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ABSTRACT: Ternary blends of polypropylene (PP), eth-
ylene–octene copolymer (mPE), and high-density polyeth-
ylene (HDPE) were prepared based on the phase behavior
and physical properties of mPE/HDPE binary blends, and
the results were interpreted in terms of morphology and
both rheological and mechanical properties of the ternary
blends as well as the binary blends. It was found that when
mPE encapsulates HDPE in the PP matrix, compared to the

encapsulation of mPE by HDPE, better blend properties
were obtained, presumably because of the compatibilizing
effect of mPE between PP and HDPE. © 2004 Wiley Periodicals,
Inc. J Appl Polym Sci 93: 179–188, 2004
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INTRODUCTION

Because of its easy processing, low cost, and good
thermal and mechanical properties, isotactic polypro-
pylene (PP) has been widely used as a commodity
polymer. However, because of its poor impact
strength at low temperature, PP has been blended
with various elastomers to improve its toughness. It is
generally known that the toughness of PP can be
improved by addition of elastomer but such mechan-
ical properties as stiffness, hardness, and heat distor-
tion temperature are decreased upon blending. To
improve such mechanical properties, inorganic fillers
including talc, glass fiber, BaSO4, and CaCO3, for ex-
ample, have been incorporated in PP/elastomer
blends. The control of microstructure is a very impor-
tant factor for determination of physical properties of
multicomponent blends. Most works on polyolefin
blends have investigated binary blends3–8 with ethyl-
ene–propylene copolymer (EPR) and ethylene–pro-
pylene–diene terpolymer (EPDM), although investi-
gations of polyolefin ternary blends are rare.9–15

In this work, we used an ethylene–octene copoly-
mer (mPE) for impact modifier of PP. The physical
and rheological properties and morphology of PP/
mPE/HDPE ternary blends were investigated to
study the effects of mPE/HDPE binary composition.

The effects of mPE content on mPE/HDPE binary
blends were also examined to understand more
clearly the effects of mPE/HDPE binary composition
on PP/mPE/HDPE ternary blends.

EXPERIMENTAL

Materials

PP and HDPE used in this experiments were commer-
cial grades produced by Korea Petrochemical Co. Ltd.
(Ulsan, Korea): Polypropylene and HDPE (melt flow
rates of 8.1 and 0.3 g/10 min, respectively) were used
for blending. The ethylene–octene copolymer used
was Engage 8200 (24 wt % 1-octene contents and den-
sity 0.870 g/cm3; DuPont Dow Elastomers, Wilming-
ton, DE). Important characteristics of the materials are
listed in Table I.

Preparation of polymer blending

Blends were prepared by an Ikegai corotating twin-
screw extruder (PCM-45, Kawasaki, Japan) with screw
diameter 45 mm, L/D � 32, at 220 rpm and 230°C. The
mPE/HDPE binary blends were prepared at 33.3/
66.7, 50/50, 66.7/33.3, and 83.3/16.7 wt % and these
master pellets were used to prepare the PP/mPE/
HDPE ternary blends. PP and mPE/HDPE master
pellets were mixed at 70/30 wt %: The compositions of
PP/mPE/HDPE ternary blends were 70/10/20, 70/
15/15, 70/20/10, and 70/25/5. For reference pur-
poses, 70/30 wt % PP/mPE and PP/HDPE binary
blends were also prepared with the same extruding
condition of ternary blends.

*Present address: R&D Center, Korea Petrochemical Co.
Ltd., Ulsan, Korea.

Correspondence to: B. Kim (bkkim@pnu.edu).

Journal of Applied Polymer Science, Vol. 93, 179–188 (2004)
© 2004 Wiley Periodicals, Inc.



Characterizations

Injection-molded samples were made by a Nissei
(Hyogo, Japan) 35-oz. injection-molding machine at
230°C cylinder temperature and 40°C mold tempera-
ture to analyze mechanical properties. The tensile
properties and flexural modulus were measured with
an Instron 4301 (Poole, UK). The mechanical proper-
ties were measured according to the corresponding
ASTM method.

The rheological properties were measured by an
advanced rheometrics expansion system (ARES;
Rheometric Scientific, Piscataway, NJ) at 230°C with a
25-mm parallel-plate fixture at a constant strain of 15%
and oscillatory angular frequency ranging between 0.1
and 500 rad/s.

The morphology of dispersed phase was analyzed
by a JEOL JSM-820 scanning electron microscope
(JEOL, Tokyo, Japan). The fracture surfaces were pre-
pared by breaking compression-molded samples in
liquid nitrogen. The surface was etched for 3 min in
boiling n-heptane to remove the ethylene–octene co-
polymer, followed by coating with gold.

RESULTS AND DISCUSSION

HDPE/mPE binary blends

Rheological properties

Complex viscosities (�*) of HDPE, mPE, and their
blends are shown in Figure 1. Values of �* of all
samples showed shear thinning behavior and viscos-
ity functions of HDPE/mPE binary blends are located
between those of the two neat components.

Utraki et al.16 divided viscosity–composition curve
into three types: positive-deviation blend (PDB); nega-
tive-deviation blend (NDB); and positive-negative-devi-
ation blend (PNDB). Values of �* versus blend compo-
sition for HDPE/mPE binary blends are shown in Figure
2. The viscosity–composition curves of HDPE/mPE bi-
nary blends exhibited PNDB at low frequencies (� 10
rad/s) and exhibited NDB above 10 rad/s.

The inflection point of the viscosity–composition curve
in HDPE/mPE binary blends moved to higher HDPE con-
tent with increasing frequency. Assuming phase inversion
occurs at the inflection point,17 the less-viscous phase
shows a greater tendency to be the continuous phase.2

TABLE I
Characteristics of Test Materials

Sample
MFRa

(g/10 min)
Density
(g/cm2)

Mw
(�105 g/mol)

Viscosity at
100 rad/s Source

PP 8.1 0.90 2.53 3355.6 4017, Korea Petrochemical Ind. Co.
HDPE 0.3 0.962 1.61 13,739.0 B502, Korea Petrochemical Ind. Co.
mPE 5.0 0.870 — 4001.3 Engage 8200, DuPont Dow

Elastomers, Octene 24%

a PP: MFR is measured under 2.16 kg at 230°C; HDPE and mPE: MFR is measured under 2.16 kg at 190°C.

Figure 1 Complex viscosities for HDPE, mPE, and HDPE/mPE blends at 230°C
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The Cole–Cole plots of HDPE/mPE binary blends are
shown in Figure 3. The semicircles are observed for
HDPE, mPE, HDE-33, and HDE-83 but not for HDE-50
and HDE-67. A drift from the semicircle is seen at low
frequencies for HDE-50 and HDE-67. The deviation is
largest for HDE-67. Wisniewski et al.20 observed that this
drift does not appear for homopolymer and compatible
polymer blends, but does appear for incompatible
blends at low frequencies. Valenza et al.21 observed the
same type of Cole–Cole plots in Nylon 12/PP/compati-
bilizer blends as we observed in HDPE/mPE binary
blends. They interpreted that the shape of the Cole–Cole
plot was influenced by particle size of dispersed phase
and interphase effects. Montfort et al.22 reported a dou-

ble-relaxation phenomenon of the Cole–Cole plots in
two polystyrene fractions blends having different molec-
ular weights. Each relaxation was attributed to the pre-
vailing action of one of the two components of the
blends. Graebling et al.23 reported the relaxation at high
frequencies stands for matrix and at low frequencies
stands for relaxation of dispersed phase. Based on the
above reports, HDPE/mPE binary blends could be com-
patible depending on the composition. Following Grae-
bling et al., the major components of HDE-83 and
HDE-33 are mPE and HDPE, respectively. The is, the
matrix of HDE-83 is mPE and that of HDE-33 is HDPE.
Therefore HDE-50 and HDE-67 may have cocontinuous
phase morphology in the melt.

Figure 2 Plots of �* versus blend composition in HDPE/mPE blends at 230°C.

Figure 3 Cole–Cole plots for HDPE, mPE, and HDPE/mPE binary blends at 230°C.
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Morphology

Compression-molded samples were used to observe
SEM morphology of binary blends. The morphologies
of HDPE/mPE binary blends are shown in Figure 4.
HDE-33 and HDE-50 show spherical droplets of mPE
embedded in the HDPE matrix, but HDE-67 and
HDE-83 show HDPE droplets embedded in the mPE
matrix (Fig. 4). These SEM morphologies are in agree-
ment with the results of rheological observations.

Physical properties

The stress–strain curves of HDPE/mPE binary blends
are shown in Figure 5. The yield points of blends were
observed above 50 wt % HDPE contents. Tensile
strength, elongation at break, and Young’s modulus
with varying compositions are shown in Figures 6 and
7, respectively. As expected, Young’s modulus and

tensile strengths at yield and break decreased with
increasing mPE content. Young’s modulus–composi-
tion curve exhibited monotonically decreasing NDB.
The slope of Young’s modulus–composition curve de-
creased rapidly up to 50 wt % mPE, and slowly above
66.7 wt % mPE contents. The elongation at break
shifted suddenly between 33.3 and 50 wt % of mPE
content, indicative of phase inversion at this compo-
sition. The elongation and tensile strength at break of
mPE were not measured because the sample was not
broken within the limit of measurements.

PP/mPE/HDPE ternary blends

Rheological properties

Values of �* for PP, PP/mPE, and PP/HDPE binary
blends and PP/mPE/HDPE ternary blends are shown
in Figure 8. Viscosity yields are seen at 0.1–1.0 rad/s

Figure 4 SEM micrographs of HDPE/mPE binary blend systems (�1000): (A) HDPE/mPE (66.7/33.3); (B) HDPE/mPE
(50/50); (C) HDPE/mPE (33.3/66.7); (D) HDPE/mPE (16.7/83.3).
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for PHE-20, PHE-25, and PPE-30 blends. Viscosity
yield increased with increasing mPE contents, and
was not observed with �15 wt % mPE because of the
insignificant particle interactions.

Relationships of �* versus composition are shown
in Figure 9. �*–composition curves of PP/mPE/
HDPE ternary blends, having a minimum at PHE-25,
exhibited NDB type at all frequencies. NDB with min-
imum was observed when the viscosity of dispersed
phase was much higher than that of the continuous
phase.17 The viscosity of the PP matrix is lower than
that of the dispersed phase of HDPE/mPE blends, as
well as HDPE in this study.

The Cole–Cole plots of PP/mPE/HDPE ternary
blends are shown in Figure 10. The Cole–Cole plots of

PPH-30, PHE-10, and PHE-15 are semicircular and
those of PHE-20, PHE-25, and PPE-30 show double
relaxations, which are consistent with the phase inver-
sion point of the HDPE/mPE blend.

Morphology

SEM micrographs of PPH-30 and PPE-30 and all ter-
nary blends are shown in Figure 11. The morphology
of all ternary blends shows that the HDPE droplets are
encapsulated by mPE, which are embedded in the PP
matrix. For PHE-10, not all of HDPE particles are
encapsulated by mPE because of insufficient mPE to
surround HDPE droplets. The morphology of PHE-25

Figure 5 Stress–strain curves for HDPE, mPE, and HDPE/mPE binary blends.

Figure 6 Young’s modulus versus composition in HDPE/mPE blends.
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is similar to that of PPE-30. The extent of encapsula-
tion in ternary blends is increased with increasing
mPE concentration and the requirement for complete
encapsulation seems to be �83 wt % mPE in HDPE/
mPE binary blends in our study.

The particle sizes of PP/mPE/HDPE ternary blends
decreased with decreasing viscosity of HDPE/mPE,
that is, decreasing the viscosity ratio of the dispersed
phase (HDPE/mPE) to the PP matrix. For PPE-30,
although the viscosity ratio of mPE to PP is closer to
unity than that for any other components, the particle

size is larger than that of PHE-20 and PHE-25. Larger
particles in PPE-30 are presumably obtained because
of the easier coalescence of droplets during compres-
sion molding, compared with that of PHE-20 and
PHE-25.

Physical properties

Mechanical properties are summarized in Table II.
The dependency of physical properties of ternary
blends on composition of HDPE/mPE binary blends

Figure 7 Tensile strength at yield and break and elongation at break versus blend composition in HDPE/mPE blends.

Figure 8 Complex viscosities for PP/PP/mPE (70/30), and PP/HDPE (70/30) binary blends and PP/mPE/HDPE ternary
blends at 230°C.
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is shown in Figure 12 and Figure 13. Yield strength
and hardness, showing PDB, monotonically de-
creased with increasing mPE content of HDPE/mPE
blends. Tensile strengths of HDPE/mPE blends ex-
hibit NDB. The dependency of Izod impact strength,
flexural modulus, and elongation at break on binary
composition exhibits PNDB. The slope of the flex-
ural modulus– composition curve decreases slowly
with increasing mPE contents and the greatest de-
crease was seen between PHE-25 and PPE-30, which
provides evidence that mPE is reinforced by HDPE
forming cocrystallization. As known in Figure 11,
the particle size rapidly decreased between PHE-15

and PHE-20, so that the Izod impact strength at 23°C
suddenly increased at those compositions. This is in
substantial agreement with results reported by
Wu,23 who claimed brittle– ductile transition oc-
curred abruptly at the critical particle diameter of
the dispersed phase. Stehling et al.15 claimed that in
the case of PP-rich blends, increasing the HDPE
volume fraction above 50%, at constant total elas-
tomer level, caused a sharp decline in impact
strength (unnotched, at �29°C) in the PP/EPR/
HDPE ternary blends. In our work, mPE can be
replaced by HDPE without any loss of notched im-
pact strength, so long as HDPE constituted no more

Figure 9 Plots of �* versus HDPE/mPE binary composition in the PP/mPE/HDPE ternary blends at 230°C.

Figure 10 Cole–Cole plots for PP/HDPE, PP/mPE binary, and PP/mPE/HDPE ternary blends at 230°C.

THERMOPLASTIC POLYOLEFINS 185



Figure 11 SEM micrographs of PP/HDPE, PP/mPE, and PP/mPE/HDPE blends (�1000): (A) PP/HDPE (70/30); (B)
PP/mPE/HDPE (70/10/20); (C) PP/mPE/HDPE (70/15/15); (D) PP/mPE/HDPE (70/20/10); (E) PP/mPE/HDPE (70/25/
5); (F) PP/mPE (70/30).

TABLE II
Mechanical Properties of Base Polymers and Their Blends

Sample
series Sample

Melt flow
rate at
230°C

(g/10 min)

Tensile strength Flexural
modulus
(kgf/cm2)

Young’s
modulus
(kgf/cm2)

Izod
impact

strength
(kgf/cm) Rockwell

hardness
(R Scale)

at Yield
(kgf/cm2)

at Break
(kg/cmf/cm2)

Elong.
(%) 23°C 0°C

Base
polymer

PP 8.1 375 410 560 18,000 — 2.1 1.4 105
HDPE 0.3a 305 325 400 10,900 9270 83.8 85.1 54
mPE 5.0a 19 — �1000 — 280 — — —

Binary
blend

HDE-83 4.5a 42 125 860 — 675 — — —
HDE-67 3.4a 60 143 760 — 1275 — — —
HDE-50 2.3a 119.3 185 700 — 2340 — — —
HDE-33 1.1a 171.7 275 450 — 4520 — — —
PPE-30 9.8 220 275 490 9,200 — 40.3 31.5 58
PPH-30 5.2 365 8 560 18,300 — 2.8 2.2 96

Ternary
blend

PHE-25 11.0 260 310 550 11,500 — 47.8 31.9 70
PHE-20 9.1 275 320 580 11,900 — 46.8 13.7 73
PHE-15 8.9 300 120 660 12,900 — 9.0 5.0 82
PHE-10 7.2 330 25 270 14,400 — 6.3 4.1 87

a MFR is measured under 2.16 kg at 190°C.
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than 33.3 wt % at room temperature and 16.7 wt %
at 0°C of HDPE/mPE blend.

Izod impact strength, tensile strength, and elonga-
tion at break increased abruptly between 15 and 20 wt
% of mPE in ternary blends, indicative of phase inver-
sion of HDPE/mPE binary blends. When the matrix of
the dispersed phase in ternary blend is mPE, the me-
chanical properties of PP/mPE/HDPE ternary blends
are higher than those of the HDPE matrix of dispersed
phase. This implies that the compatibility between PP
and mPE is better than that of PP and HDPE.

Based on the mechanical properties, antagonistic
effects are increased with increasing the collision
probability of PP and HDPE, and synergistic effects
are increased with increasing the collision probability

of PP and mPE in PP/mPE/HDPE ternary blend sys-
tems.

CONCLUSIONS

For HDPE/mPE binary blends, the �* composition
curves exhibited PNDB at 0.1–10 rad/s range, NBD at
100 rad/s, and simple additive rule at 398.1 rad/s.
Young’s modulus and yield strength showed mono-
tonically decreasing NDB with mPE content. The elon-
gation–composition curve showed PNBD with a
sharp increment between 33.3 and 50 wt % of mPE.
We can conclude that the HDPE/mPE binary blend
has phase inversion between 50 and 66.7 wt % mPE
and is immiscible in both the melt and solid state.

Figure 12 Tensile strength at yield and elongation at break versus HDPE/mPE binary blend composition in PP/mPE/HDPE
ternary blends.

Figure 13 Flexural modulus and Izod impact strength (at 0 and 23°C, with notched) versus HDPE/mPE binary composition
in PP/mPE/HDPE ternary blends. Open circles and filled circles are Izod impact strength, at 0 and 23°C, respectively.
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For PP/mPE/HDPE ternary blends, the �* compo-
sition curves, having a minimum at PHE-25, exhibited
NDB over the entire frequency range. Yield strength
and hardness showed PDB, whereas elongation at
break, flexural modulus, and impact strength showed
PNDB with inflection point at about 50 wt % mPE,
consistent with the phase inversion point of HDPE/
mPE binary blends. The synergistic effects of mechan-
ical properties of PP/mPE/HDPE ternary blends such
as tensile strength at break, elongation at break, and
impact strength were achieved with the addition of
�30 wt % HDPE on PP/mPE binary blends.

The PP/mPE/HDPE ternary blend is greatly af-
fected by varying HDPE/mPE composition and is
immiscible at melt and miscible above the phase in-
version point of HDPE/mPE binary blends.

This research was supported by Pusan National University.
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