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ABSTRACT: The morphology and mechanical proper-
ties of a styrene-ethylene/butylene—styrene triblock co-
polymer (SEBS) incorporated with high-density polyeth-
ylene (HDPE) particles were investigated. The impact
strength and tensile strength of the SEBS matrix obvi-
ously increased after the incorporation of the HDPE
particles. The microstructure of the SEBS/HDPE blends
was observed with scanning electron microscopy
and polar optical microscopy, which illustrated that
the SEBS/HDPE blends were phase-separation sys-
tems. Dynamic mechanical thermal analysis was also

employed to characterize the interaction between SEBS
and HDPE. The relationship between the morphology
and mechanical properties of the SEBS/HDPE blends
was discussed, and the toughening mechanism of rigid
organic particles was employed to explain the improve-
ment in the mechanical properties of the SEBS/HDPE
blends. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 107:
726-731, 2008
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INTRODUCTION

The styrene—ethylene/butylene—styrene triblock co-
polymer (SEBS), which is synthesized through the
selective hydrogenation of styrene-butadiene—sty-
rene, has attracted a great deal of interest in aca-
demia and commercial fields. It has many outstand-
ing properties, such as good stability, good heating
resistance, and resistance to oxidation, ozone, and
ultraviolet radiation. It is always used as an interfa-
cial modifier in polymer blends to improve the mis-
cibility of two matrix components.'™ However, SEBS
also acts as a polymer matrix in high-performance,
fiber-reinforced polymer composites, which are usu-
ally used in aerospace and military applications.
However, the impact strength of SEBS is not so good
when it is used as a polymer matrix. One of the ten-
dencies is to improve the impact energy of SEBS
without a reduction of the viscosity.

There has been much research focused on the
improvement of the impact strength of polymer
materials over the past several decades.”® Rubber-
toughened plastics have been widely used to
improve the impact properties of commercial materi-
als. For those polymer matrices, there is a two-phase
system in which rubber particles are dispersed in a
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DISCOVER SOMETHING GREAT

polymer matrix and the dispersed particles act as
stress concentrators and inducers of energy dissipa-
tion by both crazing and shear yielding of the com-
posites. However, toughness enhancement through
the addition of relatively high amounts of low-mod-
ulus polymers usually leads to a marked reduction
of other properties, such as the strength and stiff-
ness.” To solve these problems, a rigid-organic-filler-
toughening method, developed first by Kurauchi
and Ohta,"” has been introduced. According to an
investigation of the blending of polycarbonate with
acrylonitrile-butadiene-styrene (ABS) or styrene-acry-
lonitrile (SAN) systems, rigid organic particles (non-
elastomer particles) can improve the toughness of
polymer materials, and the toughening mechanism
has been explained as follows: the impact energy is
absorbed by large plastic deformation of brittle par-
ticles dispersed in a ductile matrix. This concept is
called cold drawing. Then, Inoue and coworkers'''?
further investigated these toughening systems, point-
ing out the conceivable requirements for the devel-
opment of toughening in ductile/brittle systems, for
which interfacial action is better between ductile and
brittle phases.

The incorporation of high-density polyethylene
(HDPE) into SEBS is expected to ameliorate the
problems, and a good interaction between the HDPE
and SEBS phases is also expected to be obtained
because the hydrogenated ethylene-butadiene blocks
in SEBS triblock copolymers are soluble with HDPE
macromolecules.>'* The objective of this study was
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Figure 1 Variation of the Charpy impact strength with
the HDPE content in the SEBS/HDPE blends.

to examine the impact strength, tensile properties,
and two-phase morphology of binary SEBS/HDPE
blends to determine the correlation between the mor-
phology and mechanical properties and demonstrate
a new method for improving the impact strength of
SEBS without the reduction of other mechanical
strengths.

EXPERIMENTAL
Materials

All the raw materials used in this study were com-
mercial polymers. The SEBS triblock copolymer
(Kraton G1652, Shell Chemical Co., Shanghai, China)
had molecular weights for the polystyrene (PS) block
and ethylene/butylene (E/B) block of 7500 and
37,500, respectively, and the PS weight fraction was
28.6%. HDPE [M80064; melt flow index = 8.0 g/10
min (ASTM D 1238)] was supplied by Saudi Basic
Industries Corp. (Riyadh, Saudi Arabia).
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Figure 2 Elongation at break versus the HDPE content in
the SEBS/HDPE blends.
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Figure 3 Elongation strength (100%) versus the HDPE
content in the SEBS/HDPE blends.

Preparation of the samples

All the materials were dried separately in an oven to
remove water before their use. SEBS and HDPE
were blended simultaneously for 25 min in a torque
rheometer (XSS-300, Kechuang Machinery Co.,
Shanghai, China). During this process, the speed of
the rotator was 60 rpm/min, and the temperature
was 180°C. After the blending, the appropriate speci-
mens were treated on a plate vulcanization molding
machine (Zhejiang Huzhou Hongtu Machinery Co.,
Ltd., Huzhou, Zhejiang Province, China) according
to the following steps:

1. Preheating without pressure at room tempera-
ture for 20 min and deflation for 2 min.

2. Compression under a pressure of 10 MPa at
150°C for 10 min.

3. Cooling to room temperature under a pressure
of 5 MPa for 15 min.

Finally, the samples were cut to a standard size
for subsequent measurements.

Measurement of the samples

Notched Charpy impact testing was carried out
according to GB 13525-92 with a testing machine
(Impact Test Equipment, Ray-Ran Test Equipment
Ltd., Nuneaton, United Kingdom); the free sample
length was 110 mm, the width was about 10 mm,
and the thickness was about 1 mm.

Tensile testing were performed according to GB
528-92 on an Instron 4465 universal testing machine
(Instron Corp., Canton, MA); the free sample was
dumbbell-shaped, and the thickness was about
2 mm. A field emission scanning electron microscope
(model JSM-7401F, JEOL Ltd., Tokyo, Japan) was
used to observe the microstructures of the compo-
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Figure 4 Scanning electron microscopy photographs of fracture surfaces with different HDPE contents in the SEBS

matrix: (a) 0, (b) 5, (c) 20, and (d) 40 phr.

sites. All the specimens were fractured in liquid
nitrogen and gold-sputtered before observation.

The morphology of the samples was also observed
with a polar optical microscope (Leica DM LP, Leica
Microsystems GmbH, Wetzlar, Germany). All the
specimens were compressed into films by hot com-
pression before observation.

The crystalline structure of HDPE/SEBS was
obtained by X-ray diffraction (Rigaku International
Corp., Tokyo, Japan). The experiment was performed
with a Rigaku DmaxRC diffractometer with a Cu
target and a rotating-anode generator operated at 40
kV and 100 mA. The scanning rate was 4°/min from
10 to 40°. The film sample for X-ray diffraction meas-
urements was prepared by compression molding at
150°C and 10 MPa. The transmission electron micro-
graphs were taken from 80-100-nm-thick micro-
tomed sections with a transmission electron micro-
scope with a 100-kV accelerating voltage.

Dynamic mechanical tests were operated on a TA
Q800 dynamic mechanical analyzer (TA Instruments,
Inc., New Castle, DE) in a tensile mode. Tempera-
ture scans were conducted at a heating rate of 3°C/
min with a fixed measurement frequency of 1 Hz,
ranging from —130 to 150°C. The free sample length
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was 50 mm, the width was about 5 mm, and the
thickness was about 2 mm.

RESULTS AND DISCUSSION
Impact behavior and tensile properties

At present, there are many studies about the modifi-
cation of SEBS elastomer systems with additives; the
mechanical properties, thermal properties, and rheo-
logical properties are improved through blending
with additives such as resins, stuffing, and oil.

Resin modifications are widely used because of
the universality of the materials and the distinct
results. As for HDPE, after the addition of HDPE,
many capability indices are better than those of
many other resins. However, research has been lim-
ited to the relationship between the component
changes and properties. This study was set up to
determine the relationship between the composi-
tions, morphology, and use efficiency. Accordingly,
the design of specific materials could be supervised
and achieved.

Figure 1 depicts the variation in the notched
Charpy impact strength of the SEBS/HDPE compo-
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Figure 5 Polar optical microscopy images for SEBS/HDPE blends with different HDPE contents: (a) 100/0, (b) 100/10,

(c) 100/30, and (d) 0/100 SEBS/HDPE.

sites with the HDPE content. The impact energy first
increased with an increase in the HDPE content and
then remained steady when the HDPE content was
greater than about 20 phr. This phenomenon was in
accordance with the results of nonelastomer tough-
ening.'’ For rigid-organic-filler-toughening compo-
sites, the impact strength can be improved only with
a certain variation of the organic particles, and once
the content of the particles is beyond a certain limit,
there will be no improvement and even a slight
decrease. That is different from rubber-toughening
composites, in that the impact strength of the latter
blends always increases with an increase in the rub-
ber content.

In Figures 2 and 3, the increasing tendency of the
elongation at break and 100% elongation strength is
similar to that of the impact properties. The addition
of HDPE significantly enhances the elongation at
break of the composites, and this is supposed to the
reason that it strengthens the cohesive force between
the HDPE phase and SEBS phase.'>'®

The high energy absorption capability of SEBS/
HDPE blends can be attributed partly to the ductility
of the HDPE particles. Thus, the total energy
absorbed in the fracture process of polymer materi-
als is the summation of the energy absorbed by craz-

ing, the shear yielding band, and the deformation of
dispersed phase particles. In Kuracuchi and Ohta’s
study,” only the energy absorbed through cold-
drawing deformation of the rigid dispersed phase
was noticed, and the energy absorbed by crazing
and the shear-yielding band of the matrix was
neglected.

8000
| SEBS/HDPE {1(0/'5)
7000 SERS/HDPE {100:20)
SEBS/HDPE (100/40)
6000 + HDPE
5 5000
B — || S
£ | 4000 s
= I T
30001 o WIN
..,----“""‘“l ~ .‘\\.m_
2000 ‘.4-—"'/ Y ¢ il
W M—H—a—a—ma&—ﬁa—u—
1000 ,,.,r’/ Mo
1 IU 1 I5 2IE|' 2F5 3"D 3I5 4IU
20 (deg.)

Figure 6 X-ray diffraction patterns for SEBS and SEBS/
HDPE blends. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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TABLE I
Analysis of the XRD Patterns of the HDPE Particles and HDPE/SEBS Blends
Sample 26 (%) Length (nm) 26 (%) Length (nm)

HDPE 21.154 0.750 23.575 0.681

SEBS/HDPE (100/40 w/w) 21.665 0.567 24114 0.554
Meanwhile, the ductility of SEBS materials has also Lo K 1)

contributed to the improvement of the impact energy. e Bkt c0S Ok

For this reason, when the matrix is brittle, it is difficult
to deform it and produce the hydraulic pressure that
will constrain the rigid disperse phase to brittlely
deform before polymer fracture; hence, the impact
strength of a polymer blend cannot be improved effec-
tively with rigid particles. When the matrix contains
some ductility, hydraulic pressure can be produced
easily, and the polymer systems can be toughened."”

Morphology of the SEBS/HDPE blends

The fundamental morphology of neat SEBS is a partic-
ular microphase-separation structure due to the
incompatibility between the different connected block
chains.'® Figure 4 presents the microstructures of frac-
ture surfaces of SEBS/HDPE blends, exhibiting the
expected two-phase morphology that has been found
in other insoluble blends.' Four compositions are
shown in Figure 4, and the concentrations of HDPE in
the SEBS matrix were 0, 5, 30, and 40 phr, respectively.
At a low HDPE concentration, there was no clear ob-
servation of a double-phase structure because of the
partial compatibility between SEBS and HDPE. With
an increasing HDPE concentration, the microstructure
of the SEBS/HDPE blends produced an insoluble
polymer blend structure, as shown in Figure 4(c,d).

Polar optical microscopy graphs were employed to
detect the morphology of the SEBS/HDPE blends, as
shown in Figure 5. There are four compositions shown:
pure SEBS, 10 or 30 phr HDPE in the SEBS matrix, and
pure HDPE. From the graph, we know that the change
in SEBS had an influence on the crystal of HDPE.
Although HDPE was partly soluble in SEBS as men-
tioned before, the HDPE crystal is clearly shown, and
the phase-separation structure can be found.

The X-ray diffraction spectra of HDPE and HDPE/
SEBS are shown in Figure 6. The HDPE and SEBS/
HDPE crystals obtained in this study were obviously
in the form. As shown in Figure 6, the diffraction pat-
terns of the composites of SEBS/HDPE with HDPE
concentrations ranging from 5 to 40 phr were similar
to one another. The peak position shifted to a slightly
large angle (Table I). To estimate the crystallite size
from the broadening of the diffraction pattern, a
method based on the Scherrer equation is generally
used. The crystallite dimension, or coherence length,
perpendicular to the (hkl) plane (L) can be calculated
with the Scherrer equation:
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where K is the Scherrer constant (0.9 here), A is the
wavelength of the X-rays, 0 is the Bragg angle,
and By is the diffraction half-width.

Obviously, the crystallite dimensions of HDPE in the
SEBS/HDPE systems were smaller than those of pure
HDPE. The crystallite dimensions of a semicrystalline
polymer are functions of the crystallization tempera-
ture and the density of nucleation. The smaller crystal-
lite size seemed to suggest that nuclei existed in the
processing of crystallization.! Therefore, SEBS had a
nucleating effect on the crystallization of HDPE. How-
ever, for various concentrations of HDPE in HDPE/
SEBS, there was no clear change in the crystallite.

Dynamic mechanical thermal analysis

The pure SEBS specimen showed two peak loss tan-
gents. One was the glass transition for E/B (the low-
temperature peak); the other was for the PS block
(the high-temperature peak). As shown in Figure 7,
the intensity of the loss tangents of the PS block
decreased and even disappeared as the amount of
HDPE increased, especially above 10 phr. On the con-
trary, the intensity of the soft-phase E/B blocks
increased with increasing HDPE concentration. The
reason is that the molecular chains of HDPE and
SEBS responded to the change in the loss tangent. The
intensity of the low-temperature peak could be attrib-
uted to the entwisting of the E/B block of SEBS and
HDPE chains, which made the E/B chain move with
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Figure 7 Dynamic loss tangent (tan 8) values of SEBS/
HDPE blends with different HDPE contents.
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Figure 8 Schematic diagrams of SEBS and SEBS/HDPE blends: (a) SEBS and (b) some droplets of HDPE dispersed in

bulk SEBS.

more difficulty. The PS block was dissolved by the
HDPE chains, and this made it move more easily.

Figure 8(a) shows a schematic diagram of SEBS
microstructures; the dark cylinders represent styrene
domains, and the springs represent the elastic and
flexible E/B domains; while mixing with the HDPE
phase, as shown in Figure 7(b), the E/B domains
near the HDPE interface suggest good interactions of
these segments.

CONCLUSIONS

The incorporation of HDPE particles into SEBS resins
can improve the notched impact strength and elonga-
tion at break of the composites. The toughening mech-
anism is correlated to rigid organic filler toughening
elastomers; this is also called cold drawing and can be
explained as positive actions of nonelastomer toughen-
ing. Under the inducement of compressive stress,
HDPE particles produce larger plastic deformation and
absorb more impact energy. On the other hand, HDPE
molecular chains have an affinity to E/B blocks
because of their similar natures, but they produce solu-
bility problems with the styrene block of SEBS because
of the polarity difference. That is the reason for the
partial phase separation in SEBS/HDPE composites.
When the concentration of HDPE is very low, the
interfacial action is good, and phase separation hardly
appears. When the concentration of HDPE is more
than 10 phr, the phase-separation phenomenon begins
to appear partly, and this leads to the poor interfacial
action. The detected morphology of the SEBS/HDPE
systems has a typical double-phase microstructure.
Both scanning electron microscopy and polar optical
microscopy show that with an increasing concentration
of HDPE, the microstructure of SEBS/HDPE blends
produces a two-phase structure, the decentralization of
HDPE becomes quite uniform, and the effect of tough-

ening is better. HDPE has been found to be a suitable
original particle for toughening SEBS.
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