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ABSTRACT: An immiscible polymer system of polyethylene (HDPE )/poly(2,6-dimethyl-
1,4-phenylene ether)/polystyrene was compatibilized in the presence of a specific for-
mulated compatibilizer and the properties of this system were studied, in particular,
as a function of the poly(phenylene ether) and polystyrene content in the blend with
polyethylene and as a function of compatibilizer concentration. The compatibilizer used
was a hydrogenated styrene/isoprene/styrene triblock copolymer (SEPS) which also
contained quantities of polypropylene and paraffin oil. Selected thermal, mechanical,
and processing properties were investigated and their special features are discussed.
In relation to specific properties like the modulus of elasticity and notched Izod impact
strength, the polymer system with a hydrogenated SEPS triblock copolymer investi-
gated seems to be a better compatibilized system than other blends described. The
phase behavior of the polymer system was characterized using DSC and showed three
general polymer phases: a partially crystalline polyethylene phase, an amorphous
mixed phase of miscible poly(phenylene ether) and polystyrene, as well as a preferred
isotactic crystalline polypropylene phase. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci

64: 1835-1842, 1997
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INTRODUCTION

To achieve good thermal, mechanical, and pro-
cessing properties of polymer blends of incompati-
ble polymer components, a compatibilization of
the individual components is frequently imple-
mented by improving the phase adhesion between
the particles.’ In the incompatible polyethylene/
polystyrene system, the polymer components can
be made compatible by both the modification of
the polymer components, e.g., with oxazoline
groups and carboxyl groups and subsequent reac-
tion,? and the addition of special polymeric com-
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patibilizers such as hydrogenated styrene/butadi-
ene block copolymers.? Such systems have shown
a low water vapor permeability and an enhanced
processability and led to interesting applications
in the packaging industry, etc.*

The poly(phenylene ether)/polystyrene sys-
tem'” is one of the relatively few compatible poly-
mer systems. Here, by varying the composition of
the two components, the heat resistance of the
homogeneous mixture, e.g., can easily be ad-
justed.

A combination of the mentioned components of
the polyethylene/poly(phenylene ether)/polysty-
rene system without compatibilization will not re-
sult in good mechanical properties of this mixture
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as the fracture behavior showed, which was exam-
ined under an electron microscope by investiga-
tions of the fracture surfaces of such systems mod-
ified with polybutadiene.® Low molecular polyo-
lefins in such systems can improve the processing
characteristics without affecting the mechanical
and thermal properties, when using styrene/bu-
tadiene triblock copolymers.’

For a system consisting of polyethylene, polysty-
rene, and a polyether copolymer of 2,6-dimethyl-1,4-
phenylene ether with 5% trimethylphenol as a co-
component and a hydrogenated styrene/butadiene/
styrene (SEBS) triblock copolymer as a compatibi-
lizer, the morphology of the blends was studied and
the deformation behavior was measured through vol-
ume dilatation as a function of the composition.

Also determined were the tensile test properties
and the toughness of selected samples.®'° In such
a heterogeneous mixture, the polyethylene forms a
single phase, while the compatible mixture of poly-
styrene and poly(phenylene ether) forms the other,
glasslike phase of different compositions. The block
copolymer is expected to be situated as an interphase
at the interface between the polyolefin and the
glasslike phase and provides the interfacial adhesion
in the solid state as well as the phase stability during
the processing of the melt.

The purpose of this article was the investiga-
tion of a new formulated compatibilized HDPE/
PPE/PS system on the basis of polystyrene and
poly(2,6-dimethyl-1,4-phenylene ether) without a
cocomponent and of defined molecular weights in
contrast to the literature. Here, the selected spe-
cific compatibilizer is based on a hydrogenated
styrene/isoprene/styrene (SEPS) triblock copoly-
mer in contrast to a hydrogenated styrene/butadi-
ene/styrene triblock copolymer in Refs. 8—10. Be-
sides the tensile and impact properties examined
in the literature system,'® new properties like
density, flow characteristics, thermal behavior,
shrinkage, and flexural test results have also been
investigated, particularly in dependence on the
HDPE/(PPE/PS) composition and the compatibi-
lizer concentration, and will be discussed in con-
text with the literature mentioned above. Finally,
the phase behavior was investigated and is dis-
cussed on the basis of DSC measurements.

EXPERIMENTAL

The polyethylene used was HDPE with the prop-
erties given in Table I. Poly(2,6-dimethyl-1,4-phe-

nylene ether) with a weight-average molecular
weight of 61,000 g/mol was used as the poly(phen-
ylene ether). A styrene polymer with a weight-
average molecular weight of 198,000 g/mol was
the polystyrene utilized. The SEPS triblock copol-
ymer compatibilizer contained the hydrogenated
SEPS triblock copolymer with 30% by weight of
styrene and, in addition, 9% by weight of polypro-
pylene with a melt flow index of 5.0 g/10 min
(190°C, 21.2N) and 25% by weight of paraffin oil.

The components were homogenized and pel-
letized in a Berstorff double-screw extruder ZE 25
with a screw diameter of 25 mm. The screw
length : screw diameter ratio L/D was 32; the
number of screw rotations, 400 rpm, and the feed-
ing velocity, 10 kg/h. The average melt tempera-
ture was 220°C. The specimens were prepared in
accordance with DIN 16776 and taken from
pressed sheets. The flexural modulus and the
flexural stress were determined at an outer fiber
strain of 3.5% in accordance with ISO 178 and
DIN 53452, respectively. The tensile modulus of
elasticity and the yield stress were measured ac-
cording to ISO 527, and the notched Izod impact
strength, according to ISO 180. The ball indenta-
tion hardness (132 N, 30 s) was determined ac-
cording to ISO 2039; the Vicat softening tempera-
ture (B, 50N), according to ISO 306, and the heat-
deflection temperature (HDT), according to DIN
53461. The determination of the melt flow index
and density was based on ISO 1133 and ISO 1183,
respectively, and the determination of the mold-
ing shrinkage of the injection-molded test plates
of the size 60 X 60 X 2 mm, on DIN 53464. The
thermal properties were examined through differ-
ential scanning calorimetry by a Perkin-Elmer
DSC-2C and at a heating rate of 10 K/min under
argon by a repeated run.

RESULTS AND DISCUSSION

To investigate the properties of the complex poly-
ethylene/poly(phenylene ether)/polystyrene sys-
tem, the effect of concentration of a block copoly-
mer as well as the influence of weight ratio of
polyethylene and poly(phenylene ether)/polysty-
rene at a constant block copolymer content was
studied in the presence of a hydrogenated SEPS
triblock polymer.

The effect of the block copolymer concentration
already containing the constant quantity of paraf-
fin oil and polypropylene within a range of up to
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Table I Properties of the HDPE
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Property Method Value
Weight-average L
molecular weight, M, SEC 205,000 g/mol
Number-average
molecular weight, M, SEC 7300 g/mol
Density ISO 1183 0.943 g/cm?®
Degree of branching FTIR 0.48 CH3/100 CH,

14% by weight on the properties of the polymer
blend at a constant weight ratio of polyethylene :
poly(phenylene ether) : polystyrene of 50 : 27.5 :
22.5 is shown in Table II. Because of the expected
brittleness of such blends,'® the investigation of
the pure polyethylene/poly(phenylene ether)/
polystyrene system without the block copolymer
was excluded. From the table, it can be seen that
the toughness of the polymer mixture also consid-
erably increases with an increasing concentration
of the block copolymer at lower temperatures.
This is a result of the successful incorporation of
the elastomeric block copolymer in the polyethyl-
ene/poly(phenylene ether)/polystyrene system.
The stiffness determined in both the tensile
strength and the flexural test decreases signifi-
cantly, which is often accompanied by improve-
ments of toughness in polymeric blend systems.
Also, the hardness and the thermal properties
such as the heat deflection temperature and Vicat

softening temperature decrease, whereas the drop
in both temperatures is unexpectedly low with re-
gard to the high difference in the block copolymer
concentration. Here, a location of the block copoly-
mer at the interface between the polyethylene and
poly(phenylene ether)/polystyrene phases is ex-
pected, leading to a better phase adhesion with
an enhanced block copolymer concentration and,
therefore, to a better flexibility and to a lower
decrease of Vicat softening and heat-deflection
temperatures of this polymer system. With regard
to the tensile and impact tests at 23°C, a similar
relationship dependent on the block copolymer
concentration and their contrary trend was also
found with another system using a hydrogenated
styrene/butadiene/styrene triblock copolymer as
the compatibilizer.*

For the investigations on the dependence of the
poly(phenylene ether) and polystyrene quantity
in the blend on polyethylene, the constant amount

Table II Properties of Polyethylene/Poly(phenylene ether)/Polystyrene
System (Weight Ratio 50 : 27.5 : 22.5) as a Function of the Block Copolymer

Concentration
Block Copolymer
Concentration (% by
Weight)
Property Unit 7 14
Density g/cm?® 0.985 0.978
Notched Izod impact strength
23°C kJ/m? 3.8 12.5
—20°C kJ/m? 3.7 9.2
Flexural modulus MPa 800 450
Flexural stress MPa 19.7 12.3
Tensile modulus of elasticity MPa 874 453
Yield stress MPa 12.9 12.1
Ball indentation hardness N/mm? 31 23
Vicat softening temperature °C 129 127
Heat deflection temperature °C 54 51
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Figurel Dependence of (l)meltflow index (MFI) and (A ) density on the polypheny-
lene and polystyrene content in the mixture with polyethylene.

of the block copolymer selected was 7% by weight
related to the total system. At this amount of the
compatibilizer, the polymer system has a suffi-
cient stiffness and enough toughness to examine
the system for practical purposes in contrast to
14% by weight. The poly(phenylene ether)/poly-
styrene weight ratio of 55 : 45 was always main-
tained.

The melt flow index and density as a function
of poly (phenylene ether) and polystyrene content
are shown in Figure 1. As can be seen, the melt
flow index linearly decreases with increasing
poly(phenylene ether) and polystyrene content in
a semilogarithmic scale, as is usual for mixtures
of ideal polymers. However, the density increases
with an increasing amount of poly(phenylene
ether) and polystyrene, showing unexpected neg-
ative deviations in favor of smaller densities, in
particular, in the medium range of composition,
if compared to linearity.

The mechanical properties of the polymer sys-
tem investigated by tensile and flexural tests are
plotted in Figures 2 and 3. Figure 2 shows the
relationship between the tensile modulus of elas-
ticity as well as yield stress and the poly(pheny-
lene ether) and polystyrene content. While the
polyethylene content in the polymer system de-
creases, the tensile modulus of elasticity increases
only slightly at first, but for quantities below 50%
by weight of polyethylene, it is considerably
strong. The yield stress slightly decreases with a
falling HDPE quantity, passes a minimum of

about 30% by weight of HDPE, and increases then
significantly. The block copolymer itself reduces
the tensile modulus of elasticity of only the poly-
ethylene from 838 to 561 MPa and the yield
strength from 22.3 to 20.6 MPa. Contrary to this
relationship, for another polyethylene/polyether
copolymer/polystyrene system with a hydroge-
nated styrene/butadiene/styrene triblock copoly-
mer as the compatibilizer, a tensile modulus of the
elasticity minimum is expected with about 50% by
weight of polyethylene and no minimum of the
yield stress for a similar composition provided.'’
Thus, the polymer system with the hydrogenated
SEPS triblock copolymer investigated here seems
to be a better compatibilized system in relation to
a higher modulus without a minimum than is the
system with the poly(phenylene ether) copolymer
described in Ref. 10.

The flexural modulus and the flexural stress as
a function of the composition of the polymer sys-
tem are plotted in Figure 3. While the flexural
modulus curve confirms that of the tensile modu-
lus of elasticity and the discussion there, the
flexural stress slightly increases with increasing
poly(phenylene ether) and polystyrene content,
passes a minimum at about 70% by weight, and
then shows a significant increase. The flexural
modulus of only the polyethylene is reduced by
the addition of the block copolymer from 750 to
480 MPa and the flexural stress is reduced from
18.5 to 13 MPa.

Here, the phase adhesion between the poly-
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Figure 2 Relationship between (H) tensile modulus of elasticity and (A) yield stress
and the poly(phenylene ether) and polystyrene content in the mixture with polyethyl-

ene.

(phenylene ether)/polystyrene phase and the
polyethylene phase as the main phases of the
polymer system arranged by the block copolymer
leads to a good flexibility of the blends over a large
range of composition. Only at high concentrations
of poly(phenylene ether)/polystyrene does the
stiffness of the polymer system increase exponen-
tially.

Figure 4 shows the relationship between the
notched Izod impact strength and the poly(pheny-
lene ether) and polystyrene content in the mix-
ture with polyethylene. At both temperatures of
23 and —20°C, a notched impact strength mini-

mum is found for about 30-50% by weight of
poly(phenylene ether) and polystyrene.

A similar minimum also exists in the polyethyl-
ene/polyether copolymer/polystyrene/SEBS block
copolymer system, but for significantly higher block
copolymer concentrations of about 20% by weight.'
At comparable amounts of the block copolymer of
5%, by weight, there is only a strong decrease in
notched Izod impact strength with reduced polyeth-
ylene content from the highest value of polyethylene
to the lowest of the pure poly(phenylene ether) copol-
ymer/polystyrene component in contrast to the rela-
tion indicated in Figure 4.
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Figure 3 Dependence of (M) flexural modulus and (A) flexural stress on the poly-
(phenylene ether) and polystyrene content in the system with polyethylene.
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Figure4 Effect of poly(phenylene ether) and polysty-
rene content in the system with polyethylene on the

notched Izod impact strength at temperatures of (H)
23°C and (A) —20°C.

The strong increase in notched Izod impact
strength in Figure 4 at both temperatures, 23 and
—20°C, with decreasing HDPE concentration be-
low about 50% by weight already at such low block
copolymer amounts is obviously a result of a more
efficient elastification of the PPE/PS mixture by
the SEPS copolymer and therefore a better com-
patibilization of the polymer phases by the se-
lected block copolymer system in opposition to the
system in Ref. 10. In agreement with the results of
tensile modulus measurements, this SEPS block
copolymer system is superior as a compatibilizer
for the HDPE/PPE/PS blends than is SEBS for
the HDPE/PEC/PS blends.® The block copolymer
itself causes an increase in the notched Izod im-
pact strength of only the polyethylene from 11.8
to 18.4 kJ/m? at a temperature of 23°C and from
8.6 to 13.2 kJ/m? at —20°C.

Not only the mechanical properties but also the
thermal characteristics are influenced by the compo-
sition of the polyethylene/poly(phenylene ether)/
polystyrene system. In Figure 5, these dependencies
for the Vicat softening temperatures and the heat-
deflection temperatures are shown. At low contents
of poly(phenylene ether) and polystyrene, the two
parameters increase only weakly. For a polyethylene
content of less than 50% by weight, however, they
indicate a considerable increase. This trend is in
agreement with observations on a polyethylene/poly-
ether copolymer/polystyrene system and with SEBS
as the compatibilizer with high amounts of a poly-
ether copolymer® and should be caused by a change
in the phase morphology to the effect that a phase

inversion occurs at approximately 50% by weight
from the continuous polyethylene phase at higher
polyethylene concentrations to a continuous poly-
(phenylene ether)/polystyrene phase at lower poly-
ethylene amounts. With regard to the process-
ing properties of the polyethylene/poly(phenylene
ether)/polystyrene system, the molding shrinkage
was examined in addition to the melt flow index.

The relationship between the poly(phenylene
ether) and polystyrene content in the mixture
with polyethylene and the shrinkage is shown in
Figure 6. While the molding shrinkage only
slightly reduces with decreasing polyethylene
content in the transverse direction to the flow, a
small poly(phenylene ether)/polystyrene content
of up to about 50% by weight enormously reduces
the molding shrinkage in parallel to the flow di-
rection. The addition of the block copolymer to
only the polyethylene slightly increases the mold-
ing shrinkage from 4.6 to 4.7% in parallel to the
flow direction and from 1.6 to 1.7% in the trans-
verse direction to the flow. So, the molding shrink-
age of polyethylene can be considerably reduced
by the addition of low amounts of poly(phenylene
ether)/polystyrene blends.

Also shown in Figure 6 is the ball indentation
hardness as a mechanical property. Up to a con-
tent of about 60% by weight of poly(phenylene
ether) and polystyrene, it grows slightly. With a
higher content, it significantly increases. This
tendency should be a result of the different contin-
uous phases at variable polyethylene concentra-
tions as already discussed in connection with the
thermal properties. The addition of the block co-
polymer itself to only the polyethylene causes a
clear decrease in the ball indentation hardness
from 35 to 27 N/mm?.

To characterize the phase behavior of the poly-
ethylene/poly(phenylene ether)/polystyrene sys-
tem in the presence of a hydrogenated SEPS
triblock copolymer containing a low quantity of
polypropylene in more detail, DSC investigations
were carried out. The results are plotted in Figure
7 as a function of the poly(phenylene ether) and
polystyrene content in the mixture with polyeth-
ylene. Mainly, three general phases were ob-
served: The melt peak at 127°C can be assigned to
the crystalline content of the partially crystalline
polyethylene phase. It decreases with increasing
poly (phenylene ether) and polystyrene amount to
about 122°C at 90% by weight of both. From about
10% by weight of poly (phenylene ether) and poly-
styrene in the mixture with the polyethylene, the
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Figure 5 Relationship between (H) Vicat softening temperature and (A ) heat-deflec-
tion temperature and the poly (phenylene ether) and polystyrene content in the mixture

with polyethylene.

common glass transition temperature of the com-
patible amorphous poly(phenylene ether) and
polystyrene phase becomes visible. This glass
transition temperature rapidly increases with an
increasing poly (phenylene ether) and polystyrene
content and slowly decreases with a content of
more than 20% by weight. The third visible con-
version temperature at 160°C is the melting tem-
perature of the crystalline polypropylene, which
according to the content forms only a very small
phase. A glass transition temperature of the rub-
ber phase expected for the sole SEPS block copoly-
mer at about —50°C was not observed in the poly-

mer system because of the possibly low concentra-
tion. The effect of the amount of the added block
copolymer showed that the increase of this quan-
tity from 7 to 14% by weight at a polyethylene :
poly(phenylene ether) : polystyrene quantity ra-
tio of 50 : 27.5 : 22.5 resulted in an insignificant
decrease in the glass transition temperature of
the poly(phenylene ether)/polystyrene phase
from 143.0 to 141.8°C and in the melting tempera-
ture of the polyethylene from 126.1 to 125.1°C at
a constant melting temperature of the polypropyl-
ene of 160°C.

Therefore, in the special polypropylene con-
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Figure 6 Effect of the poly(phenylene ether) and polystyrene content in the mixture
with polyethylene on the molding shrinkage (V) parallel to the flow direction, (A) in
the transverse direction to the flow, and (l) on the ball indentation hardness.
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