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ABSTRACT: The morphology of some ternary blends was investigated. In all of the
blends polypropylene, as the major phase, was blended with two different minor phases,
ethylene–propylene–diene terpolymer (EPDM) or ethylene–propylene–rubber (EPR) as
the first minor phase and high-density polyethylene (HDPE) or polystyrene (PS) as the
second minor phase. All the blends were investigated in a constant composition of
70/15/15 wt %. Theoretical models predict that the dispersed phase of a multiphase
polymer blend will either form an encapsulation-type phase morphology or phases will
remain separately dispersed, depending on which morphology has the lower free energy
or positive spreading coefficient. Interfacial interaction between phases was found to
play a significant role in determining the type of morphology of these blend systems. A
core–shell-type morphology for HDPE encapsulated by rubber was obtained for PP/
rubber/PE ternary blends, whereas PP/rubber/PS blends showed a separately dispersed
type of morphology. These results were found to be in good agreement with the
theoretical predictions. Steady-state torque for each component was used to study the
effect of melt viscosity ratio on the morphology of the blends. It was found that the
torque ratios affect only the size of the dispersed phases and have no appreciable
influence on the type of morphology. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 82:
1129–1137, 2001
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INTRODUCTION

Blending of immiscible polymers is widely applied
as a versatile method to tailor materials for spe-
cific applications.1–3 To date developments of
polymer blends have been mainly focused on two-
component systems. These systems are generally
composed of a major and minor phase, of which

the major component forms the matrix in which
the minor phase disperses. Morphology of such
systems is determined by blending history,4,5

composition,6,7 interfacial tension,7–9 and viscos-
ity ratio6,8 of the disperse phase to matrix. In the
pursuit of obtaining new polymeric blend materi-
als, attention has been drawn to systems having
more than two phases.10–14 For ternary systems
there are multiple types of phase morphology
available that directly influence the whole set of
properties.10,14–16

Correspondence to: H. Nazokdast.
Journal of Applied Polymer Science, Vol. 82, 1129–1137 (2001)
© 2001 John Wiley & Sons, Inc.

1129



For ternary systems containing two minor
phases dispersed in a continuous matrix, three
distinct types of phase morphology were consid-
ered. Hobbs et al.17 reported one minor compo-
nent encapsulating another with a core–shell
morphology for some systems, whereas in other
systems two minor components disperse sepa-
rately in a matrix. Luzinov et al.14 suggested a
third situation, which is an intermediate case, in
which mixed phases of two minor components are
formed without any ordered organization.

Because the mechanical properties and rheol-
ogy of ternary systems are greatly influenced by

their phase morphologies,10,11,14–16 it is impor-
tant to understand the factors affecting the phase
structures of multicomponent systems to predict
and control the phase morphology. Viscosity of
components, composition, interfacial interaction
between phases, and processing parameters are
found to be the main factors that influence mor-
phology of ternary polymer blends.12,14,17

In the present work the effects of viscosity and
interfacial interaction of components on morphol-
ogy of ternary polymer blends were investigated.
Theoretical concepts were used to predict the
morphology of some ternary polymer blends of
PP, PE, PS, EPDM, and EPR.

Table I Properties and Producers of Polymers Used

Polymer
Density
(g/cm3)

Tm

(°C)
MFI

(g/10 min)

Mooney Viscosity
ML(1 1 4),

125°C

C2

Content
(%)

ENB
Content

(%) Producer

HDPE1 0.964 130 0.35a — — — 5200 B, Iran
Petrochemical

HDPE2 0.952 126 14a — — — HD5218EA, Iran
Petrochemical

PP 0.9 165 0.27b — — — MOPLEN 60R,
Iran Petrochemical

EPDM1 0.86 — — 30 50 5 Buna AP241, Bayer
Co.

EPDM2 0.87 — — 61 70 5 Buna AP447, Bayer
Co.

EPR 0.86 — — 35 75 — Vistalon 805, Exxon
Chemical

PS 1.05 185 1.6c — — — 1070, Iran
Petrochemical

a 190°C/2.160 kg.
b 230°C/2.160 kg.
c 200°C/5 kg.

Table II Nomenclature and Components
of Blends

Sample
Major
Phase

Minor
Phase (1)

Minor
Phase (2)

1 PP EPDM1 HDPE1
2 PP EPDM2 HDPE1
3 PP EPDM1 HDPE2
4 PP EPDM2 HDPE2
5 PP EPR HDPE1
6 PP EPR HDPE2
7 PP EPDM1 PS
8 PP EPDM2 PS
9 PP EPR PS

Table III Estimated Surface Tension of
Polymers at the Mixing Temperature (190°C)

Polymer
g (190°C)
(mN/m)

gp (190°C)
(mN/m)

gd (190°C)
(mN/m)

PP 20.22 0.4 19.81
HDPEa 25.93 0 25.93
PS 28.48 4.78 23.7
EPDM1 23.15 0.21 22.94
EPDM2 24.3 0.13 24.17
EPR 24.5 0.1 24.4

a Interfacial tensions of HDPE1 and HDPE2 are assumed
to be the same.
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Interfacial Interaction Effect

Hobbs et al.17 and Luzinov et al.14 used Har-
kin’s18 spreading coefficient concept to explain
the effect of interfacial tension between phases on
the phase morphology of different ternary blends.
For a ternary system with A as the continuous
phase and B and C as the dispersed phases the
spreading coefficient lBC of the B-phase on the
C-phase18 is

lBC 5 gAC 2 gAB 2 gBC (1)

where gAC, gAB, and gBC are the interfacial ten-
sion for each component pair. If lBC is positive,
the B-phase will encapsulate the C-phase. Simi-
lar treatment gives the spreading coefficient of
the C-phase on the B-phase:

lCB 5 gAB 2 gAC 2 gBC (2)

A positive value of l will lead to a core–shell
morphology in which the C-phase will encapsu-
late the B-phase. If both lBC and l CB are nega-
tive, the B and C phases will remain separate.

Guo et al.12 reported that the equilibrium
phase structure of a multiphase system is deter-
mined not by interfacial tension alone, but rather
by the interfacial free energy that presents a com-
bination of interfacial tension and interfacial ar-
eas. These authors introduced three equations to
calculate the interfacial free energies of ternary
systems with different phase structures:

S O AigijD
B1C

5 ~4p!1/3@nB
1/3x2/3gAB 1 nC

1/3gAC#

3 ~3VC!2/3 (3)

S O AigijD
B/C

5 ~4p!1/3@nB
1/3~1 1 x!2/3gAB 1 nC

1/3gBC#

3 ~3VC!2/3 (4)

S O AigijD
C/B

5 ~4p!1/3@nB
1/3x2/3gBC

1 nC
1/3~1 1 x!2/3gAC#~3VC!2/3 (5)

where Ai is the interfacial area of each phase in
the system, x 5 VB/VC, Vi is the volume of each
phase, and nB and nC are the numbers of particles
in the B and C phases in the system, respectively.
They assumed that nB 5 nC and calculated the
interfacial energy for each phase structure. The
dominant phase morphology is the one with the

Table IV Estimated Interfacial
Tensions at 190°C

Interface
Interfacial Tension at 190°C

(dyn cm21)

PP/PE 1.23
PP/EPDM1 0.32
PP/EPDM2 0.63
PE/EPDM1 0.39
PE/EPDM2 0.19
PP/PS 4.06
PS/EPDM1 4.19
PS/EPDM2 4.41
PP/EPR 0.67
PE/EPR 0.14
PS/EPR 4.49
PE/PS 4.88

Table V Calculated Spreading Coefficients and Relative Interfacial
Energies at 190°C (Samples 1 to 6)

Sample

Blend Components RIE

lCB lBCA B C B/C C/B B 1 C

1 and 3 PP EPDM1 HDPE1
or HDPE2

0.9 2.34 1.55 21.3 0.52

2 and 4 PP EPDM2 HDPE1
or HDPE2

1.19 2.14 1.86 20.79 0.41

5 and 6 PP EPR HDPE1
or HDPE2

1.2 2.09 1.9 20.7 0.42
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lowest interfacial energy. The assumption made
by Guo et al.12 was used in the present work to
simplify eqs. (3)–(5) into the following equations:

~RIE!B1C 5 SOAigijD
B1C

/K 5 x2/3gAB 1 gAC (6)

~RIE!B/C 5 SOAigijD
B/C

/K 5 ~1 1 x!2/3gAB 1 gBC (7)

~RIE!C/B 5 SOAigijD
C/B

/K 5 @x2/3gBC 1 ~1 1 x!2/3gAC#

(8)

where K 5 (4p)1/3nC
1/3(3VC)2/3 and (RIE)B1C de-

notes the relative interfacial energy for the sepa-
rately dispersed morphology of the two minor
components, (RIE)B/C for the morphology in which
the B-phase encapsulates C, and (RIE)C/B for the
morphology in which the C-phase encapsulates B.

Viscosity Effect

In a two-phase polymeric blend with disperse-
matrix morphology, the viscosity ratio of disperse
phase to matrix plays an important role in con-
trolling the size of the dispersed phase.6,8 How-
ever, in ternary blends in which three phases
exist, the effect of viscosity on morphology is very
complex. Kim et al.19 reported that for polyolefin
ternary blends with core–shell morphology, when
two minor phases have the same composition, the
minor phase with the lower viscosity encapsu-
lates the one with the higher viscosity.

Luzinov et al.14 described a core–shell mor-
phology for PS/SBR/PE blends with different melt
viscosity ratios of components. These authors as-
sumed that the size of the core is influenced by
the viscosity ratio of the core-forming polymer
with respect to shell precursor. The viscosity ratio
between the matrix and shell phase would then
act on the size of the dispersed phase as a whole.
Here, this concept was modified and the ratio of
average viscosity of two minor phases to matrix
was used to predict the size of the dispersed
phase. Average viscosity was calculated by means
of a simple mixture rule:

Tav 5 T1x1 1 T2x2 (9)

where T is a term related to the viscosity of each
phase and x is the volume fraction of individual
phases in their core–shell system.

EXPERIMENTAL

Materials

Two types of high-density polyethylene (HDPE),
one type of isotactic polypropylene, two types of

Table VI Steady-State Torque of Polymers at
190°C and 60 rpm

Polymer
Steady-State Torque at

190°C/60 rpm (Nm)

PP 17
HDPE1 19.2
HDPE2 0.5
EPDM1 16.5
EPDM2 41.2
EPR 15.3
PS 32.8

Table VII Tav and Melt Viscosity (Torque)
Ratios at 190°C and 60 rpm

Samplea
Tav

(Nm)b
THD/

Trubber
c

Trubber/
TPP

THD/
TPP

Tav/
TPP

1 17.85 1.16 0.97 1.13 1.05
2 30.2 0.47 2.4 1.13 1.78
3 8.5 0.03 0.97 0.03 0.5
4 20.85 0.01 2.4 0.03 1.23
5 17.25 1.25 0.9 1.13 1.01
6 7.9 0.03 0.9 0.03 0.46

a See Table II.
b At 50/50 wt % of minor phases.
c Rubber phase can be EPR or EPDM.

Figure 1 Scanning electron micrograph of PP/
EPDM1/HDPE1 blend.
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ethylene–propylene–diene terpolymer (EPDM),
one type of ethylene–propylene rubber (EPR), and
one type of polystyrene (PS) were used for blend-
ing .The main properties of these polymers and
their producers are listed in Table I.

Blend Preparation

Ternary blends with a 70 wt % composition of the
major phase and the two minor phases, each with
a 15 wt % composition, were prepared by melt
mixing in a Brabender internal mixer equipped
with roller-type blades at 190°C and 60 rpm. No-
menclature and components of the blends are
listed in Table II.

Blending was carried out by first feeding the
rubber into the molten PP and after 3 min mixing,
PS or PE was charged into the mixer and mixing
was continued for an additional 3 min, after
which the mixture was discharged.

Morphology Studies

Morphologies of the blends were studied using
scanning electron microscopy (SEM S360; Cam-
bridge Instruments, Worcester, MA). SEM micro-
graphs were taken from cryogenically fractured
surfaces of blend specimens. The fracture sur-
faces of the PP/rubber/PE ternary blends were
etched for 24 h at room temperature by cyclohex-
ane, to remove the rubber phase, and then the
surfaces were coated with gold before viewing.

RESULTS AND DISCUSSION

Interfacial Tensions

Surface tensions of PP, PE, and PS at 190°C were
calculated on the basis of data reported for sur-
face tensions (g) at 180°C, variation of surface

Figure 2 Scanning electron micrograph of PP/
EPDM2/HDPE1 blend.

Figure 3 Scanning electron micrograph of PP/
EPDM1/HDPE2 blend.

Figure 4 Scanning electron micrograph of PP/
EPDM2/HDPE2 blend.

Figure 5 Scanning electron micrograph of PP/EPR/
HDPE1 blend.
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tensions with temperature (2dg/dt), and polari-
ties (xp 5 gp/g).20 Surface tension of EPDM was
calculated by means of a simple mixture rule from
surface tensions of polyethylidene norbornene
(PENB), PE, and PP. The surface tension of
PENB was assumed to be the same as that for
polybutadiene14 because the ENB content in
EPDM1 and EPDM2 is low (approximately up to
5 wt %). Surface tension g, dispersive contribu-
tion of g (gd), and polar contribution of g (gp) at
190°C for all polymers are listed in Table III.

Interfacial tension between polymers can be
calculated from the well-known harmonic mean
equation20 as

g12 5 g1 1 g2 2
4g1dg2d

g1d 1 g2d
2

4g1pg2p

g1p 1 g2p
(10)

The interfacial tensions calculated from the sur-
face tension data at 190°C are listed in Table IV.

Morphology

PP/EPDM/PE and PP/EPR/PE Ternary Blends

To correlate the phase morphology and the inter-
facial interaction between components, spreading

coefficients and relative interfacial energies (RIE)
were calculated from eqs. (1), (2), and (6)–(8). The
calculated results are shown in Table V. These
results indicate that for all of the ternary blends,
lCB is negative, lBC is positive, and the morphol-
ogy in which the B-phase encapsulates the C-
phase (B/C) has the lowest value of relative inter-
facial energy (RIE). Therefore these results pre-
dict that for PP/rubber/PE blends the PE phase
will be encapsulated by the rubber phase (EPDM
or EPR). The steady-state torque obtained from
the Brabender mixer (at given temperature and
rotor speed) for each component was used as a
measure of viscosity, to study the effect of melt
viscosity ratios on the morphology of the blends
(Table VI). The results of average steady-state
torque (Tav) of minor components (50/50 vol %)
calculated from eq. (9) at 190°C and 60 rpm are
listed in Table VII.

Figures 1–6 show SEM micrographs of sam-
ples 1–6, respectively. As can be seen, in all of the
blends HDPE is encapsulated (completely or par-
tially) by the rubber phase. This is in agreement
with the theoretical prediction based on spread-

Table VIII Calculated Spreading Coefficients and Relative Interfacial
Energies at 190°C (Samples 7 to 9)

Sample

Blend Components RIE

lBC lCBA B C B/C C/B B 1 C

7 PP EPDM1 PS 10.65 4.7 4.38 20.46 27.94
8 PP EPDM2 PS 10.85 5.41 4.69 20.98 27.84
9 PP EPR PS 10.95 5.56 4.73 21.11 27.88

Figure 6 Scanning electron micrograph of PP/EPR/
HDPE2 blend.

Figure 7 Number-average diameter of PE cores and
dispersed phase (micron). M, average diameter of cores
(micron); f, average diameter of dispersed phase (mi-
cron).
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ing coefficients and relative interfacial energy
data given in Table V. However, from the predic-
tion (Kim et al.19) based on the viscosity ratios
(THD/Trubber in Table VII), it is expected that only
in samples 1 and 5 rubber forms the shell,
whereas in other samples, rubber will be encap-
sulated by PE. This suggests that for these blends
the spreading coefficient and relative interfacial
energy play roles in controlling the morphology
that are more significant than that of viscosity of
components.

The number-average diameters of the PE core
and dispersed phase obtained by image analysis
for these blends (samples 1–6) are shown in Fig-
ure 7. Torque ratio data given in Table VII were
used to predict variations in the core size and size
of dispersed phase as a whole, in terms of TPE/
Trubber and Tav/TPP, respectively. From a compar-
ison made between the results of image analysis
and torque ratio of components, it was found that
for PP/EPDM/PE ternary blends, the number-av-
erage diameter of the dispersed phase increased
from 1.3 to 2.1 mm, when the ratio of average
torque to PP torque (Tav/TPP) increased from 0.5
to 1.78. In addition the number-average diameter
of the PE core increased from 1.0 to 1.4 mm with
increasing THD/TEPDM from 0.01 to 0.16 (samples
1–4 in Fig. 7).

According to the prediction of Luzinov et al.14,
in a ternary blend with core–shell morphology the
number-average diameter of the dispersed phase
increases with increasing torque ratio of shell
component to matrix (TEPDM/TPP). It is therefore
expected that the number-average diameter of
the dispersed phase in sample 1 is equal to that of
sample 3 and the number-average diameter of

sample 2 is equal to that of sample 4. This was not
found to be in agreement with our experimental
results. Our experimental results as well as our
predictions suggest that for ternary blends with
core and shell morphology, the ratio of average vis-
cosity of two minor phases to matrix (Tav/Tmatrix)
is a more effective parameter than the viscosity
ratio of shell component to matrix (Tshell/Tmatrix)
in determining the dispersed phase size.

In PP/EPR/PE ternary blends, indicated as
samples 5 and 6, sample 5 has a lower dispersed
phase size (with lower Tav/TPP) and also a lower
core size (with a lower THD/TPP) than that of
sample 6.

PP/EPDM/PS and PP/EPR/PS Ternary Blends

Spreading coefficients and relative interfacial en-
ergies of samples 7–9 at 190°C calculated from
eqs. (1), (2), and (6)–(8) are listed in Table VIII.

Figure 8 Scanning electron micrograph of PP/
EPDM1/PS blend.

Figure 9 Scanning electron micrograph of PP/
EPDM2/PS blend.

Figure 10 Scanning electron micrograph of PP/
EPR/PS blend.
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The calculated results indicate that for these
blends, lBC and lCB are negative and the mor-
phology in which the PS and rubber phases form
two distinct phases separately dispersed in the
PP matrix (B 1 C morpholgy) has the lowest
value of relative interfacial energy (RIE). SEM
micrographs of samples 7–9 are shown in Figures
8–10, from which it can be seen that in these
samples the rubber and PS phases disperse sep-
arately in the PP matrix. The appearance of the
PS particles was found to be different from that of
the rubber particles. The rubber particles have
irregular shapes, whereas the PS particles are
more spherical with a smooth surface.

A comparison made between these results and
those predicted on the basis of spreading coeffi-
cients and relative interfacial energies given in
Table VIII shows that there is a good agreement
between experimental and theoretical results.

For this type of morphology the torque ratios of
each dispersed phase to PP can be used to predict
the average particle size of dispersed phases. The
calculated results are given in Table IX.

The number-average diameters of each phase
measured by image analysis are given in Table X.
As expected from the calculated results given in
Table IX, the PS particle size remains almost the
same in samples 7–9, whereas the rubber particle
size varies in these three samples. Considering
the data of Trubber/TPP, it is expected that the size
of the rubber phase in sample 9 would be lower
than that of the other two samples, which is not in
accordance with image analysis results (Table X).
The reason for this is that the interfacial tension
between EPR and PP in sample 9 is higher than
that between EPDM1 and PP in sample 7 (Table
IV) and thus the rubber phase in sample 7 has a
minimum size. For samples 8 and 9 the interfa-
cial tension between rubber and PP is almost the
same (Table IV); thus it is expected that sample 9
with lower Trubber/TPP has smaller rubber parti-
cles. Thus the image analysis results are in accor-

dance with the prediction based on the torque
ratio and interfacial tension data given in Tables
IV and IX.

CONCLUSIONS

PP/rubber/PE ternary blends showed a core–shell
morphology in which the PE core is encapsulated
by the rubber shell. In PP/rubber/PS ternary
blends, the two minor phases remain dispersed
separately in the PP matrix.

Models based on the interfacial free energy and
spreading coefficient predict almost the same
morphology for each ternary system. Melt viscos-
ity ratio of components has no appreciable influ-
ence on the type of morphology and can affect the
size of only dispersed phases, at least with the
mode of preparation used.

The results showed that interfacial interaction
between phases is a major parameter that con-
trols the phase structure in ternary polymer
blends.

The size of dispersed phases for all blends can
be related to the torque ratios of components.
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