer blends. Droplet breakup should occur at a
critical Ca value (Cac). In the case of viscoelastic sys-
tems, Wu7 has proposed an empirical relationship
between Ca and � as an adaptation of a more general
equation, derived for the droplet size reduction in
mixtures of Newtonian liquids, based on the studies
on the droplet deformation and breakup for blends of
polyamide and poly(ethylene terephthalate) with eth-
ylene/propylene elastomers. Wu introduced the fol-
lowing equation, which relates interfacial tension �
and viscosity ratio �:

�d�m/� � 4�k (1)

where d is the number–average diameter of dispersed
particles. Parameter k is equal to �0.84 when � � 1,
and to �0.84 when � � 1. From eq. (1), it is inferred
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that the reduction in particle size for the dispersed
phase also results from a decrease in interfacial ten-
sion, which might be the result of interactions due to
the localization of the compatibilizer in the interfacial
regions.

It is known that the shear and temperature fields
(which influence the viscosities) are not the same in
internal mixers and capillary rheometers. Therefore,
different authors who prepared their samples with
internal mixers rather used the concept of torque ratio
than the viscosity ratio. Since there is a correlation
between torque and viscosity, such concept is admis-
sible.8,9,17–19

An effective compatibilizer affects deformation and
breakup of dispersed particles by reducing the inter-
facial tension, and thereby lowers the hydrodynamic
stress at which drops of certain size break.3,7,19–21 The
compatibilizer activity of block copolymers may be
influenced by the viscosity ratio of the blend compo-
nents as reported in various studies. Taha and Frere-
jean22 observed that compatibilization effectiveness of
styrene–rubber block copolymers was higher in low-
density polyethylene/polystyrene 75/25 blend when
� � 1 compared to that of the same blend with � � 1.
Willis et al.10 showed that the interfacial modification
in polypropylene/polyamide and polyethylene/poly-
amide blends caused by the addition of an ionomeric
compatibilizer diminished the dependence of the dis-
persed phase particle size on the viscosity ratio of the
blend.

Immiscible isotactic polypropylene (iPP)/atactic
polystyrene (aPS) blends can exhibit a variety of dif-
ferent phase morphologies depending on the weight
ratio of iPP and aPS, rheological properties, and pro-
cessing conditions. Han et al.23 found that even mod-
erately different modes of dispersion and particle size
can give rise to pronounced differences in the appar-
ent rheological properties in the molten state of the
binary iPP/aPS blends. Miroshnikov and Williams24

reported on wide diversity of phase structures in iPP/
aPS extrudates with aPS matrix in the viscosity ratio
interval 0.09 � � � 5.5. Their work also supported the
fact that processing conditions, elasticity effects, and
interfacial tension have to be considered in explaining
final phase morphologies. Fortelný et al.25 and Navrá-
tilová and Fortelný26; showed that the average aPS
particle sizes in binary iPP/aPS blends decrease with
increasing viscosity of the iPP matrix. Dispersed par-
ticles became more elongated in the case of � � 1. This
is in accordance with some proposed morphological
models.6 Coalescence was found to be the faster when
the viscosity of the dispersed phase or the matrix was
lower. Fujiyama observed that the viscosity ratio also
influenced the final morphology of binary iPP/aPS
blends prepared by injection molding.27 He reported
that PS particles were large when � was higher or
lower than 1 and were smallest when � was slightly

lower than 1. In recent years, studies, both theoretical
and experimental,25,26,28–34 of the compatibilization as-
pects in blends of aPS and iPP have been the center of
interest. A series of block copolymers (BC) with poly-
styrene blocks and with rubber blocks of aliphatic
hydrocarbons were used in these studies. Different
factors and aspects that seemed to be influential re-
garding the morphology development and final prop-
erties were systematically studied, like weight ratio of
the basic components, type and content of the styrene
block copolymers, the number of blocks in the block
copolymers, the length of the blocks in block copoly-
mers, and the time and the rate of blending. These
studies confirmed that a compatibilization process in
iPP/aPS blends is very complex with many influential
factors determining the final properties. It was also
been shown that among styrenic-rubber block copol-
ymers (SRBC), diblock copolymer poly(styrene-block-
ethylene-co-propylene) (SEP) was an efficient compati-
bilizer for immiscible iPP/aPS blends, especially when
iPP was a matrix phase.35,36 Moreover, phase mor-
phology showed some interesting features, such as the
bimodality of the dispersed particles even when SEP
completely enveloped dispersed aPS particles as well
as the tendency of clustering of the dispersed particles
when the content of SEP was increased up to 10 wt %.

Since the majority of the reported studies relatively
well describe the influence of the viscosity ratio on the
phase morphology of iPP/aPS and other binary
blends, the emphasis in this paper is given to the effect
of how the viscosity ratio influences interfacial activity
of SEP block copolymer and final morphology of the
compatibilized iPP/aPS blend, which was not widely
studied yet.

EXPERIMENTAL

Materials and blend preparation

Two different grades of iPP and two of aPS were used
in this study. The polypropylenes were Daplen BM 55
(PP-2 in the following text), and noncommercial low-
viscous iPP (PP-3), both produced by ÖMV-PCD Poly-
mere (Austria). The polystyrenes were GP 678E (PS-1;
DOKI, Croatia) and 168N (PS-2; BASF, Germany). Lin-
ear diblock copolymer SEP, produced by Shell Chem
Co. under the commercial name Kraton G-1701, was
used as a compatibilizer. The polymer characteristics
are summarized in Table I.

PS pellets were dried overnight at 70°C before use
and premixed with iPP and SEP pellets before being
fed into the kneading chamber. Blends of different
compositions were prepared by melt blending in an
oil-heated Brabender kneading chamber at 200°C for 6
min, with a rotor speed of 50 rpm. After finishing the
blending process, they were transferred rapidly be-
tween two aluminum sheets placed in a hydraulic
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press preheated to 220°C. Samples of blends used for
morphological investigations were prepared by com-
pression molding. A load of 100 bar was used, and
after 10 min 1-mm-thick plates were removed and
cooled to room temperature in air. Both noncompati-
bilized and compatibilized PP/PS blends with weight
ratios 80/20 and 20/80 were examined; amount of SEP
in compatibilized blends varied from 2.5 to 10 wt %.
Additionally, pure SEP, binary blends PP/SEP and
PS/SEP, and a few PP/PS/SEP blends with other
weight ratios of the components were prepared using
the same procedure.

Rheological measurements

The viscosity values of neat polymers were obtained
with a capillary extrusion rheometer Göttfert Rheo-
graph at 200°C. The rheometer had an L/D ratio of
20/1 (Table I). The plots of the shear viscosity (�)
versus shear rate (�) of neat components have already
been published.37

Since the complex geometry of the Brabender
kneading chamber and different shear stress as well as
temperature gradients inside the chamber make direct
conversion of capillary rheometer tests inaccurate, we
believe it is more convenient to use the values of
torques as a rheological parameter in this study. By
using the torque ratio as the viscoelastic characteristic
of the materials, shearing and elongational forces that
act on the polymers during blending in an internal
mixer are included.

The torque values reported in the text were mea-
sured in a Brabender kneading chamber at 200°C with
a rotor speed of 50 rpm; constant values were reached
after 6 min of mixing. Torque values for the pure
materials are given in Table I. Torque ratio was calcu-
lated using the torque values for pure components
from the following equation:

�TM �
Md

Mm
�

n,T,t

(2)

where �TM is the torque ratio, Md is the torque value of
the polymer which constitutes a dispersed phase, Mm

is the torque value of the polymer which constitutes a
matrix phase, n is the rotor speed, T is the tempera-
ture, and t is the time of mixing. On the basis of the
torque values of the neat polymers, we determined the
torque ratios for the various PP/PS blends as follows:
�TM � PS-1/PP-2 � 0.4, �TM � PS-2/PP-3 � 4.0, �TM
� PP-2/PS-1 � 2.5, and �TM � PP-3/PS-2 � 0.25.

Electron microscopy

Scanning electron microscopy (SEM) was performed
with JSM 6400 microscope (Jeol, Japan). Samples were
immerged in liquid nitrogen, left to equilibrate 5 min,
fractured, sputtered with platinum, and observed in
the microscope at 25 kV, using secondary electron
detector.

Scanning transmission electron microscopy (STEM)
was carried out with Vega TS 5130 microscope (Tes-
can, Czech Republic), equipped with a transmission
adapter. Ultrathin sections of the samples were cut
with ultramicrotome Ultracut UCT (Leica, Austria) at
�140°C, stained with RuO4 vapors for �20 min, and
observed in the microscope at 30 kV, using transmis-
sion detector.

Transmission electron microscopy (TEM) was per-
formed with JEM 200CX microscope (Jeol, Japan).
Samples for TEM were prepared in the same way as
the samples for STEM. TEM micrographs were ex-
posed at 100 kV. In both STEM and TEM micrographs
of RuO4-stained ultrathin sections PP appeared white,
PS appeared gray, and SEP appeared black. On a few
micrographs it was observed that PS was darker than
SEP; this occurred if longer staining times were used
and so it might have been caused because SEP was
stained less intensively but faster, whereas PS was
stained more intensively but more slowly.

Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) measurements
were performed using an upgraded Kratky camera,
with a 60-�m entrance slit and 42-cm flight path.
Ni-filtered CuK� radiation (wavelength � � 1.54 Å)
was used and registered with a position-sensitive de-
tector38 (Joint Institute for Nuclear Research, Dubna,
Russia), for which the spatial resolution is �0.15 mm.
The intensities were taken in the range of the scatter-
ing vector q � (4/�) sin 	/� from 0.006 to 0.2 Å�1

(where 2	 is the scattering angle). The measured in-
tensities were corrected for sample thickness and
transmission, primary beam flux, and sample-detector
distance, but not for slit collimation effects.

RESULTS

This work deals with PP/PS blends compatibilized
with SEP. Some of the studied blends contained such

TABLE I
Characteristics of Used Polymers

Polymer
Mn

a

(g/mol) Mw/Mn
a

MFI
(g/10 min)

Torqued

(N m)

 (PS)
(wt %)

PP-2 113,450 3.2 0.7b 25 —
PP-3 58,905 2.0 61.3b 5 —
PS-1 96,000 2.4 12.5c 11 —
PS-2 175,000 2.1 1.7c 20 —
SEP 89,500 1.5 0.6c — 37.0e

a Measured by size exclusion chromatography.
b ASTM D 1238 (230°C/2.16 kg).
c ASTM D 1238 (200°C/5 kg).
d After 6 min in Brabender kneading chamber at 200°C

with rotor speed 50 rpm.
e Manufacturer’s data.
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a high amount of the compatibilizer that they could be
regarded as ternary systems PP/PS/SEP. More than
25 different PP/PS/SEP blends with compositions
X/Y/Z and viscosity ratios �TM were examined. X/Y
is weight percent of PP/PS, Z is weight percent of SEP,
and �TM is viscosity ratio of PP/PS defined in exper-
imental section. The polymers used for blend prepa-
ration are characterized in Table I and the most im-
portant of the prepared blends are summarized in
Table II.

The morphology of the blends was investigated by
EM and SAXS techniques. The combination of the two
techniques proved to be very useful both in this work
and some previous studies.28–34 EM yields direct and
detailed insight into blend morphology. SAXS exper-
iments are usually much faster than EM experiments,
but the information we get is indirect and should be
confronted with other results. In this work, SAXS
curves were interpreted by means of EM micrographs
and a very good agreement was found. As soon as the
features of SAXS curves were known, it was possible
to study analogous systems only by means of routine
SAXS experiments. Another advantage of SAXS is that
the signal is collected from a larger region than in EM.
Therefore the structure, which SAXS yields informa-
tion about, is more averaged and the influence of
exceptions on the SAXS signal is limited.

In the course of the work, some morphologies of
PP/PS/SEP blends were found quite complicated. To
understand factors influencing localization and struc-
ture of the compatibilizer in ternary blends, morphol-
ogy of neat SEP and simpler binary blends were in-
vestigated as well. At certain concentrations and vis-
cosity ratios of the PP/PS/SEP blend components,
unusual morel morphology was observed. As we be-
lieved this morphology had not been observed yet, we
prepared and investigated more blends to describe
conditions under which the morel morphology is
formed.

Neat SEP

Neat SEP has a lamellar structure as documented in
Figure 1(a). SAXS curve of neat SEP (Fig. 2, dot line)
shows strong maximum at the value of diffraction
vector q � 0.01 Å�1, very weak maximum at q � 0.02
Å�1, and weak maximum at q � 0.03�1Å. These max-
ima correspond to the ordered lamellar structure of
separated polystyrene and poly(ethylene-co-pro-
pylene) blocks of SEP. SAXS interference distance cal-
culated from Bragg Law (2�/q � 540 Å) agreed very
well with the distance measured from STEM micro-
photographs (�530 Å). The following detail might be
worth noting: when an measuring interference dis-

TABLE II
Summary of Key Studied Blends and Their Morphology

PP/PS/SEP blends Particle size Morphology of compatibilized blend

�TM � 4 PP/PS (80/20) 5–20 �m PP matrix with PS particles connected by SEP
�10% of SEP 0.5–4 �m having ordered supramolecular structure.

�TM � 0.4 PP/PS (80/20) 1–6 �m PP matrix with PS particles connected by
�10% of SEP 0.1–1 �m swollen SEP having ordered supramolecular structure.

�TM � 2.5 PP/PS (20/80) 1–20 �m PS matrix with PP particles enveloped by
�10% of SEP 0.1–1 �m SEP; a part of SEP dispersed in PS matrix.

�TM � 0.25 PP/PS (20/80) 1–50 �m PS matrix compartmentalized by SEP into
�10% of SEP 0.5–10 �m cells; some cells filled with PP. Morel structure.

Figure 1 STEM micrographs of RuO4-stained ultrathin sections of (a) neat SEP and (b) PP/SEP 90/10 blend.
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tance from STEM microphotographs, we should con-
sider the finite thickness of ultrathin sections and a
possible tilt of SEP layers (characterized by tilt angle
	); if the layers were not perpendicular to ultrathin
section normal, the measured interference distance
would be 1/cos(	) times higher than the actual inter-
ference distance. That is why it is necessary to find in
the STEM micrograph a region with minimal distance
between the layers and measure the interference dis-
tance in this region supposing that it holds 	 � 0 there.

Binary blends PP/SEP, PS/SEP, and PP/PS

The PP/SEP blends were studied by Radonjic and Smit39

using microscopic techniques and in this work using
SAXS. Light microscopy microphotographs showed PP
matrix with SEP particles in all studied blends. TEM
microphotographs of RuO4-stained ultrathin sections
suggested that SEP phase is formed by adjacent micelles
with PS core and EP shell. Both core and shell dimen-
sions were very close to the thickness of the layers of the
lamellar structure of neat SEP. As the SEP micelles were
adjacent to each other, SEP maintained its periodic mi-
crostructure in PP/SEP blends, although the SEP struc-
ture changed from lamellar to micellar. This was con-
firmed by SAXS experiments, performed in this study
(Fig. 2), in which strong maximum at q � 0.01 Å�1 was
observed for both neat SEP and all PP/SEP blends. The
second maximum on SAXS curves of PP/SEP at q � 0.04
Å�1 corresponds to the long period of semicrystalline
polymer iPP.

The PS/SEP blends morphology was different from
that of PP/SEP blends as documented in Figure 1(b).
The PS/SEP blends contained separated SEP micelles
with the core–shell structure in PS matrix. With in-
creasing concentration of SEP, the micelles tended to
agglomerate. However, the agglomerates of SEP mi-
celles were so small that no peak corresponding to
internal structure of SEP was observed on SAXS curve

(Fig. 2). The periodicity in SEP was completely lost. As
the polymer aPS is amorphous, the SAXS curves of
PS/SEP blends are monotonous, without any peaks.

All PP/PS blends (Fig. 3) show two-phase morphol-
ogy with weak interfacial adhesion between particles
of the minority component and matrix of the majority
component. Their SAXS curves (Fig. 4) exhibit no spe-
cial features. The peak at q � 0.04 Å�1 corresponds to
long period of semicrystalline polymer iPP. The peak
grows with increasing content of PP in the blend.

PP/PS blends with PP matrix (X/Y � 80/20, �TM
� 4 and 0.4, Figs. 3(a) and 3(b)) contain PS particles
with broad size distribution. In the blends with �TM
� 4, many dispersed PS particles have diameters up to
50 �m, while in the �TM � 0.4 blends, much finer
dispersion is obtained. It is interesting that in the case
of �TM � 0.4 just a few rod-like dispersed particles
were observed as opposed to other experimental stud-
ies of iPP/aPS blends.26 However, if the content of PS
is increased from 20 to 30 wt %, rod-like particles
starts to appear, as proved by Radonjič.40 It is worth
mentioning that in the binary iPP/aPS blends with �
� 1, the average diameter of the dispersed aPS parti-
cles increased from 1.2 (in iPP/aPS 90/10 blend) to 6.9
�m (in iPP/aPS blend 70/30), confirming the impor-
tance of the weight ratio of the dispersed aPS phase on
the morphology coarseness.

PP/PS blends with PS matrix (X/Y � 20/80, �TM �
2.5 and 0.25) contain only spherical or slightly ellip-
soidal PP particles. Surprisingly enough, the size of
the particles increases with increasing viscosity of the
matrix (cf. Figs. 3(c) and 3(d)). This disagrees with
both theoretical predictions and some experiments as
summarized in the Introduction. On the one hand, it
should be noted that the particle size distribution in
PS–matrix blends is rather broad, with particle sizes
slightly differing from place to place, which prevents
precise particle size analysis. On the other hand, the
same trend, i.e., larger particles in the blend with
higher-viscosity matrix, was observed in compatibi-
lized PP/PS/SEP blends (cf. Figs. 3(a) and 3(b) with
5(a) and 5(b)).

Compatibilized blends PP/PS/SEP

All PP/PS/SEP blends (X/Y � 80/20 and 20/80, Z
� 10) are shown in Figure 5. In all compatibilized
blends, SEP reduced the average particle size in com-
parison with noncompatibilized systems, acting as a
compatibilizing agent (Table II). The viscosity ratios,
�TM, significantly influenced the blend morphology as
confirmed by the confrontation of blends differing in
this parameter only (cf. Figs. 5(a) and 5(c) with 5(b)
and 5(d)).

The PP/PS/SEP blends with PP matrix contain dis-
persed PS particles enveloped and connected together
with SEP. In the blends with �TM � 4, the dispersed

Figure 2 SAXS curves of neat SEP, PP/SEP, and PS/SEP
blends.
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particles are clearly larger than for the �TM � 0.4. The
PS particles tend to form aggregates in both blends
with �TM � 4 and �TM � 0.4, which was observed in
PP/PS/SEP blends with � � 1 as well.36 The SEP
compatibilizer, enveloping and connecting PS parti-
cles, maintained its periodic microstructure to some
extent. This was confirmed by TEM micrographs (Fig.
6) and SAXS measurements (Figs. 4(a) and 4(b)). In the
PP/PS/SEP blend with �TM � 4, adjacent micelles of
SEP, very similar to those observed and described in
the binary PP/SEP blends,39 are located between dis-
persed PS particles (Fig. 6(a)). SAXS curves (Fig. 4(a))
exhibit the maximum at q � 0.01 Å�1, exactly as in the
case of PP/SEP blends. In PP/PS/SEP blends with
�TM � 0.4, the adjacent micelles of SEP are nonuni-
form and bigger than in the previous case (Fig. 6(b))
and, as a result, the maximum on the SAXS curves
(Fig. 4(b)) broadens and shifts towards lower q. In fact,
the average micelle size is so big that we could observe
the maximum only partially in the form of decreasing
curve slope in the region of lowest q values.

The PP/PS/SEP blends with PS matrix exhibited
even deeper changes of their morphology with chang-
ing viscosities of the components. The blends with �TM
� 2.5 showed standard morphology with PS matrix
containing PP particles enveloped with SEP (Fig. 5(c)).

Higher-magnification micrographs reveal that a small
amount of SEP is probably dispersed in the PS matrix
in the form of separated micelles, which were ob-
served in PS/SEP blends (Fig. 1(b)). In any case, SEP
lost its periodic microstructure completely, and con-
sequently, the SAXS curves (Fig. 4(c)) showed no max-
ima corresponding to SEP internal structure. The only
maximum on SAXS curves, observed at q � 0.04 Å�1,
is associated with the long period of PP. The blends
with �TM � 0.25 exhibited quite a different morphol-
ogy, which was called “morel structure” according
to the texture observed on STEM micrographs of
RuO4-stained ultra-thin sections (Fig. 5(d)). The mo-
rel structure is characterized by thin sheets of SEP
compatibilizer that form three-dimensional network
penetrating through the PS matrix, compartmental-
izing the matrix and wrapping the PP particles.
According to the available literature, this unusual
type of polymer morphology has not been described
yet. The SAXS curve of morel structure (Fig. 7)
contains maximum at q � 0.04 Å�1, corresponding
to the long period of PP, and exhibits decreasing
slope in the region with q � 0.01 Å�1, which is
connected with scattering on SEP layers as dis-
cussed in the next section. The decrease in slope at
q � 0.01 Å�1 seems to result from very broad and

Figure 3 SEM micrographs of fracture surfaces of PP/PS binary blends: (a) PP/PS volume ratio 80/20, �TM � 4; (b) 80/20,
�TM � 0.4; (c) 20/80, �TM � 2.5; and (d) 20/80, �TM � 0.25.
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very low peak around q � 0.008 Å�1; as this is not
completely clear, the more general term decreasing
slope is used in the following text.

Morel structure

To our knowledge, the morel structure is quite a novel
type of polymer blend morphology. Its main feature is
the compartmentalized matrix, which forms the charac-
teristic morel texture on STEM micrographs (Figs.
5(d), 8(b)–(d), 9(b)). However, it should be noted that
several blends with compartmentalized particles have
been described. The well-known structure of HIPS
(high-impact polystyrene) contains compartmental-
ized polybutadiene particles with morel-like struc-
ture41 in PS matrix. Also in PP/PS/SBS blends42 with
PP matrix, PS particles compartmentalized by SBS
(poly(styrene-block-butadiene-block-styrene) were ob-
served.

Nevertheless, the compartmentalized matrix in PP/
PS/SEP blends seems to be unique. That is why we
tried to describe the conditions, under which it is

formed, in more detail. The results of the microscopic
analysis (Figs. 5, 8, and 9) prove that morel structure
was not formed by coincidence; on the contrary, it
develops at precisely defined conditions.

The first question concerning the morel structure is
associated with the influence of the viscosity ratio on
the morphology. This problem has already been dis-
cussed in the previous section. In any case, it should
be reemphasized here that the morel structure was
observed just at viscosity ratio �TM � 0.25 (Fig. 5(d)).
The blend with the same composition, differing just in
�TM � 2.5, exhibited completely different morphology
(Fig. 5(c)).

The second question is, at which concentration of
SEP the morel structure appears. To investigate this, a
series of PP/PS/SEP blends with composition 20/
80/Z, where Z stands for increasing concentration of
SEP in wt %, were prepared. STEM micrographs
prove that at Z � 5 wt % the SEP compatibilizer is
localized mostly at PP/PS interface and partially in PS
matrix (Fig. 8(a)), at Z � 6.5 wt % the morel structure
starts to grow (Fig. 8(b)), at Z � 8.5 wt % it has already

Figure 4 SAXS curves of PP/PS/SEP blends with different viscosity ratios: (a) �TM � 4, (b) �TM � 0.4, (c) �TM � 2.5 and (d)
�TM � 0.25. The SAXS curve of neat SEP is given in each figure for comparison.
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been developed (Fig. 8(c)), and at Z � 10 wt % (Fig.
5(d)) and Z � 12.5 wt % (Fig. 8(d)) it matures with
increasing concentration of SEP. The morel structure
impacts on the shape of SAXS curves (Fig. 7(a)): at q
� 0.01 the slope of the curve decreases if the morel
structure occurs. That is why the development of the
morel structure can be observed also by SAXS, be-

cause the decrease in slope grows as the morel struc-
ture develops. At Z � 5 and 6.5 wt % the slope is
more-or-less unchanged, at Z � 8.5 wt % the change in
slope starts to be visible and this effect further ampli-
fies with increasing Z. There are at least three possible
explanations of this behavior: (i) the changed slope is
caused by the scattering on SEP sheets and we observe

Figure 5 STEM micrographs of RuO4-stained ultrathin sections of PP/PS/SEP blends: (a) 80/20/10, �TM � 4; (b) 80/20/10,
�TM � 0.4; (c) 20/80/10, �TM � 2.5; and (d) 20/80/10, �TM � 0.25.

Figure 6 TEM micrographs of RuO4-stained ultrathin sections of PP/PS/SEP (80/20/10) blends: (a) �TM � 4 and (b) �TM
� 0.4.

COMPATIBILIZED iPP/aPS BLENDS 2243



second or higher maximum corresponding to scatter-
ing on finite thin sheets, (ii) the changed slope is
connected with the scattering of cross sections of SEP
sheets, and (iii) the effect was caused by the scattering
on SEP sheets because scattering of a thin sheet exhib-
its lower slopes than corresponding scattering of

spherical objects. Explanation (iii) looks wrong be-
cause the decrease in slope seems to be a broad and
low peak. Explanation (ii) seems to be wrong as the
peak does not shift with decreasing average distance
among the cross sections, which lowers with Z. There-
fore the explanation (i) might the correct one. Some

Figure 7 SAXS curves of PP/PS/SEP blends with �TM � 0.25, showing development of morel morphology: (a) influence of
increasing SEP content and (b) influence of increasing PP/PS ratio.

Figure 8 STEM micrographs of RuO4-stained ultrathin sections of PP/PS/SEP (20/80/Z) blends, with �TM � 0.25 and Z equal
to (a) 5 wt %, (b) 6.5 wt %, (c) 8.5 wt %, and (d) 12.5 wt %. Morel structure pronounces with increasing Z (see also Fig. 5(d)).
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theoretical modeling or neutron scattering experi-
ments with deuterated SEP could clarify this problem.
Nevertheless, the basic fact that the change in slope at
lowest q concerns the morel structure is evident.

The third question is, at which PP/PS weight ratios
the morel structure starts to grow. In other words, will
the morel structure arise also in binary PP/SEP blend
or will it appear only in PP/PS/SEP blends containing
certain amount of PP? The answer is shown in Figures
5(d) and 9, illustrating the development of morel
structure in the blends PP/PS/SEP with composition
X/Y/10, where X/Y stands for the increasing PP/PS
weight ratio. At X/Y � 10/90 (Fig. 9(a)), the morel
structure is not observed. PS matrix contains two
kinds of particles: larger spherical PP particles envel-
oped with SEP and smaller irregular particles of neat
SEP. At X/Y � 20/80 (Fig. 5(d)) the morel structure is
formed and at X/Y � 30/70 (Fig. 9(b)) it is even
amplified. The development of the morel structure can
again be observed on SAXS curves indirectly, in the
form of decreasing slope at the lowest q, as discussed
in the previous paragraph. The SAXS curves of the
PP/PS/SEP X/Y/10 blends (Fig. 7(b)) exhibit two
features: (a) the slope decrease at the lowest q ampli-
fies with increasing X/Y, which corresponds to more
and more matured morel structure and (b) the peak at
q � 0.04 Å�1, associated with the long period of PP,
grows with increasing X/Y as the amount of PP in the
blend rises.

Several additional features, concerning morel struc-
ture, are worth noting: (a) Certain bimodality of the
dispersed PP particles can be observed. Except for
larger PP particles, there are a lot of small PP particles
inside morel-like PS/SEP matrix. (b) The larger PP
particles are rather elongated and the elongation
seems to increase with growing morel structure. (c)
SEP acts as a compatibilizing agent also in all blends
exhibiting the bizarre morel structure because the av-

erage particle size definitely decreases in comparison
with noncompatibilized blend (cf. Figs. 3(d) and 5(d)).
(d) In agreement with theoretical assumptions, the
average size of PP particles slightly decreases with
SEP concentration and considerably increases with PP
concentration as documented in Figures 5(d), 8, and 9.

Other studied blends

To understand and verify the results, several more
PP/PS/SEP blends were studied using EM and SAXS.
Some of the results were not shown in the previous
sections to keep this paper brief and clear. These re-
sults are just listed here.

The PS/SEP blends were studied also at weight
ratios 97.5/2.5, 90/10, and 80/20 by STEM. The over-
all morphology was similar to that of PS/SEP 90/10
blends. The separated micelles of SEP, which were
dispersed in the PS matrix, tended to agglomerate
with increasing amount of SEP. In the 80/20 blend,
SEP micelles had not been separated any more, form-
ing quite large agglomerates of irregular shape. The
PP/PS/SEP 20/80/10 blends with �TM � 2.5 and 0.25
were investigated by TEM at higher magnifications.
The TEM micrographs just confirmed the morphol-
ogy, which had already been known from STEM.

SAXS curves were measured for all blends studied
by EM and a few more, because the SAXS experiments
are relatively fast and their interpretation can be
straightforward if the basic morphological features are
known, which was fulfilled here thanks to EM. The
SAXS curve of neat PP showed a peak around q � 0.04
Å�1 corresponding to long period of semicrystalline
polymer iPP. The SAXS curve of neat PS exhibited no
peaks because aPS is an amorphous polymer. The
SAXS curves of all PS/SEP blends (weight ratios 97.5/
2.5, 95/5, 90/10, and 80/20) exhibited just monotonic
decrease with q, indicating that aPS is amorphous and

Figure 9 STEM micrographs of RuO4-stained ultrathin sections of PP/PS/SEP (X/Y/10) blends, with �TM � 0.25 and X/Y
equal to (a) 10/90 and (b) 30/70. Morel structure pronounces with increasing X/Y (see also Fig. 5(d)).
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SEP internal structure is lost. The SAXS curves of all
PP/SEP blends (weight ratios 97.5/2.5, 95/5, 90/10,
and 80/20) showed peaks at q � 0.01 Å�1 (correspond-
ing to SEP periodic structure) and q � 0.04 Å�1 (asso-
ciated with long period of PP), indicating that SEP
internal structure is maintained even at Z � 2.5 wt %.
The SAXS curves of all the above-described PP/PS/
SEP blends were measured not only for Z � 10 wt %,
but also for Z � 2.5 and 5 wt %. All the PP/PS/SEP
with Z � 2.5 and 5 wt % displayed the same features
as the corresponding curves with Z � 10 wt %, with
two exceptions: (a) the peak at q � 0.01 Å�1 (con-
nected with SEP periodicity) decreased with decreas-
ing Z in the blends with �TM � 4 and 0.4, which is
quite logical, and (b) the decrease in slope, typical of
the morel structure, was not observed for Z � 6.5% as
already discussed in the previous section.

DISCUSSION

Influence of �tm on the PP/PS blends morphology

Both theoretical considerations and numerous experi-
mental results show that average particle size should
decrease with increasing matrix viscosity. As for the-
ory, eq. (1) predicts decrease of particle size with
increasing viscosity of the matrix �m, if all other vari-
ables remain the same (except for � and k which
depend on �m).7 As for experimental work, the PP/PS
blends with PP matrix studied both in this work (Figs.
3(a) and 3(b)) and in the work of Fortelný et al.25, show
decrease in particle size with decreasing �TM (i.e.,
increasing �m).

PP/PS blends (80/20) were prepared with �TM � 4
and �TM � 0.4. In the blends with �TM � 4, the PS
particles act as hard beads, which do not break in soft
PP-3 matrix. Moreover, coalescence is more intensive
in the less viscous matrix of PP-3. In the blends with
�TM � 0.4, the situation is just reverse: PS particles are
soft, easy to break, and hard to coalesce in viscous
matrix. As a result, the particles in the blend with �TM
� 4 are considerably larger than those in the blend
with �TM � 0.4 (cf. Figs. 3(a) and 3(b)), which accords
with both theory and experiments as discussed earlier.

PP/PS blends (20/80) were prepared at two viscos-
ity ratios: �TM � 2.5 and �TM � 0.25. The comparison
of Figures 3(c) and 3(d) indicate that the theoretical
assumption does not hold in this case: at least some PP
particles in the blends with �TM � 0.25 are bigger than
all the PP particles in the blend with higher viscosity
ratio, �TM � 2.5. Despite relatively broad particle size
distribution, the morphology coarseness definitely in-
creases at lower �TM.

Various morphologies of SEP in PP/PS/SEP blends

The SEP copolymer exhibits as many as six different
types of morphology in all the systems studied and as

many as four different types of morphology in the
PP/PS/SEP blends with compositions 80/20/10 and
20/80/10 (Table II). The various SEP morphologies
are:

(i) lamellar morphology in the neat form (Fig. 1(a)),
(ii) adjacent-micellar morphology in the PP/SEP

90/10 blends,39

(iii) separated-micellar morphology in the PS/SEP
90/10 blends (Fig. 1(b)),

(iv) standard morphology of a compatibilizer local-
ized mostly on the PP/PS interface in the PP/PS/
SEP 20/80/10 blends with �TM � 2.5 (Fig. 5(c)),

(v) combined standard and adjacent-micellar mor-
phology in the PP/PS/SEP 80/20/10 blends with
�TM � 4.0 and 0.4 (Figs. 5(a) and 5(b)),

(vi) morel morphology in the PP/PS/SEP blends with
the composition around 20/80/10 and �TM � 2.5
(Figs. 5(b), 8(b)–(d), 9(b)).

This reconfirms that the viscosity ratio, �TM, plays a
very important role in the formation of PP/PS/SEP
blends morphology, and consequently, in SEP com-
patibilizing effectiveness. �TM is given by the viscosity
of the dispersed phase, �d, and viscosity of the matrix,
�m. The viscosities are connected with the average
molecular weights of the components. That is why it
was possible to explain observed morphologies, using
some considerations based on comparing molecular
weights, Mn, and interaction parameters, �, of the
blend components, as shown in the next section.

SEP morphologies and length of polymer chains

AB block copolymer

Morphology of AB (more precisely A-block.B) block
copolymer is given by T, N�, and 
 (where T is tem-
perature, N is the degree of polymerization, � is inter-
action parameter, and 
 is volume ratio of the block A)
as described in various textbooks (e.g. Ref. 43). The
neat SEP polymer, studied in this work, exhibits quite
common lamellar morphology (Fig. 1(a)). It is possible
to suppose that order–disorder temperature of our
SEP is higher than the processing temperature of the
studied blends and so the changes in SEP morphology
must have occurred due to swelling forces in the
blends.

Blend of homopolymer A and block copolymer AB

Let us have block copolymer AB with degree of poly-
merization of block A � DP(A-) � N and DP(B-) � N
and homopolymer A with DP(A) � P. The morphol-
ogy of AB block copolymer in the matrix of polymer A
is determined by the ratio N/P44 and by the interac-
tion parameter, �AB, between the homopolymer and
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block B. If N/P � 1, then the block copolymer is
solubilized by the homopolymer; in other words the
swelling force is high enough to break the original
morphology of the block copolymer. The final mor-
phology of the AB copolymer depends on �AB: with
increasing compatibility between homopolymer A
and block B- (i.e., with decreasing �AB) the morphol-
ogy may change from lamellar through micellar to
homogeneous.

In all the PS/SEP blends from this work, the final
morphology was always the PS matrix containing sep-
arated SEP micelles, regardless of the Mn of PS. Al-
though the solubilization condition N/P � 1 was not
fulfilled (see Table III), the polydispersity of the PS
used was so high that at least some PS molecules had
lower DP than the DP of the S-blocks and so the
swelling force was high enough to break the lamellar
structure of SEP. In other words, due to the high
polydispersities, the N/P � 1 condition was fulfilled
for some molecules and these molecules caused swell-
ing of SEP, break-up of its lamellar structure and
formation of the micellar structure.

All the PP/SEP blends, which were studied both in
this work and in the work of Radonjič,39 exhibited
morphology of PP matrix containing adjacent SEP
micelles. The solubilization of SEP occurred despite
the fact that solubilization condition was not fulfilled
in this case either (Table III). In analogy with the
PS/SEP blends, this can be explained by relatively
high polydispersities of the PP’s used. However, PS/
SEP blends showed separated-micellar morphology,
whereas PP/SEP blends contained adjacent-micellar
morphology. The difference can be attributed to cer-
tain chemical incompatibility between the PP ho-
mopolymer and EP- block of SEP, which leads to
aggregation of micelles with EP- shell. In other words,
the PP/SEP blend is not a system of homopolymer A
and block copolymer AB, but system of homopolymer
A� and homopolymer AB, where A� (PP homopoly-
mer) and A (EP-block of SEP copolymer) are not iden-
tical but only compatible to some extent, which causes
the aggregation of SEP micelles.

Blend of homopolymer A, homopolymer B, and
block copolymer AB

Let us have block copolymer AB in a blend of poly-
mers A and B, where DP(A-) � DP(B-) � N, DP(A)
� P and DP(B) � Q. This is more general case of the
situation described in the previous paragraph. Mor-
phology of AB block copolymer in the blend is deter-
mined by the composition of the blend, by the N/P
ratio, the N/Q ratio and the interaction parameter �AB.
In our case, we have A � PP, B � PS, and AB � SEP,
which is even more general situation because A ho-
mopolymer is not chemically identical with corre-
sponding A-block of the copolymer and this has fur-
ther consequences mentioned below.

The PP/PS/SEP 80/20/10 blend with �TM � 4 con-
tains SEP in the form of adjacent micelles in the PP
matrix. The micelles have PS-core and EP-shell. They
aggregate to minimize contact between not-complete-
ly-compatible PP matrix and EP-shells of the micelles.
The aggregation of micelles means that the periodic
structure of SEP is preserved and corresponding peak
on SAXS curve is observed. The micelles also envelope
PS particles because the S-block of SEP and PS parti-
cles are compatible. Similar SEP morphology was ob-
served in binary PP/SEP blends,39 in which the SEP
micelles aggregated as well.

The PP/PS/SEP 80/20/10 blend with �TM � 0.4
also contains adjacent micelles of SEP and the reasons
why are probably the same as in the blend with �TM
� 4. However, there are two important differences
between the blends with �TM � 4 and 0.4: (a) the PS
particles in the blend with �TM � 0.4 are approxi-
mately two times smaller and (b) the SEP is more
swollen in the blend with �TM � 0.4. The first differ-
ence can be attributed to higher viscosity of the matrix
in the case of PP/PS/SEP blends with �TM � 0.4; the
situation is analogous to that in noncompatibilized
PP/PS blends as discussed earlier. The second differ-
ence can be tentatively explained using Table III: in the
blend with �TM � 4, SEP is swollen with PP-3 because
its Mn is quite close to that of EP-block and not with
PS-2, whose Mn is much higher than the Mn of S-block,
whereas in the blend with �TM � 0.4, SEP is swollen

TABLE III
Summary of Average Molecular Weights of Components of All PP/PS/SEP Blends

PP/PS/SEP blends PS SEP PP

�TM � 4 Components PS-2 S-block EP-block PP-3
Mn [103 g/mol] 175 33 56 59

�TM � 0.4 Components PS-1 S-block EP-block PP-2
Mn [103 g/mol] 96 33 56 113

�TM � 2.5 Components PS-1 S-block EP-block PP-2
Mn [103 g/mol] 96 33 56 113

�TM � 0.25 Components PS-2 S-block EP-block PP-3
Mn [103 g/mol] 175 33 56 59
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with both PS-1 and PP-2 as their Mn’s are comparable
with Mn’s of S-block and EP-block, respectively. In the
end the SEP copolymer is more swollen in the blend
with �TM � 0.4, which is evidenced by both TEM
micrographs (cf. Figs. 6(a) and 6(b)) and SAXS curves
(cf. Figs. 7(a) and 7(b)).

The PP/PS/SEP 20/80/10 blend with �TM � 2.5
exhibits the standard morphology of a compatibilized
binary blend: the SEP compatibilizer is localized
mostly on the PP/PS interface, enveloping the PP
particles. Additionally, a part of SEP seems to be dis-
persed in the PS matrix, both in the form of separated
micelles and/or small elongated particles. These dis-
persed SEP particles do not tend to agglomerate be-
cause the chemical compatibility between S-shell of
SEP micelles and PS matrix is perfect. Neat SEP mor-
phology is completely broken up, because the swell-
ing forces are high. In fact, SEP solubilization in the
blend with �TM � 2.5 is the highest, because the swell-
ing forces are as high as in the blend with �TM � 0.4
(identical homopolymers; see Table III) and, more-
over, there is no incompatibility between the PS ma-
trix and S-block.

The PP/PS/SEP 20/80/10 blend with �TM � 0.25
shows the unusual morel morphology. In Morel Struc-
ture section, it was proved that the morel morphology
appears just at particular compositions and viscosity
ratios. An explanation of this morphology is not easy.
In any case, the dispersion of SEP compatibilizer in the
blend with �TM � 0.25 is not as complete as in the case
of the analogous blend with �TM � 2.5. This occurs
because SEP is swollen only with PP-3 (Table III, com-
parable Mn’s of PP-3 and EP-block) and not with PS-2
(Table III, Mn(PS) �� Mn(S-block)). As a result, the
original lamellar morphology of SEP is broken, but
SEP cannot be dispersed in the PS matrix, whose Mn is
too high. At the same time, SEP does not tend to form
particles because the S-block is chemically identical
with the PS matrix. Therefore, SEP is somewhat in-
completely dispersed in the PS matrix, forming thin
sheets that are typical of morel morphology.

CONCLUSIONS

More than 25 PP/PS/SEP blends with a variable com-
position X/Y/Z and variable PP/PS viscosity ratio,
�TM, have been prepared. Morphology of the blends
was studied using both EM and SAXS. The main
objective of this work was to investigate influence of
�TM on the final morphology of the blends. The fol-
lowing results were obtained:

• SEP is an efficient compatibilizer of PP/PS blends,
as it decreases the average particle size at all
studied compositions X/Y/Z and viscosity ratios
�TM; the compatibilizing effectiveness of SEP is
influenced by �TM.

• The viscosity ratio of the dispersed phase and
matrix, �TM, changes the PP/PS/SEP morphology
drastically because the morphologies of the
blends differing only in �TM are very diverse.

• SEP exhibits as many as five types of different
morphologies when blended with PP and/or PS.
This behavior must be connected with molecular
weights of polymer chains and it can be explained
using thermodynamics considerations.

• It was shown that SAXS, in combination with
electron microscopy techniques, can be a very
efficient and time-saving method for studying
polymer blends.

• A “by-product” of this work was the discovery of
the brand-new type of polymer blends morphol-
ogy, which was called morel structure. The char-
acteristic feature of morel structure is the PS ma-
trix compartmentalized by SEP.
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J Appl Polym Sci 1994, 54, 1613.
13. Choi, G. D.; Jo, W. H.; Kim, H. G. J Appl Polym Sci 1996, 59, 443.
14. Mekhilef, N.; Verhoogt, H. Polymer 1996, 37, 4069.
15. Taylor, G. Proc Roy Soc A 1932, 138, 41.
16. Taylor, G. Proc Roy Soc A 1934, 146, 501.
17. Goodrich, J.; Porter, R. S. Polym Eng Sci 1967, 7, 45.
18. Lee, G. C. N.; Purdon, J. R. Polym Eng Sci 1969, 9, 360.
19. Avgeropoulos, G. N.; Weissert, F. C.; Biddison, P. H.; Böhm,
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