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ABSTRACT: A dilatometric technique was used to explore the tensile deformation mech-
anisms of polystyrene (PS)/high-density polyethylene (HDPE) blends compatibilized by
a styrene–ethylene–butylene–styrene (SEBS) triblock copolymer. The volume change
of the sample during a uniaxial tensile process was determined with two extensom-
eters, and it provided useful information concerning the tensile deformation mecha-
nism. A simple model was used in this study in order to obtain quantitative information
on the separate contributions of several possible deformation modes to the total defor-
mation. The results indicated that elastic deformation was the main deformation mode
for PS. However, elastic deformation was the main mode of deformation prior to
yielding for SEBS compatibilized PS/HDPE blends; thereafter the plastic deformations
(including shear and crazing) appeared to dominate over the elastic deformation.
Moreover, crazing was the main plastic deformation mode for the blend containing 20
wt % HDPE, and shear deformation became predominant when the HDPE content was
further increased. Finally, the essential work concept was used to determine the
fracture toughness of the typical ductile PS/HDPE/SEBS 10/80/10 blends. © 2000 John
Wiley & Sons, Inc. J Appl Polym Sci 77: 2024–2033, 2000
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INTRODUCTION

Glassy polymers form a large class of industri-
ally important materials, but the poor ductility
and toughness of these polymers has limited
their application in engineering sectors.1–3

Polystyrene (PS) is generally characterized as a
hard, transparent, and brittle polymer. Polymer
scientists have expended much effort to im-
prove the toughness of PS over the past few

decades. A family of polymer blends such as
high-impact PS (HIPS) and acrylonitrile– buta-
diene–styrene copolymer has been developed
via the incorporation of elastomeric particles
into PS. The addition of a low-modulus rubbery
component generally leads to a sharp decrease
in the tensile modulus and strength of the
blends. Therefore, several workers have at-
tempted to improve the mechanical perfor-
mance of PS by blending it with ductile thermo-
plastics that have a higher modulus than rub-
ber, for example, polyolefins (high-density
polyethylene, HDPE).3–9 The morphology, com-
patibility, and mechanical properties of PS/HDPE
blends are well documented.3,8,9 However, little
information is available on the toughening defor-
mation mechanism of a PS/HDPE system.
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In general, the volume change of a polymer
specimen during the tensile process can be used
to reveal microscopic mechanisms. The shear de-
formation generally produces no volume change
whereas the crazing–cavitation deformation re-
sults in a dramatic increase in the volume strain.
A number of studies on the deformation mecha-
nisms of unfilled and reinforced polymers are re-
ported in the literature.10–27 For example, Buck-
nall and Clayton28,29 used this method to analyze
the creep data and to study the deformation pro-
cess of rubber toughened plastics. Similarly,
Heikens and coworkers10–16 used this concept to
determine the volume strain of a specimen during
tensile deformation by simultaneously measuring
the axial and transverse strain. Schwarz et al.
carried out a preliminary study on the dilatomet-
ric behavior of HDPE/polyether copolymer
(PEC)/PS blends containing various amounts of
styrene–ethylene–butylene–styrene (SEBS). In
this system, HDPE formed one phase while the
other phase contained either PS or miscible
PEC/PS mixtures. They indicated that PS/PEC
blends underwent a craze to shear yielding tran-
sition at between 40 and 60% PS. However, such
a transition occurred at higher PS concentrations
when SEBS was added.27

In a previous article3 we studied the tensile
and impact properties of HDPE/PS blends com-
patibilized with an SEBS triblock copolymer.
Tensile measurements showed that the elonga-
tion at break of HDPE/PS blends tended to in-
crease dramatically with increasing HDPE con-
tent. Charpy impact measurements indicated
that the impact strength of the blends increased
slowly with HDPE content up to 50 wt %, followed
by a significant increase with further increasing
HDPE content. Moreover, the elongation at break
and the impact strength of some HDPE-rich
blends exceeded those of pure HDPE polymers.

This work investigated the toughening and de-
formation mechanisms of PS/HDPE blends com-
patibilized with SEBS by means of tensile
dilatometry. Moreover, we attempt to use the es-
sential work of fracture concept to determine the
fracture toughness of the PS/HDPE/SEBS 10/
80/10 blend. This blend is selected because its
tensile ductility is much higher than that of pure
HDPE.3 The essential work method was origi-
nally developed by Broberg30 for determining the
fracture toughness of metallic sheets under plane
stress conditions. More recently, several groups
used this approach to determine the fracture
toughness of ductile polymers.31–33

EXPERIMENTAL

Materials

The homopolymers used in this investigation
were commercial grades of PS (Styron 667, Dow
Chemical Company) and HDPE (blow film B5429,
Mobil, Saudi Arabia). The triblock SEBS copoly-
mer (G1652) was kindly supplied by Shell Com-
pany with the respective molecular weights of the
PS block and central EB block being 7500 and
37,500, respectively, and the PS weight fraction
being 28.6%.

Blending Prodedures

All materials used were dried overnight sepa-
rately in ovens operated at 80°C for PS and HDPE
and at 60°C for SEBS. The HDPE/PS blends were
prepared by mixing the well-dried pellets in a
twin-screw extruder (Brabender Plasticorder) op-
erated at 190–200°C. The compositions of
HDPE/PS blends prepared were 70/20, 50/40, 30/
60, 20/70, and 10/80 (by weight) and 10 wt %
SEBS was added as a compatibilizer.

The extrudates exiting from the extruder were
pelletized and then dried at 100°C for 12 h. Using
these pellets, dogbone-shaped tensile bars (ASTM
D638-91, type I) were injection molded using a
Chen Hsong machine. The barrel zone tempera-
tures were set at 200, 210, and 220°C. Further-
more, plaques with dimensions of 200 3 80 3 3.2
mm were also injection molded. For the purpose
of comparison, pure PS and HDPE samples were
also injection molded under similar processing
conditions.

Mechanical Measurements

The tensile experiments were conducted at room
temperature (22°C) using an Instron tensile
tester (model 4206) at a crosshead speed of 10
mm/min. In the tests two extensometers were
used to measure the longitudinal and transverse
strain simultaneously. To avoid damage to the
extensometers during tensile tests, the experi-
ments were interrupted prior to the final failure
of specimens.

For essential work measurements, double edge
notched tensile specimens with dimensions of 200
3 25 3 3.2 mm were used. They were cut from the
injection molded plaques with the longitudinal
direction of the specimens parallel to the melt
flow direction. The notch was made by saw cut-
ting a slot, followed by sharpening with a fresh
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razor blade. The exact ligament length (L) was
measured by a traveling microscope (Topcon Pro-
file Projector). The load applied during extension
was monitored with a load cell of an Instron ten-
sile tester (model 4206) under a crosshead speed
of 10 mm/min.

RESULTS AND DISCUSSION

According to the literature,18,34–37 the volume
strain of specimens during creep or tensile defor-
mation can be determined from the following
equation:

DV
V 5 ~1 1 «l!~1 1 «w!~1 1 «t! 2 1 (1)

where DV is the change in volume; V is the orig-
inal volume; the ratio V/V is the volume strain;
and el, ew, and et are the longitudinal, transverse,
and thickness engineering strains, respectively.
Generally, the thickness strain is assumed to be
the same as the transverse strain.38 Therefore,
eq. (1) can be simplified as

DV
V 5 ~1 1 «l!~1 1 «t!

2 2 1 (2)

Figure 1 shows the engineering stress and volume
strain versus longitudinal strain curves for PS.
Apparently, pure PS exhibits a typical character-
istic of brittle polymers (i.e., absence of yielding

and necking prior to final fracture). In the range
of strains studied, the volume strain for pure PS
increases linearly with the longitudinal strain.
On the contrary, HDPE exhibits ductile behavior
during extension. The engineering stress and vol-
ume change versus the elongation strain curve for
HDPE are shown in Figure 2. Necking was ob-
served during the tensile deformation process. As
the neck propagates through the entire gauge
length of the specimen, the ultimate elongation
can reach about 380%.3 Although HDPE can un-
dergo extensive plastic deformation prior to final
fracture, the volume change of the sample during
the tensile process is very small.

Figure 3(a,b) shows the engineering stress and
volume strain versus the longitudinal strain
curves for the SEBS compatibilized PS/HDPE
blends. A dramatic improvement in PS ductility is
observed with the incorporation of 20 wt % HDPE
to the PS [Fig. 3(a)]. The tensile behavior of this
blend is characterized by the occurrence of yield-
ing and necking, followed by homogeneous draw-
ing. This is the typical characteristic of toughened
plastics such as HIPS. Similar tensile behavior is
observed for the PS/HDPE 50/40 blend [Fig. 3(b)].
However, the yield point becomes less obvious
with increasing HDPE content to 60 wt % and
above [Fig. 3(c,d)]. It is noted that the volume
change of the PS/HDPE/SEBS blends during the
tensile process tends to become smaller with in-
creasing the volume content of HDPE in the
blends. Moreover, the volume dilation response
curves of these blends are not linear, indicating
that the deformation mechanisms for these
blends are rather complex.

Figure 1 Plots of engineering stress and volume
strain versus longitudinal strain for pure PS.

Figure 2 Plots of engineering stress and volume
strain versus longitudinal strain for pure HDPE.
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In order to determine the contributions of var-
ious deformations (i.e., elastic, shear, and craz-
ing) to the total elongation, a quantitative model
proposed by Heikens et al.39 was adopted in this
study. In that simple model the respective contri-
butions of elastic deformation, shear deformation,
and crazing to the total elongation strain and the
total volume strain are assumed to be additive,
and the amount of material that deforms elasti-
cally is considered to remain constant during the
entire tensile process. Furthermore, it is assumed
that shear deformation makes a negligible contri-
bution to the volume strain and the volume strain
caused by crazing is assumed to be equal to the

elongation strain. Moreover, crazing is assumed
to be the only cavitation mechanism and other
cavitation processes are neglected, although
debonding at the interface and cavitation of SEBS
could also contribute to the volume strain. An-
other criteria for use of this model is that the
specimen must elongate uniformly throughout
the entire gauge portion.13 This implies this
model may only be applied to the polymer speci-
mens prior to necking. In this study necking oc-
curs at a strain of about 20% for HDPE. However,
the yield point initiates at a lower strain than
necking for some blends (e.g., PS/HDPE 70/20
and 50/40) and necking also occurs at about 20%

Figure 3 Plots of engineering stress and volume strain versus longitudinal strain for
PS/HDPE blends compatibilized by 10 wt % SEBS. (a) PS/HDPE 70/20, (b) PS/HDPE
50/40, (c) PS/HDPE 30/60, and (d) PS/HDPE 10/80.
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strain. Furthermore, the cross-sectional areas of
these blend specimens do not show obvious
changes prior to necking. Therefore, we can ex-
plore the deformation mechanisms up to an elon-
gation strain of 20% for HDPE and its blends.
According to this model, at any elongation strain
the strains caused by elastic deformation (eel),
shear deformation (esh), and crazing (ecr) can be
calculated from sT–e–DV/V diagrams and are
given by the following equations13:

«el 5
sT

E (3)

«cr 5
DV
V 2

~1 2 2n!sT

E (4)

«sh 5 « 2
DV
V 2

2nsT

E (5)

where sT is the true stress, E is Young’s modulus,
e is the elongation strain, and n is the Poisson’s
ratio. The E and n can be determined from the
initial slopes of seng 2 e (seng is the engineering
stress) and et–e curves, respectively. The true
stress is calculated using the instantaneous cross-
sectional area over which the deformation occurs.
The relation between the true and engineering
stresses is

sT 5
seng

~1 1 «t!
2 (6)

The curves showing the true stress versus the
elongation strain for PS, HDPE, and their blends
are displayed in Figure 4.

The elongation strains caused by the elastic
deformation, shear deformation, and crazing as a
function of the total longitudinal strain for PS are
shown in Figure 5. It can be seen that elastic
deformation is the dominant deformation mecha-
nism over the whole strain range studied. The
deformations produced by crazing and shearing
are minute relative to the elastic deformation. It
is also noted that the critical strain to initiate
crazes is smaller than that required to induce
shear deformation for PS. It is well known that
the plastic deformation of glassy polymers may
advance either by shearing or crazing,40 depend-
ing mainly on the critical strain (or stress) that is
required to initiate it. In PS the crazing generally
occurs at lower applied stress than shearing.
Thus, crazing is the main plastic deformation
mode of PS during the tensile process.

Figure 6(a) shows the separate contributions of
the elastic deformation, shear deformation, and
crazing during the tensile deformation for the
PS/HDPE/SEBS 70/20/10 blend. As mentioned
above, the elastic deformation strain is deter-
mined from the true stress divided by the Young’s
modulus. Therefore, the variation of the elastic
deformation with the longitudinal strain shows a
variation trend similar to the true stress versus
strain curve. An abrupt decrease in elastic defor-
mation in Figure 6(a) corresponds to the yield
point in the plot of the true stress versus strain

Figure 4 True stress–strain curves for (a) pure PS,
(b) PS/HDPE/SEBS 70/20/10, (c) PS/HDPE/SEBS 50/
40/10, (d) PS/HDPE/SEBS 30/60/10, (e) PS/HDPE/
SEBS 10/80/10, and (f) pure HDPE.

Figure 5 Plots of the elongation strains caused by
elastic deformation, shear deformation, and crazing
versus the total elongation strain for pure PS.
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curve. It can also be seen from Figure 6(a) that
the elastic deformation is the main deformation
mode prior to yielding. Thereafter plastic defor-
mation portions (including crazing and shearing)
increase, and they eventually become the domi-
nant deformation mode. In order to analyze the
deformation mechanism prior to yielding, the on-
set of longitudinal strain is enlarged as shown in
Figure 6(b). It is apparent from this figure that
the shear deformation is the dominant plastic
deformation mechanism at a low elongation

strain (less than 1.8%). As the strain exceeds
1.8%, crazing deformation predominates over
shearing. In our previous study SEM observation
revealed that the HDPE particles are homoge-
neously dispersed in the PS matrix of the PS/
HDPE/SEBS 70/20/10 blend, and the dispersed
particles strongly adhere to the matrix (Fig. 7).
The mechanical measurements indicated that
this blend also exhibits excellent tensile ductility
and impact toughness.3 From the dilatometric
analysis it is apparent that the toughening mech-
anism of the blend is mainly caused by crazing.
During tensile deformation, the crazes were first
initiated at the periphery of these spherical
HDPE particles. The applied stresses were then
transferred from the matrix to the dispersed
HDPE particles because of a strong interfacial
adhesion whereas the dispersed HDPE particles
were deformed by shear. Therefore, these two
kinds of plastic deformation occurred simulta-
neously and competed with each other during the
tensile process of the PS/HDPE/SEBS 70/20/10
[Fig. 6(a)].

Figure 8 shows the plots of elongation strains
due to elastic deformation, shear deformation,
and crazing versus the total elongation strain for
the PS/HDPE/SEBS 50/40/10. Similarly, elastic
deformation is still the main deformation mode
prior to yielding. Thereafter plastic deformation
is the predominant mode. Crazing initiates at a
relatively higher strain, and shear deformation is
the dominant plastic deformation mechanism for
the whole range of strains. The PS/HDPE/SEBS
50/40/10 blend exhibits a bicontinuous two-phase
structure (Fig. 9). Because the critical stress to

Figure 6 Plots of the elongation strains caused by
elastic deformation, shear deformation, and crazing
versus the total elongation strain for the PS/HDPE/
SEBS 70/20/10 blend (a) at the whole strain range and
(b) up to a strain of 4%.

Figure 7 An SEM micrograph showing the cryogen-
ically fractured surface of a PS/HDPE/SEBS 70/20/10
blend.3
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initiate shearing of HDPE is lower than that re-
quired to initiate crazes in PS, the shearing of the
HDPE phase occurs at a lower strain but crazing
of the PS phase occurs at a higher strain.

As the content of HDPE is increased to 60 wt %
(PS/HDPE/SEBS 30/60/10), the shear deforma-
tion tends to predominate over crazing (Fig. 10).
Moreover, the crazing deformation is smaller
than the elastic deformation in the whole range of
strain studied. A similar tensile deformation is
observed for the PS/HDPE/SEBS 10/80/10 blend
(Fig. 11). Finally, Figure 12 shows the tensile

dilatometric behavior of pure HDPE: it is obvious
that shear deformation predominates.

As mentioned above, the PS/HDPE/SEBS 10/
80/10 blend exhibits excellent tensile ductility
and impact toughness. Thus, the fracture tough-
ness of this ductile polymer blend can be evalu-
ated by means of the essential work concept. The
concept divides the total work of fracture (Wf) into
two parts: the essential work of fracture (We) re-

Figure 8 Plots of the elongation strains caused by
elastic deformation, shear deformation, and crazing
versus the total elongation strain for the PS/HDPE/
SEBS 50/40/10 blend.

Figure 9 An SEM micrograph showing the cryogen-
ically fractured surface of a PS/HDPE/SEBS 50/40/10
blend.3

Figure 10 Plots of the elongation strains caused by
elastic deformation, shear deformation, and crazing
versus the total elongation strain for the PS/HDPE/
SEBS 30/60/10 blend.

Figure 11 Plots of the elongation strains caused by
elastic deformation, shear deformation, and crazing
versus the total elongation strain for the PS/HDPE/
SEBS 10/80/10 blend.
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quired to fracture the polymer in its process zone
and nonessential or plastic work (Wp) consumed
by various deformation mechanisms in the plastic
zone.30 Therefore, Wf can be expresssed as

Wf 5 We 1 Wp (7)

Taking into consideration that We is surface re-
lated whereas Wp is volume related, Wf can be
given by the related specific work terms (i.e., we
and wp, respectively)32

Wf 5 weLt 1 bwpL2t (8)

wf 5
Wf

Lt 5 we 1 bwpL (9)

where L is the ligament length, t is the thickness
of the specimen, and b is a shape factor related to
the form of the plastic zone. Based on eq. (9), the
specific essential work can be easily obtained
from the intercept of the linear plot of wf versus L.
However, the explicit determination of wp is very
difficult because of the lack of knowledge of the
shape factor b.

Figure 13 shows the typical load–displacement
diagrams of a PS/HDPE/SEBS 10/80/10 blend at
various ligament lengths. It is apparent that the
blend specimens fracture in a ductile manner un-
der the testing conditions employed here. All
specimens exhibit gross yielding and necking in
the tensile process. A similarity in the shape of

these curves indicates that the fracture mode is
independent of ligament length.33

Figure 14 shows the variation of wf with L for
the PS/HDPE/SEBS 10/80/10 blend. It is obvious
that wf varies linearly with L for the entire liga-
ment range studied. By extrapolating the straight
lines to zero ligament length (Fig. 14), the specific
essential work of fracture value can be deter-
mined, which is 28.18 kJ/m2. Finally, the nones-
sential or plastic work term (bwp), which is deter-
mined from the slope of the we versus ligament
lines, is 19.92 kJ/m2.

Figure 12 Plots of the elongation strains caused by
elastic deformation, shear deformation, and crazing
versus the total elongation strain for pure HDPE.

Figure 13 Load–displacement diagrams for double
edge notched tensile specimens of a PS/HDPE/SEBS
10/80/10 blend at various ligament lengths tested at a
crosshead displacement rate of 10 mm/min (sample
width 5 25 mm, gauge length 5 100 mm).

Figure 14 The total specific work of fracture (wf) vs.
ligament length (L) for a PS/HDPE/SEBS 10/80/10
blend at a crosshead displacement rate of 10 mm/min
(sample width 5 25 mm, gauge length 5 100 mm).
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From the above results it is apparent that the
volume dilatometric method can be used to de-
scribe the deformation mechanisms of brittle PS
and ductile PS/HDPE/SEBS polymer blends un-
der an applied uniaxial load. In the ductile poly-
mer blends the relative contributions of the craze
and shear yielding can be determined effectively.
Therefore, we can discern which deformation
mechanism prevails in ductile polymers during
static loading. Generally, the toughening behav-
ior of ductile polymer blends can be determined
by means of the J-integral approach.41,42 Accord-
ing to ASTM standards, the critical J integral
(JIC) should be determined by the intersection of a
crack growth resistance curve and a crack blunt-
ing line.43–45 However, the blunting line approach
was questioned with regard to its ability to deter-
mine the critical J-integral value for crack initi-
ation of elastomer toughened polymers.46 It
should be noted that the volume dilatometric and
J-integral approaches can yield satisfactory re-
sults under a quasistatic state of loading. For the
dilatometric approach, it is expected that the con-
tribution of shear yielding of ductile polymers to
the total deformation becomes smaller under a
high rate of loading. Finally, the toughening be-
havior of ductile polymers under a high rate of
loading is generally examined by impact tests.
The impact behavior of PS/HDPE/SEBS blends
was investigated in a previous study.3

CONCLUSIONS

1. A simple quantitative model developed by
Heikens et al.39 can be used to analyze the
tensile deformation mechanisms of SEBS
compatibilized PS/HDPE blends. The sep-
arate contributions of elastic deformation,
shear deformation, and crazing to the total
elongation can be determined.

2. For a brittle PS polymer the critical strain
required to start crazing is considerably
lower than that required to induce shear
deformation. Therefore, crazing is the
main nonelastic deformation mode of PS in
a tensile process. On the contrary, shear
deformation is the main plastic mode dur-
ing the tensile process of HDPE.

3. For all of the SEBS compatibilized PS/
HDPE blends, the elastic deformation is
the dominant deformation mechanism
prior to yielding; thereafter the plastic de-

formations (including shearing and craz-
ing) predominate.

4. Crazing is the main plastic deformation
mode after yielding for the PS/HDPE/
SEBS 70/20/10 blend. The toughening
mechanism of the blend is crazing rather
than shearing. However, the shear defor-
mation gradually becomes the predomi-
nant plastic deformation mode as the con-
tent of HDPE is increased.

5. The essential work and nonessential work
term of the PS/HDPE/SEBS 70/20/10 blend
were determined to be 28.18 and 19.92 kJ/
m2, respectively.

S.A.X. would like to thank the Croucher Foundation for
providing a fellowship to visit the City University of
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