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Abstract

Blends of polypropylene (PP) and polystyrene (PS) were prepared in a twin-screw extruder and studied in a wide range of compositions.
Phase continuity was first determined using selective solvent extraction. Subsequently, dynamic stress rheometry and dynamic mechanical ana-
lysis were used to detect the co-continuity and phase inversion compositions in the melt and the solid states. It appears that the phase inversion
occurs in a domain rather than at a single point. The evaluation of the storage modulus of PP/PS blends in the melt at a constant low frequency
gives information about the co-continuity, as far as the onset of co-continuity and phase inversion composition of the PS phase are concerned.
The evaluation of the storage modulus and mechanical loss factor at a constant high temperature, or the glass transition temperature intensity
allowed to precisely detect the phase inversion composition. The fractionated or bulk crystallization behavior of the crystallizable PP phase in
the PP/PS blends can also be used to identify the matrix/dispersed phase or co-continuous phase morphology. Several semi-empirical models
using the dynamic viscoelastic properties of blend components have been applied to detect the phase inversion composition. An extensive data
set presented, can also be used to guide future modeling.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

It was long believed that co-continuous phase morphologies
are mainly formed closely near the point of phase inversion.
Recently, several authors have shown that co-continuous struc-
tures can be formed in a domain of compositions rather than at
a single point [1e10] and, the formation of co-continuous
morphologies, especially at low concentrations, is due to the
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existence of elongated and interconnected network structures
[11,12].

Co-continuous phase morphologies in polymer blends can
be developed at initial, intermediate and final stages of the
blending depending on mixing conditions, interfacial emulsi-
fiers and the type of blenders/extruders used [13e19]. There
are some discussions in the literature as to whether the forma-
tion of the phase morphology in polymer blends proceeds via
the droplet deformation/breakup mechanism [20,21] or by a
sheet forming mechanism [22,23].

A wide range of techniques have been described in the lit-
erature to detect the co-continuity. The most classical method
is the solvent extraction procedure, which allows to quantify
the phase continuity on a 3D scale. This method is widely em-
ployed and examples for quantification of the co-continuity
degree are given in the literature [24e31]. The success of
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this technique depends on the existence of a couple of selec-
tive solvents; each solvent should be able to dissolve one
phase without any influence on the other phase. In spite of
the simplicity of this method, it has some drawbacks. Indeed,
two phase systems have rarely two selective solvents and one
component is often more solvent-resistant than the other.
Moreover, in some cases, the application of the solvent extrac-
tion procedure may be destructive for the blends considered.
Other popular methods are the use of different types of micro-
scopic techniques, such as optical microscopy (OM) [27],
scanning electron microscopy (SEM) [24e28,32,33], and
transmission electron microscopy (TEM) [34e36]. These are
often coupled with image analysis. However, an image is
a two-dimensional (2D) object, and a fibrillar morphology
can be viewed as droplets when the fibrils are observed
perpendicularly to their axis. For this reason, it is suggested
[36,37] to examine the collection of images from three orthog-
onal planes.

Rheological techniques can also help to determine the com-
position range of co-continuous phase morphologies in immis-
cible polymer blends. Indeed, it has repeatedly been shown
that the droplet/matrix morphology displays a characteristic
relaxation in the long time range. This leads to an enhance-
ment of the elasticity, which can be observed in the storage
modulus at low frequencies. This process is attributed to
a shape relaxation of the deformed droplets, mainly driven
by the interfacial tension [38e41]. Palierne model [42] per-
fectly fits this particular behavior. In contrast, the shape relax-
ation of co-continuous morphologies is less visible because of
a reduced elasticity. Alternatively, several authors [43,44] have
shown that the storage modulus of some polymer blends in the
melt state follows a power law behavior in the terminal zone.
Domains with different characteristic length scales entail a dis-
tribution of terminal relaxation times and a gel-like behavior.
Vinckier and Laun [34] also used this feature to characterize
the influence of time on the co-continuous morphology.
They have followed the coarsening process by oscillatory
measurements. It has been shown that the storage modulus de-
creases with time following the evaluation of the coarsening
process of the co-continuous morphology. The co-continuous
structure was considered as a network described by the num-
ber of interconnections, as an alternative of a characteristic
size. During the coarsening process, the number of intercon-
nections decreases, while the amount of dispersed particles in-
creases. The relaxation of the large dispersed domains occurs
at very low frequencies and, in turn, the storage modulus
decreases.

Many other studies have been carried out considering the
different rheological behaviors between droplet/matrix and
co-continuous morphologies [45e47]. For example, Galloway
and Macosko [45] have used rheological techniques to detect
the existence of co-continuous structures in a PEO/PS blend
system. The elasticity seems to provide a sensitive way to as-
sess the co-continuity in polymer blends. Indeed, when the
storage modulus at low frequencies is plotted as a function
of composition, two maxima seem to suggest the boundary
of co-continuity.
Huitric et al. [46] have also found two maxima in the vol-
ume fraction dependence of the viscosity in a PE/PA12 blend.
Near the boundaries of the co-continuity window, the viscosity
reaches a maximum and decreases within the intermediate
areas. On the other hand, Steinmann et al. [47] suggest that
a more efficient rheological criterion is the maximum of the
storage modulus at a constant frequency. They have found
only one maximum which indicates the maximum of co-con-
tinuity and the phase inversion concentration for a PS/PMMA
blend. Probably, such discrepancies should be related to the
processing stage, which is a key parameter for the materials
under investigation.

Dynamic mechanical thermal analysis can also be a useful
method to distinguish between dispersed and co-continuous
structures. In co-continuous structures, the temperature depen-
dence of the storage modulus reflects a greater contribution of
both components, whereas in dispersed structures, the blend
modulus is dominated by the matrix component [48]. The re-
lationship between the storage modulus or the mechanical loss
factor (tan d) and the blend composition can also determine
the region of phase inversion and the existence of co-continu-
ous structures, as shown by Dedecker and Groeninckx [9]. Sig-
nificant changes in the storage modulus and tan d peak height
were observed in the phase inversion region. This method
is also sensitive to differences in the length scale of the co-
continuous structure, which is a measure of the level of coarse-
ness. This effect was clearly shown by Quintens et al. [49e51]
in annealed PC/SAN blends under different annealing condi-
tions. By increasing the annealing time, a significant increase
in the plateau region between both glass transitions is ob-
served, reflecting a greater contribution of the PC phase stor-
age modulus due to its coarsened co-continuous network.

Differential scanning calorimetry (DSC) has also been used
as a tool for phase co-continuity detection in binary SAN/
polyamide 6 blends [52]. It has been shown that the blend
with the finely dispersed crystallizable PA6 phase undergoes
fractionated crystallization, whereas a co-continuous phase
morphology exhibits crystallization at the bulk PA6 tempera-
ture value.

Several empirical and semi-empirical models have been
developed over the last three decades to estimate the phase
inversion composition in terms of material properties and pro-
cessing conditions [24,36,53e63]. These models attempt to
explain phase inversion phenomena; they have been tested
for different polymer blend systems without leading to a uni-
versal rule. The process is not fully understood yet and other
complementary studies are needed.

The objective of the present study is to determine the co-con-
tinuity window and phase inversion compositions in immiscible
PP/PS blends having different viscosity ratios, by means of dif-
ferent techniques. Solvent extraction is considered as the most
direct technique and taken as a reference method to characterize
the phase morphologies. Subsequently, the blends have been
studied using dynamic stress rheometry (DSR), dynamic me-
chanical spectroscopy (DMTA) and DSC, in the melt and solid
states. Several semi-empirical models using the dynamic visco-
elastic properties have been applied.
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2. Experimental

2.1. Materials

The pure polymers used in the present investigation
were two different commercial polypropylene grades from
BOREALIS having low and medium viscosities, and three
different polystyrenes from BASF, POLYSTYROL R28/27,
143E and 158K having low, medium and high viscosities,
respectively (Table 1).

2.2. Blend preparation

The blends were prepared by means of a twin-screw mini-
extruder manufactured by DSM Research (The Netherlands).
It consists of a mixing chamber with a capacity of 15 cm3

and two co-rotating conical screws. By means of a re-circula-
tion channel within the mixing chamber and a valve to open
the mixing chamber, the residence time can be varied. Mixing
was carried out under nitrogen flow to prevent thermal oxi-
dation during compounding. All the blends were prepared
according to the same experimental procedure. The mixing
temperature was fixed at 215 �C. The PP and PS homopoly-
mers are fed into the extruder after dry blending and the
melt blending was carried out at a screw rotation speed of
100 rpm and was continued for 10 min.

2.3. Solvent extraction

To determine the composition window where the blends
exhibit a droplet-in-matrix phase morphology or where the
two phases are co-continuous, samples of known weight of
each blend were stirred in chloroform for 7 days at a tempera-
ture of 50 �C to selectively extract the PS phase. Note that
shorter times may be sufficient but that depends on the compo-
sition. Knowing that the continuity index of the blend depends
on the sample thickness of the extracted blend [64], the sam-
ples for the selective extraction have been prepared from the
strands of the blends with a thickness of 2e3 mm and a weight
of 20e40 mg. The continuity index of the PS phase (CIPS) was
quantified as the percentage of the polystyrene phase that was
extracted using Eq. (1):

CIPS ¼
mini�mext

mini

� 100% ð1Þ

Table 1

Specifications of the blend components used

Homopolymer h* [Pa s] at 205 �C, 100 rad/s Material codea Supplier

PP37 260 PPL Borealis

PP6.5 613 PPM Borealis

PS R28/27 185 PSL BASF

PS 143E 603 PSM BASF

PS 158K 863 PSH BASF

a Note that the L, M and H indexes in the table denote the viscosities of

homopolymers as low, medium and high.
where mini is the weight of the PS phase initially present in the
blend and mext the weight of the PS phase in the blend after
solvent extraction. In the case where the sample is not disinte-
grated, the polypropylene phase is considered as 100% contin-
uous, and the continuity of PS is quantified from the weight of
extracted PS. If the sample disintegrates completely, then PP is
considered as fully dispersed in the PS matrix and PS is
considered as 100% continuous.

2.4. Rheology

The rheological characterization of the pure polymers was
carried out on a stress controlled rheometer from Rheometric
Scientific (DSR200) using cone-plate geometry. Samples with
a diameter of 25 mm and a thickness of 1 mm were compres-
sion molded from the test material using a Collin press at
a temperature of 205 �C. The measurements were performed
at 205 �C under nitrogen atmosphere. The frequency was var-
ied from 100 to 0.06 rad/s and the strain amplitude was kept
small enough (5%) to ensure a linear viscoelastic response
of the polymers. Fig. 1 represents the complex viscosities of
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Fig. 1. Complex viscosities of various PP (a) and PS (b) homopolymers as

a function of frequency at 205 �C.
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PP (a) and PS (b) homopolymers as a function of frequency at
a temperature of 205 �C.

2.5. Dynamic mechanical thermal analysis (DMTA)

The extruded polymer strands were compression molded in
order to obtain bars (60� 10� 4 mm3) suitable for DMTA
measurements. For this, the polymer strands were melted at
205 �C in a Collin press for 8 min; then, a pressure of
50 bar was applied. The melted samples were cooled down
to room temperature under pressure. It has to be noted that
the phase morphology of the molded samples is different
from the as-extruded blends due to the structural instability,
as reported in Ref. [12]. The dynamic mechanical properties
were measured on a DMTA 2980 (TA instruments) in the
dual cantilever mode at an oscillation frequency of 1 Hz.
The sample was heated from �100 up to 150 �C at a heating
rate of 3 K/min.

2.6. Differential scanning calorimetry

DSC measurements were performed using a DSC Pyris 1
series (PerkineElmer). The temperature and heat flow calibra-
tions were performed using benzophenone (Tm¼ 48.5 �C), in-
dium (Tm¼ 156.6 �C) and tin (Tm¼ 231.88 �C) at a heating
and cooling rate of 10 K/min. Empty pan measurements
were performed at the beginning of each series of tests. The
sample was heated at a rate of 40 K/min to a temperature of
215 �C, where it was kept for 5 min to remove the thermal
history. Then, the sample was cooled down at 10 �C/min to
25 �C. Subsequent melting scans were recorded at a heating
rate of 10 K/min. In all the cases the sample weight was about
6 mg.

3. Results and discussion

3.1. Solvent extraction

In order to investigate the influence of the viscosity ratio on
the blend phase morphology, three groups of PP/PS blends
having different viscosity ratios have been prepared covering
the whole blend composition range with steps of 10 wt%.
The viscosity ratios of the components ranging from 0.3 to
3.3, at 100 rad/s and 205 �C, are summarized in Table 2.
Note that the values of the shear viscosities of the PP and
the PS components have been derived from their dynamic vis-
cosities measured at a temperature of 205 �C and a frequency
of 100 rad/s by applying Cox-Merz rule. The shear rate gener-
ated in the twin-screw mini-extruder using a screw rotation
speed of 100 rpm has been approximated to 100 s�1 [65].

Table 2

Viscosity ratio of the components used at 100 rad/s and 205 �C

h�PSL
=h�PPM

h�PSM
=h�PPM

h�PSH
=h�PPL

0.3 1.0 3.3
The continuity index of PS phase was determined from sol-
vent extraction experiments and plotted as a function of the
polystyrene content in the blends (Fig. 2). It is clear from
Fig. 2 that the compositions at which the different blends
exhibit full co-continuous phase morphologies cover a wide
range of composition. The threshold of PS phase continuity
depends on the viscosities of the PP and the PS phases. How-
ever, substantial differences between the blends are observed
at the onset of PS phase continuity depending on the constit-
uents used. The most effective mixing can be achieved under
high shear when the viscosities of the blend components are
equal [13]. In the equi-viscous blends ðh�PSM

=h�PPM
¼ 1Þ, the

PS phase continuity threshold with a value of 66% at a compo-
sition of PP/PS 90/10 is observed. At this composition, the
blend is composed of elongated fibrils and droplets of the
PS phase. Note that the blends exhibit full co-continuity in
the composition range from 30 to 80 wt% of PS. The phase
morphology developed in PP/PS blends, studied by SEM,
has been discussed in a previous paper [12].

The situation is different in the blends of high viscosity PS
and low viscosity PP ðh�PSH

=h�PPL
¼ 3:3Þ. At composition of

90/10, low viscosity PP easily forms the matrix phase due to
the minimized energy dissipation in the flow field [13]. Most
of the PS forms dispersed particles in the PP matrix and
only a small quantity of the PS is a part of a co-continuous
morphology. In order to develop the same extent of PS conti-
nuity as in the equi-viscous blend (at 90/10), the volume frac-
tion of the higher viscosity PS component has to be increased
to the same extent as the viscosities differ to maintain the
connectivity of PS particles. For these blends, the PS phase
continuity threshold with a value of 72% is observed at a com-
position of 80/20 with the extent of full co-continuity range
starting from 30 up to 90 wt% of PS.

In the blend composed of low viscosity PS and medium vis-
cosity PP ðh�PSL

=h�PPM
¼ 0:3Þ, the PS phase can easily be dis-

persed and forms an elongated fibril-like structure in the PP
matrix. But this structure is not stable due to the break up
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and retraction of thin elongated PS fibrils. In this combination,
the PS continuity threshold of 37% is observed at a composi-
tion of PP/PS 90/10. The full continuity range of PS in these
blends is quite narrow within 30e60 wt% PS phase. The sam-
ples with compositions of 30/70, 20/80 and 10/90 PP/PS are
disintegrated in a selective solvent proving that the PP phase
is mainly dispersed in the PS matrix.

In summary, it can be concluded that increasing the minor
phase viscosity (or decreasing the major phase viscosity) leads
to less stable filaments of the minor phase, and co-continuity is
possible at higher volume fractions or leads to a higher value
of co-continuity threshold at fixed composition.

3.2. Melt-state dynamic mechanical spectroscopy: DSR

The purpose of the rheological measurements was to iden-
tify blend properties that show a characteristic change when
the phase morphology changes from dispersed to co-continu-
ous. Based on the existence of shape relaxation for polymer
blends at low frequencies, rheological data are expected to
be sensitive to a change in morphology. As an example,
Fig. 3 compares the storage modulus of pure PP and PS homo-
polymers, and equi-viscous ðh�PSM

=h�PPM
¼ 1; at 100 rad=sÞ

PP/PS blends at a temperature of 205 �C.
The curves in Fig. 3 highlight the well-known shape relax-

ation. The shear storage modulus (G0) of all blends reveals an
excess of elasticity with regard to the PP phase. This excess of
elasticity is clearly visible in the low frequency zone for the
10/90, 20/80 and 30/70 PP/PS compositions. The blends
show higher elasticity compared to both PP and PS homopoly-
mers. This increase in G0 can be attributed to the relaxation of
the interface [45]. For a clearer view of the influence of the
blend composition, and therefore the blend morphology,
both the storage modulus G0 and tan d for the equi-viscous
PP/PS blends are plotted in Fig. 4 as a function of PS content.
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The composition dependence of the storage modulus G0 re-
veals that it increases as the amount of PS phase increases, and
reaches a maximum at a composition of PP/PS 55/45, drops in
the middle of the composition window (at 60 wt% PS), then
increases again reaching a maximum at a composition of
PP/PS 20/80. The opposite behavior is seen, as expected, in
the composition dependence of tan d (bottom plot).

It is known that the elastic moduli of the blends can be
modeled in a simple way considering the bulk contributions
of the blend components and the contribution of the interface
between the components [45]. The blends with a droplet/
matrix morphology should display a higher interfacial area,
and in turn an excess of elasticity [6], while a co-continuous
phase morphology has a lower interfacial area.

The blend containing 10 wt% PS (see Fig. 4) has a dis-
persed/matrix phase morphology (in melt state [12]) with a cer-
tain amount of interface. An increase of the PS content causes
an increase of the interfacial area (composition effect), while
the contribution to the modulus from the components at a given
composition remains constant. The elongated structures of the
PS phase present in the PP matrix directly after extrusion at
low PS content (see solvent extraction results) will break up
into droplets due to the retraction and break up processes.
This will cause an increase in the interfacial area (dispersion
effect). It is obvious that a maximum area of the interface
can be expected in blends having a dispersed/matrix phase
morphology at a higher amount of PS (45 wt%); in other
words, at a (‘‘left’’) border of co-continuity before the perco-
lation of the dispersed PS particles occurs (Fig. 4). A further
increase of the PS content in the blends leads to the formation
of a co-continuous phase morphology: the interfacial area de-
creases dramatically and G0 reaches a minimum value (40/60
PP/PS). The minimum area of the interface can be expected
in blends having full co-continuous, interpenetrated phase
morphologies. The minimum in the interfacial area can be
considered as a phase inversion composition. This point is
comparable with the values which result from the additivity

0 20 40 60 80 100

10-1

100

101

102

102

101

G
' [

P
a]

PS content [wt     ]

0.04 rad/sη∗PSM
/η∗PPM

=1.0

phase inversion

"left"
border

T
an    [-]

"right"
border

Fig. 4. Storage modulus (G0) and tan d as a function of PS content for equi-

viscous PP/PS blends at 0.04 rad/s and 205 �C (DSR).



5922 T.S. Omonov et al. / Polymer 48 (2007) 5917e5927
rules of elasticity of homopolymers (see dashed line in Fig. 4).
A subsequent increase of the PS content in the blends leads to
the formation of a PS matrix with a dispersed PP phase. At
a composition of 20/80 PP/PS, PP is fully dispersed in the
PS matrix with maximum available interface, and this compo-
sition can be considered as a threshold (or ‘‘right’’ border) of
PP phase continuity.

Thus, the maximum of G0 (or minimum of tan d) at 45 wt%
PS corresponds to the onset of the PS phase continuity, while
another maximum at 80 wt% PS can be attributed to the
threshold of PP phase continuity. These results suggest clearly
that co-continuous morphologies exist for the equi-viscous
PP/PS blends, in the range of 45e80 wt% of PS, with the
phase inversion composition at 60 wt% PS, which is in good
agreement with the results found in the literature [45].

Figs. 3 and 4 represented an example of the relaxation be-
havior of PP/PS blends with equal component viscosities.
Fig. 5 represents the composition dependence of the storage
moduli of three PP/PS blends having a different viscosity ratio.
Note that the frequency dependence of G0 for the non-equi-
viscous blends (not shown here) shows the same trend as for
the equi-viscous blends.

Based on the solvent extraction measurements, the blends
with the lowest viscosity ratio ðh�PSL

=h�PPM
¼ 0:3Þ have a maxi-

mum interfacial area (onset of PS phase continuity) at 40 wt%
PS phase content, when PP is the matrix phase. In a group of
blends with the highest viscosity ratio ðh�PSH

=h�PPL
¼ 3:3Þ, the

threshold of PS continuity can be found at 50 wt% of PS phase
(see dashed vertical lines). The phase inversion composition,
as determined in the rheological measurements, does not
seem to be very sensitive to the change of the viscosity ratio
of the components compared with DMTA experiments (see
Section 3.3). In all combinations of the viscosity ratio, the
phase inversion composition appears at about 60 wt% of PS.
It should be noted that due to the very low viscosity of PSL,
in a blend group with h�PSL

=h�PPM
¼ 0:3, it was too difficult

to estimate the ‘‘right’’ border of continuity.
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3.3. Solid-state dynamic mechanical spectroscopy: DMTA

As dynamic mechanical properties depend mainly on the
nature of the matrix polymer, the results of the dynamic me-
chanical thermal analysis should also be sensitive to the
change of the phase structure from dispersed/matrix to co-con-
tinuous and vice versa. The dynamic mechanical properties in
the solid state were analyzed for all blend series of PP/PS over
the whole composition range. The storage moduli (E0) and the
mechanical loss factor (tan d) of pure PP, PS and PP/PS blends
were measured from �100 to þ150 �C at a heating rate of
3 K/min with a DMTA 2980 (TA instruments), using rectangu-
lar specimens in the dual cantilever mode, are shown in Figs. 6
and 7 for the equi-viscous blends.

It can be seen that at low temperatures the values of E0 of
the PP phase are higher than those of the PS phase. As
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expected, the E0 drops upon increasing the temperature due to
the increased segmental mobility. In semicrystalline polymers
like PP, only the amorphous part undergoes segmental motion,
while the crystalline part remains in the solid state until the
melting temperature is reached. The glass transition tempera-
ture (Tg) of PP is about 10 �C, and after this temperature
the slight linear decrease of the storage modulus of PP is ob-
served. Polystyrene is fully amorphous and its storage modu-
lus does not change much upon increasing the temperature
until the Tg is attained.

The rapid decrease of E0 in PS and PP/PS blends around
120 �C corresponds to the Tg of the amorphous polystyrene.
As expected, incorporation of PS into the PP matrix results
in a remarkable increase in stiffness of the PP/PS blends.
The E0 vs. T curves of the PP/PS blends show an enhanced
rubbery plateau, indicating the reinforcement effect. On in-
creasing the temperature, the drop in E0 of the PP phase is
compensated by the stiffness of the PS phase.

The analysis of the temperature dependence of tan d

(Fig. 7) of PP shows that tan d increases first, reaches a maxi-
mum at the glass transition temperature (at around 17 �C, the
b transition), then decreases and again reaches a plateau region
as a consequence of the a transition.

This a transition is due to the presence of ‘‘rigid’’ amor-
phous molecules present in the crystals [66,67]. The glass tran-
sition temperature (Tg) for the pure amorphous PS was found
to be about 120 �C. This temperature position of Tg increases
linearly up to 126 �C in PP/PS blends with a PS matrix and PP
dispersed particles (before the phase inversion). The reason for
this temperature shift is not clear yet. A further increase of the
PP content in the PP/PS blends leads to a co-continuous phase
morphology and the Tgs of the blend components appear in the
same temperature position as for pure PS Tgs.

As can be seen from Figs. 6 and 7, the E0 and tan d of the
PP/PS blends have wide-ranging values at high temperatures.
In order to have a maximum contribution of the crystalline
phase of PP to the E0 and tan d, a temperature of 150 �C
was selected. The values of E0 and tan d at 150 �C are plotted
as a function of the PS content in Fig. 8. Also the peak maxi-
mum of tan d of the PS phase is shown in this figure. At this
temperature, pure PP exhibits its solid-state properties because
it is still below its melting point (163 �C, measured by DSC),
and E0 is relatively high (or the value of tan d is low). How-
ever, at 150 �C, the amorphous PS phase is well above its
Tg, and the storage modulus of PS is quite low allowing for
maximum contribution from the PP phase as it is in the semi-
crystalline state (see points at 100 wt% PS).

By addition of PS (10e30 wt%) to PP, the modulus of PP/PS
blends slightly decreases, but PP still remains as a matrix phase.
Further increasing the PS content in the blends starting from
40 wt% leads to the formation of a co-continuous network struc-
ture due to the enhanced coalescence of PS particles. Phase in-
version occurs between 60 and 70 wt% PS. At this point, the
values of E0 as well as tan d are drastically changed (see dashed
area in Fig. 8). The PS phase tends to form the matrix phase. In
addition, it should be noted that the peak intensity of the Tgs of
PP and PS phases in the blends is also sensitive to the change in
phase structure. The drastic change in the intensity of the Tg of
the PS phase in the blends is an additional indication of the oc-
currence of phase inversion.

Fig. 9 compares the concentration dependence of tan d at
a temperature of 150 �C and an oscillation frequency of
1 Hz, for the homopolymers and blends having the three dif-
ferent viscosity ratios mentioned in Table 2. All the blend sys-
tems show the same trend for the phase inversion. The lowest
composition at which the phase inversion occurs (40/60 wt%
PP/PS) belongs to the blends with the smallest viscosity ratio
(0.3). For the blends with the viscosity ratio of 3.3, the phase
inversion occurs as high as 72 wt% of PS.

3.4. Differential scanning calorimetry (DSC)

It is now well known that the crystallization behavior of
a crystallizable polymer dispersed in a matrix phase depends
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on the size of the particles. When the sample is composed of
a matrix/droplet phase morphology, nucleation of the crystal-
lizable polymer is restricted to the volume of the droplet. Each
droplet will crystallize according to the number and type of
heterogeneities present in it, or undergoes homogenous nucle-
ation. If the particle size distribution of the dispersed compo-
nent is broad, some fraction of the droplets can be nucleated
by the heterogeneities they contain, whereas droplets that do
not contain any heterogeneities (or are smaller than the size
of a heterogeneity) can undergo homogenous nucleation at
a larger degree of supercooling [68e71]. The blend system in-
vestigated here contain an amorphous PS and a crystallizable
PP phase. Based on the fractionated crystallization approach,
the boundary of continuity for the crystallizable PP phase
can be established using DSC. As can be seen from Fig. 10,
pure PS is amorphous and does not show any crystallization.
The bulk crystallization temperature of neat crystallizable PP
is 121 �C.

This bulk crystallization temperature of PP is not changed
in the PP/PS blends within the composition range of PP/PS
100/0 to 40/60 wt%. Indeed, PP is fully co-continuous. A fur-
ther increase of the PS content in the blends (e.g. 30/70 wt%)
leads to the formation of a mixed phase morphology (see mag-
nified part of Fig. 10a in Fig. 10b). At this composition a crys-
tallization peak appears at 121 �C and another peak at 76 �C.
The peak at 121 �C is attributed to the bulk crystallization of
PP, whereas the second peak at lower temperature is due to ho-
mogenous nucleation of the PP droplets. The composition of
20/80 PP/PS has a broader size distribution. As a consequence
fractionated crystallization peaks are obtained at 121, 103 and
76 �C. The blend having a composition of 10/90 PP/PS has
only one peak at 76 �C due to the homogenous crystallization
of small droplets of the PP phase in the PS matrix. Although it
is not as accurate as solvent extraction and dynamic mechan-
ical spectroscopy, the present DSC data can be used to distin-
guish the droplet/matrix and co-continuous phase structures.
From the calorimetric measurements it can be concluded
that the (‘‘right’’) boundary of continuity of the crystallizable
PP phase in PP/PS blends is located at the composition of
30/70 wt% PP/PS.

3.5. Phase inversion composition and co-continuity prediction

Several empirical and semi-empirical models have been
developed over the last three decades to estimate the phase in-
version composition in terms of material properties and pro-
cessing conditions, as they are empirical, they do obviously
rely on experimental findings [24,36,53e63]. The idea of a
simple relationship describing the phase inversion through
the individual torque ratio of the blend components was first
suggested by Avgeropoulus et al. [53,54]. Paul and Barlow
[55] proposed a similar equation, where, instead of the torque
ratio, the viscosity ratio was used (see Table 3). Later this re-
lationship was supported by Jordhamo et al. [56] and Gergen
et al. [57]. Further, the proposed equation was generalized by
Miles and Zurek [58] using dynamic viscosity under mixing
conditions for blends having largely different viscosities. Fur-
thermore, Ho et al. [59], Kitayama et al. [60] and Everaert
et al. [61] have modified the general equation by introducing
a prefactor and/or an exponent to fit better the experimental re-
sults. Instead of using viscoelastic parameters, Metelkin and
Blekht [62] were the first to introduce an empirical relation-
ship to predict the phase inversion using a concept of capillary
instabilities of individual layers. Utracki [37,63] developed
another approach based on emulsion theory using ‘‘intrinsic
viscosities’’ and maximum packing volume fractions ([h]
and fm), which is valid for the blends within the viscosity ratio
range of 0.1< h1/h2< 10.

Recently, Steinmann et al. [36] proposed an approach based
on the assumption that the shape relaxation times of blend
components meet in a maximum, at the phase inversion com-
position (or vice versa, the minimum of form factor defines the
maximum of co-continuity, therefore the phase inversion con-
centration). These authors found a strong correlation between
the viscosity and elasticity ratios, and a corresponding equa-
tion was given based on the viscosity ratio at a certain constant
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Table 3

List of semi-empirical models and value of phase inversion compositions for PP/PS blends at different viscosity, elasticity and loss factor ratios, at 100 rad/s

References Models Phase inversion composition of PS [vol.%]

At hPS/hPP

0.3 1.0 3.3

PauleBarlow [55],

Jordhamo et al. [56],

Gergen et al. [57],

MileseZurek [58]

F1

F2

¼ hð _gÞ1
hð _gÞ2

22 50 76

Ho et al. [59]
F1

F2

¼ 1:22

�
hð _gÞ1
hð _gÞ2

�0:29

46 55 63

Kitayama et al. [60]
F1

F2

¼ 0:887

�
hð _gÞ1
hð _gÞ2

�0:29

38 47 55

Everaert et al. [61]
F1

F2

¼
�

hð _gÞ1
hð _gÞ2

�0:3

41 50 58

MetelkineBlekht [62] F2 ¼
�

1þ h1

h2

�
1þ 2:25 log

�
h1

h2

�
þ 1:81

�
log

�
h1

h2

��2���1

8 49 89

Utracki [63] F2 ¼

�
1� log

�
h1

h2

�
=½h�

�

2
; h ¼ 1:9 36 50 63

Steinmann et al. [36] F2 ¼ �0:12 log

�
h1

h2

�
þ 0:48 45 52 58

At G0PS=G0PP

0.05 1.1 4.6

BourryeFavis [24]
F1

F2

¼ G02
G01

5 48 18

At tan dPP/tan dPS

0.12 1.2 2.3

BourryeFavis [24]
F1

F2

¼ tan d1

tan d2

11 45 30
elasticity. Bourry and Favis [24] have considered an elasticity
contribution of the blend components and proposed a different
approach using the storage modulus or loss factor ratios in-
stead of viscosity ratios. The plots in Fig. 11 show a summary
of empirical and semi-empirical models used for the pre-
diction of the phase inversion composition and dual phase
co-continuity of polymer blends as a function of the viscosity
ratio in the range of 0.1e10. As can be seen these models
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Fig. 11. Different semi-empirical models describing the phase inversion vol-

ume fraction as a function of the viscosity ratio of binary polymer blends.
attempted to predict the phase inversion, but the process is
not fully understood yet, and there is a real need for other
complementary studies.

Here, several models have been applied to PP/PS blend
systems with different viscoelastic characteristics. The phase
inversion compositions for all systems have been calculated
using the above mentioned equations and the viscosities ob-
tained at a shear rate of 100 rad/s. As we have seen from the
solvent extraction results the full co-continuity of the PP/PS
blends is within the range of 70/30 to 10/90 wt%, depending
on the viscosity ratios of the constituents used. The results
of melt-state mechanical spectroscopy showed similar results,
where the blends have boundaries of continuity at composi-
tions of 60/40 and 10/90 wt% PP/PS. It has been shown
from solid-state mechanical spectroscopy that the boundaries
of co-continuity are shifted to the highest PS content as the
viscosity ratio is changed from 0.3 to 3.3. The phase inversion
composition was not so sensitive to the change of the viscosity
ratio in a melt-state rheological measurement. However, the
solid-state mechanical measurements show a very clear influ-
ence of the viscosity ratio on the phase inversion composition.
The results showed that the blends having a viscosity ratio
h�PSL

=h�PPM
¼ 0:3 have a phase inversion composition at

60 wt% PS (see Fig. 9), whereas for the equi-viscous blends
with h�PSM

=h�PPM
¼ 1:0, the phase inversion composition was

obtained at 65 wt% PS. The blends having the highest value
of the viscosity ratio ðh�PSH

=h�PPL
¼ 3:3Þ have a phase inversion
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composition at 72 wt% PS. It has to be mentioned that for the
blends with a low and medium viscosity PS phase, the PS
phase tends to be dispersed easily due to the minimum energy
dissipation in the flow field [13], and the continuity threshold
as well as the phase inversion composition can be reached at
low concentration of PS. In the blend with the high viscosity
PS, PS is coarsely dispersed and the percolation (as well as
phase inversion) of the PS phase is delayed. The percolation
of PS in this system will take place at a higher PS concentra-
tion than for a system where the viscosity ratio is unity or
lower.

In order to compare the experimental results of the phase
inversion composition, the weight percent values of the com-
position are converted to a volume fraction. Knowing the den-
sities for the PP and PS homopolymers (rPP¼ 0.883 g/cm3,
rPS¼ 1.05 g/cm3, respectively), one can easily get the volume
fraction of the components which is 0.56, 0.61 and 0.67 for the
viscosity ratios of 0.3, 1.0 and 3.3, respectively.

Fig. 12 represents the experimental points (obtained from
solid-state dynamic mechanical analysis) as well as the fitting
curves of the phase inversion composition (vol.%) as a function
of the viscosity ratio for the different groups of PP/PS blends.
The variation of the phase inversion volume fraction as a func-
tion of viscosity ratio, as obtained by fitting, will give an equa-
tion similar to that described in Refs. [59e61] with a different
prefactor and exponent:

F1

F2

¼ 1:59

�
h1

h2

�0:19

ð2Þ

where F1 and F2 are the volume fractions, h1 and h2 represent
the viscosity of PS and PP, respectively.

This model can also be used to detect the phase inversion
composition, but the disadvantage of this model, as in the
case of previous models, is that it does not take into account
the requirements of the shape of the minor phase located in
the matrix phase. Besides, other parameters like matrix viscos-
ity, elasticity ratio or a combination of elasticity and viscosity
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may be considered. The problem is not simple because the full
co-continuity of the blend system can be reached before (or af-
ter) the phase inversion composition, while this composition is
an essential part of this phase co-continuity region. Finally, it
seems that the geometry of the minor phase will play an essen-
tial role to define the percolation threshold and phase inversion
composition, and even if their model is not predictive, the
development of Willemse et al. [2,27] has to be considered.
In order to ensure further progress in the understanding of
the development of co-continuous morphologies, a combina-
tion of the different methods is required to precisely define
the co-continuity window and the phase inversion composition
in immiscible polymer blends.

4. Conclusions

In this paper, a thorough characterization of the co-continu-
ity domain and complex study of the phase inversion phenom-
ena of PP/PS blends by means of different techniques were
performed. The combination of different methods gives a clear
picture of the phase morphology, as an addition to the morpho-
logical investigation reported in Ref. [12].

Selective dissolution experiments allowed to estimate quan-
titatively the window of PS phase full continuity for the
several PP/PS blend systems studied, which is within the range
of 70/30 to 10/90 wt%, depending on the viscosity ratio of the
constituents used.

Melt-state rheological investigations using DSR show
a clear difference between the dispersed/matrix and co-contin-
uous structures, where the composition dependence of the
shear storage modulus (G0) of the blends shows local maxima
at 60/40 and 10/90 wt% PP/PS. These maxima were attributed
to the amount of interface present in these blends and de-
scribed as boundaries of co-continuity. It has been shown
that these boundaries are shifted to the highest PS content as
the viscosity ratio is increased from 0.3 up to 3.3.

DMTA measurements of PP/PS blends have indicated that
the tensile storage modulus (E0) as well as tan d show differ-
ences especially above the Tg of PS (at 150 �C). A blend
with PS as a matrix shows a sharp decrease in E0 whereas
a co-continuous blend retains a higher modulus due to the
greater contribution from the higher modulus of PP at this
temperature. This method allows to detect precisely the phase
inversion composition for the three different groups of PP/PS
blends, which was 56, 61 and 67 vol.% for the viscosity ratios
of 0.3, 1.0 and 3.3, respectively. Based on the experimental
data of the phase inversion composition, an equation has
been proposed to predict the phase inversion composition in
immiscible polymer blends.

DSC measurements can also be used to distinguish crystal-
lizable PP as dispersed phase or as a part of a co-continuous
structure based on its fractionated crystallization behavior. If
PP forms a dispersed phase, droplets of PP crystallize accord-
ing to the number and type of heterogeneities present in it or
undergo homogenous nucleation. If PP forms a co-continuous
phase, normal bulk crystallization behavior is observed.
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However, this method is limited to blend systems where the
phases are able to show fractionated crystallization.
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