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Fatigue propagation behaviour of
polystyrene/polyethylene blends
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Fatigue crack propagation (FCP) of injection-moulded polystyrene (PS) and 95/5, 85/15
and 70/30 PS/high-density polyethylene (HDPE) blends at loading frequencies of 2 and
20 Hz was studied. The FCP results showed that increasing the HDPE content caused a
progressive reduction of the fatigue crack growth rates, especially when a styrene/ethylene—
butylene/styrene (SEBS) terpolymer was added as a compatibilizer. Increasing the
loading frequency also led to a fatigue crack growth rate reduction. Moreover, the fatigue
crack growth rates were lower at a given cyclic stress intensity factor range, *K, when the
crack propagated normal, instead of parallel, to the melt-flow direction during injection
moulding. Fractographic observations indicated that discontinuous growth bands (DGBs),
associated with the fracture of crazes in the plastic zone, were present through most or all of
the fracture surfaces of the PS/HDPE specimens. In the presence of sufficient HDPE, these
DGBs were formed by the initiation, growth and coalescence of large dimples initiated
at HDPE particles ahead of the microscopic crack front, similar to a multiple crazing
effect. The loading frequency effect on the FCP behaviour of these blends is attributed to
a time-dependent deformation process. It is concluded that the FCP behaviour of these
blends is strongly affected by the loading direction with respect to the matrix and minor
phase orientation, by the presence of a compatibilizer, by the composition of the blend and
by the testing conditions.  1998 Chapman & Hall
1. Introduction
A number of studies and reviews [1—14] on the fatigue
behaviour of rubber-toughened blends have shown
that the presence of rubber particles in a brittle ther-
moplastic matrix generally leads to a reduced resist-
ance to fatigue crack initiation in unnotched
specimens and to an improved resistance to fatigue
crack propagation (FCP) in precracked specimens.
However, the fatigue behaviour of blends of low glass
transition temperature thermoplastics as the minor
phase, and glassy thermoplastics as the matrix
[15—23], has been little addressed. Our previous study
[24] on FCP of 95/5 polystyrene/high-density poly-
ethylene (PS/HDPE) blends showed an improved
FCP resistance (i.e. a reduction of the fatigue crack
growth rate at a given *K) caused by the presence
of HDPE particles with or without the addition of
a compatibilizer. Qualitatively, this behaviour was
found to be similar to that of rubber-toughened
blends.

Interpretations of the FCP behaviour have mostly
been presented for homogeneous thermoplastic poly-
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mers [2, 9, 10, 13, 25—26]. These studies have shown
the presence of discontinuous growth bands (DGBs)
on the fracture surfaces at low and moderate fatigue
crack growth rates associated with crazed material in
the plastic zone [25—27]. The width of these DGBs
compared to the average fatigue crack growth rate at
which they formed indicated that a number of fatigue
cycles are required to form and fracture each DGB.
Similar DGBs were also reported for PS/HDPE
blends [24]. At higher fatigue crack growth rates,
fatigue striations have also been reported on the frac-
ture surface of various homogeneous polymers, such
as PS [24, 37], polycarbonate [35, 37], poly(methyl
methacrylate) (PMMA) [37, 38] and polysulphone
[37]. These striations are characterized by an interstri-
ation spacing generally in agreement with the macro-
scopic fatigue crack growth rate [24, 31, 37], which
suggests that a striation is formed during each stress
cycle. Some results obtained for nylon-based blends
[10, 39], poly(vinylidene fluoride) [39] and low-den-
sity polyethylene [40], however, have indicated that
the striation spacing does not always agree with the
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macroscopic fatigue crack growth rate and can, at
times, correspond to several times this rate [24]. Fur-
ther observations on pure PS injection-moulded speci-
mens [24] indicated that this lack of agreement was
associated with FCP retardation effects in the skin of
the specimens. However, in the 95/5 PS/HDPE blends
tested, such fatigue striations were not observed
and the formation of DGB-like features continued to
higher fatigue crack growth rates [24].

Increasing the loading frequency has been found
either to decrease or not to influence significantly the
fatigue crack growth rate [25, 27, 28, 31, 41—49]. The
variation of the fatigue crack growth rate with loading
frequency has usually been attributed to an effect of
hysteretic heating [32, 50] caused by energy dissipa-
tion during fatigue loading when a secondary vis-
coelastic transition (b-peak) is present. This hysteretic
heating may lead, when confined to the plastic zone, to
a localized temperature rise near the crack tip. With
a significant increase in temperature, yielding near the
crack tip should be enhanced, leading to an increase in
crack-tip radius. It has been argued that the fatigue
crack growth rate can be lowered [32] as a result of
the blunted crack-tip region experiencing a lower ef-
fective *K. Following this argument, the fatigue crack
growth rate could be lowered by increased blunting of
the crack tip at higher loading frequencies, because the
hysteretic heating rate is proportional to the loading
frequency [50]. However, very few experimental ob-
servations of a significant temperature rise in the
crack-tip region accompanying fatigue crack growth
rate reduction with increasing loading frequency have
been reported [9, 51]. Our previous study [24] did
not permit us to conclude that such an effect of hyster-
etic heating was involved during FCP of PS-based
materials.

The objective of the present work was to investigate
further the FCP behaviour of pure PS and of
PS/HDPE blends. The effect of a styrene/ethy-
lene—butylene/styrene (SEBS) triblock copolymer, ad-
ded as a compatibilizer in order to increase the
PS/HDPE interface cohesion [16—20, 23, 24, 52—57],
is also discussed.

2. Experimental procedure
2.1. Material preparation
The materials employed were a HDPE, HBL-455A
(MM

W
"171 000, MM

W
/MM

/
"20.3, where MM

W
and

MM
/
are, respectively, the weight average and the num-

ber average molecular weight), an atactic extrusion
grade PS, GPPS103 (MM

W
"270 000, MM

W
/MM

/
"2.0)

supplied by Novacor Chemistry (Canada) Ltd, and
a SEBS triblock copolymer, Kraton G1652, as com-
patibilizer supplied by Shell Development Corp. The
material and specimen preparation conditions have
been previously described in detail [24]. Two groups
of blends were obtained using a twin-screw extruder.
The first contained no compatibilizer, and the second
contained 10% SEBS compatiblizer by weight of the
HDPE minor phase, added to this phase before the
PS/(SEBS/HDPE) blending in order to optimize
the compatibilization. The composition of the blends
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Figure 1 Diagrams of the CT specimens employed for the FCP tests
showing their position and orientation in the injection-moulded
plates as a function of the melt-flow direction (MFD): (a) for trans-
verse specimens and (b) longitudinal specimens.

tested without SEBS was 95/5, 85/15 and 70/30
PS/HDPE, and the composition of the blends with
SEBS was 95/(0.5/4.5), 85/(1.5/13.5) and 70/(3/27) PS/
(SEBS/HDPE). The blends were injection-moulded
into 5 mm thick plates, with the exception of the 30%
minor phase blends, which were injection-moulded
into 7 mm thick plates. Some of the results obtained
on specimens of pure PS and of 95/5 PS/HDPE
and 95/(0.5/4.5) PS/(SEBS/HDPE) blends have been
previously reported [24].

2.2. Fatigue crack propagation testing
The FCP tests were performed at 23 °C and 50%
relative humidity following the ASTM E-647 standard
test method, employing a computer-controlled
servo-hydraulic Instron tester, a sinusoidal waveform,
a cycling frequency of 2 and 20 Hz and an R-ratio
(R"P

.*/
/P

.!9
, where P

.*/
and P

.!9
are, respectively,

the minimum and maximum applied loads) of 0.1.
Compact tension (CT) specimens (Fig. 1) were em-
ployed, with a thickness, B, equal to that of the



injection-moulded plates, a specimen width, ¼, of
50 mm, a notch depth of 9 mm and a notch opening
width of 2.5 mm. A razor-blade cut was introduced
manually at the notch tip just prior to the start of
fatigue precracking. Every specimen tested was pre-
cracked over a distance of 3.5 mm at R"0.1 at
a loading frequency of 20 Hz following ASTM E-647.
The specimens were loaded for propagation either
normal (transverse specimens) or parallel (longitudi-
nal specimens) to the melt-flow direction. A diagram
of the position of these specimens in the injection-
moulded plates is presented in Fig. 1. A detailed
description of the FCP test procedure has been
previously presented [24]. Similar tests were also
performed on modified CT specimens, in which side
grooves 0.45 mm deep and 0.90 mm high were ma-
chined along the expected crack plane in order to
eliminate the effect of the oriented skin produced by
the injection-moulding process.

2.3. Fractographic observations
The fatigue fracture surfaces were first coated with
a thin layer of gold—palladium and then observed with
a JEOL JSM-6100 scanning electron microscope
(SEM). The size and shape of the fractographic fea-
tures reported were evaluated, in most cases, by
stereographic observations obtained using two photo-
graphs with a 6 ° difference in tilt angle. Computer-
assisted image analysis was employed to evaluate the
morphology of the HDPE particles on cryogenically
fractured specimens.

3. Results and discussion
3.1. Morphological characterization

of HDPE particles
The average minor phase diameter was measured, on
scanning electron micrographs of cryogenic fracture
surfaces, parallel and perpendicular to the melt-flow
direction in the PS/HDPE blends. The average minor
phase diameters of the 95/5, the 85/15 PS/HDPE
blends with and without SEBS and the 70/30
PS/HDPE blend with SEBS are shown in Table I.
Measurements were made in the two planes of obser-
vations (i.e. parallel and normal to the melt-flow direc-
tion) which corresponded to the FCP planes in the
tests performed. The HDPE volume fraction, f

!
, the

average particle diameter, d
!
, the average number of

particles per unit volume, n
!
, the average particle

separation, ¸, the average interparticle distance, ¹,
and the average particle separation to average particle
diameter ratio, ¸/d, are calculated from the equations
presented in the Appendix. It should be noted, how-
ever, that the average minor phase diameter of the
70/30 PS/HDPE blend without SEBS could not be
measured because this blend exhibited a co-continu-
ous morphology similar to that shown in a previous
study [23]. This difference in blend morphology is in
agreement with the known effect [58] of a com-
patibilizer in an immiscible blend to displace to
a higher minor phase volume fraction the transition
from a co-continuous blend morphology to a dual-
phase blend morphology.

The results presented in Table I indicate that the
average particle diameter, which in each blend is less
than 1 lm, increases with the HDPE content and that
it is not significantly affected by the presence of SEBS
for the 5% and 15% minor phase blends. In addition,
these results indicate that the average interparticle
distance, ¹, is of the order of 1 lm in the 95/5
PS/HDPE blends, of 0.6 lm in the 85/15 PS/HDPE
blends and of 0.3 lm in the 70/30 PS/HDPE blend.
These results also indicate that the average number of
particles per unit volume increases with the HDPE
content, but no clear effect of the presence of SEBS on
the morphological characteristics was noted except for
the 70/30 PS/HDPE blends. SEM observations [23]
showed that the HDPE particles in these injection-
moulded PS/HDPE blends, however, are not spheri-
cal but rather elongated in the melt-flow direction,
and that composite droplets of HDPE with PS sub-
particles are mostly observed in PS-rich blends with
a minor phase content of 15% and 30%. Conse-
quently, the second and third assumptions presented
in the Appendix are not strictly valid. The interparticle
distance and the particle separation estimates pres-
ented in Table I can, however, be considered as the
maximum theoretical values of the interparticle dis-
tance and the particle separation because the volume
fraction of particles is either equal to or higher than
the volume fraction of HDPE due to the PS sub-
particles possibly present in the HDPE particles. Ac-
cordingly, the estimates of the number of particles per
unit volume presented in Table I can be considered as
the minimum theoretical values of the number of
particles per unit volume.

3.2. FCP behaviour
FCP tests at increasing *K with a constant *K-gradi-
ent were performed at 2 and 20 Hz for transverse
TABLE I Morphological characterization of the PS/HDPE blends. The HDPE volume fraction, f
!
, the average particle diameter, d

!
, the

average number of particles per unit volume, n
!
, the average particle separation, ¸, the average interparticle distance, ¹, and the average

particle separation to average particle diameter ratio, ¸/d, are shown

PS/HDPE blend f
!

d
!

n
!

¸ ¹ ¸/d
composition (lm) (106 mm~3) (lm) (lm)

95/5 without SEBS 0.054 0.67 340 1.74 1.07 2.6
95/5 with SEBS 0.054 0.62 430 1.62 1.00 2.6
85/15 without SEBS 0.161 0.84 520 1.45 0.61 1.7
85/15 with SEBS 0.162 0.88 450 1.51 0.63 1.7
70/30 with SEBS 0.319 0.94 730 1.21 0.27 1.3
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specimens of PS and of 95/5 and 85/15 PS/HDPE
with and without SEBS. Tests were also performed at
20 Hz for longitudinal specimens of the same mater-
ials. FCP tests were also attempted for longitudinal
and transverse specimens of 70/30 PS/HDPE with
and without SEBS. Valid FCP curves, however, could
not be obtained for the specimens without SEBS as
well as for the transverse specimens with SEBS, since
a 30°—45° crack deviation from the plane perpendicu-
lar to the load axis was systematically obtained for
1408
these specimens during precracking. Valid FCP tests
were, however, obtained at both 2 and 20 Hz for
longitudinal specimens of 70/30 PS/HDPE with
SEBS, where some crack deviation from the plane
perpendicular to the load axis was also obtained, but
where this crack deviation was always less than the
10° crack deviation permitted by ASTME-647.

The log—log curves of the fatigue crack growth rate,
da/dN, versus *K are presented in Fig. 2 for pure PS
transverse and longitudinal specimens, for the 5% and
Figure 2 FCP curves showing log da/dN plotted against log *K in transverse specimens at (s) 2 Hz and (K) 20 Hz and in longitudinal
specimens at (n) 20 Hz of: (a) PS, (b) 95/5 PS/HDPE without SEBS, (c) 95/5 PS/HDPE with SEBS, (d) 85/15 PS/HDPE without SEBS, (e)
85/15 PS/HDPE with SEBS, and (f ) 70/30 PS/HDPE longitudinal specimens with SEBS at (s) 2 Hz and (K) 20 Hz.



15% minor phase transverse and longitudinal speci-
mens with and without SEBS, and for the 30% minor
phase longitudinal specimens with SEBS. These FCP
curves show the well-known constant power-law
behaviour or Paris regime [59] described by the
relationship

da

dN
" A*Kn (1)

where A and n, which represent, respectively, the ordi-
nate at *K"1 MPa m1@2 and the slope of a log
da/dN—log *K plot, are material constants for given
test conditions. As shown previously for pure PS and
95/5 PS/HDPE blends [24], the results presented in
Fig. 2 indicate that the fatigue crack growth rate
increases when the loading frequency is reduced from
20 Hz to 2 Hz for every material tested. These results
also indicate that the longitudinal specimens show
higher fatigue crack growth rates than the transverse
specimens for the same *K values. Thus, the speci-
mens loaded parallel to the melt-flow direction during
injection moulding (i.e. the transverse specimens)
show lower fatigue crack growth rates than the speci-
mens loaded perpendicular to the melt-flow direction
(i.e. the longitudinal specimens). These results are
in agreement with the higher performance observed
in tensile behaviour for these materials when loaded
parallel to the melt-flow direction [23].

Power-law regressions were obtained for all the
FCP curves. The A and n values calculated from
Equation 1 are presented in Table II. The value of the
exponent n obtained on specimens of a given material
is almost constant, regardless of the loading frequency,
the presence of SEBS or the specimen orientation. The
average n values obtained were 2.5 for the pure PS
specimens, 2.6 for the 95/5 PS/HDPE specimens, 3.8
for the 85/15 PS/HDPE specimens and 3.4 for the
70/30 PS/HDPE specimens. These results therefore
indicate that the slope of the Paris regime obtained is
considerably influenced by the HDPE content, once
this content becomes sufficiently large. The n expo-
nents obtained can be compared with reported n expo-
nents for pure PS and rubber-toughened PS-rich
blends of 2.8—4.8 [28, 31, 32, 60].

The results presented in Fig. 2 and Table II also
indicate that the fatigue crack growth rate in the FCP
specimens increases by an average factor of 2.2 in
all materials when the loading frequency is reduced
from 20 Hz to 2 Hz. This factor, reflecting the increas-
ing fatigue crack growth rate obtained with decreas-
ing loading frequency, is in agreement with that of
2—2.5 previously reported [24, 28, 32, 41] for PMMA,
poly(phenylene oxide)/high impact polystyrene
(PPO/HIPS) and PS when the loading frequency was
reduced by a factor of ten. From the results presented
in Fig. 2 and Table II, an average increase in the
fatigue crack growth rate by a factor of 2.7 can be
obtained in pure PS, 95/5 and 85/15 PS/HDPE speci-
mens when longitudinal specimens are compared to
transverse specimen. No comparison between the fa-
tigue crack growth rates in longitudinal specimens
and in transverse specimens can be reported for the
70/30 PS/HDPE blend with SEBS, because the FCP
curves of the respective transverse specimens could
not be obtained. However, the deviation of the crack
in the latter specimens suggests an important reduc-
tion in fatigue crack growth rate when going from
longitudinal to transverse specimens. This very abrupt
and rapid crack deviation can be interpreted as the
result of the morphology of the blend and the strong
TABLE II Paris regime parameters, A and n, obtained for pure PS and 95/5 and 85/15 PS/HDPE with or without SEBS, including those of
modified CT specimens (i.e. with side grooves present)

Material Frequency Orientation A n
(Hz) (]10~3)

PS 2 Transverse 1.3 2.6
PS 20 Transverse 0.66 2.6
PS 20 Longitudinal 1.1 2.5
PS! 20 Transverse 0.76 2.3

95/5 PS/HDPE without SEBS 2 Transverse 1.1 2.6
95/5 PS/HDPE without SEBS 20 Transverse 0.51 2.6
95/5 PS/HDPE without SEBS 20 Longitudinal 1.8 2.5
95/5 PS/HDPE without SEBS! 20 Transverse 0.57 2.2

95/5 PS/HDPE with SEBS 2 Transverse 1.0 2.6
95/5 PS/HDPE with SEBS 20 Transverse 0.35 2.5
95/5 PS/HDPE with SEBS 20 Longitudinal 1.4 2.7
95/5 PS/HDPE with SEBS! 20 Transverse 0.55 2.7

85/15 PS/HDPE without SEBS 2 Transverse 0.99 3.9
85/15 PS/HDPE without SEBS 20 Transverse 0.45 3.9
85/15 PS/HDPE without SEBS 20 Longitudinal 0.88 3.9
85/15 PS/HDPE without SEBS! 20 Transverse 0.38 3.5

85/15 PS/HDPE with SEBS 2 Transverse 0.88 3.7
85/15 PS/HDPE with SEBS 20 Transverse 0.36 3.8
85/15 PS/HDPE with SEBS 20 Longitudinal 0.85 3.8
85/15 PS/HDPE with SEBS! 20 Transverse 0.71 3.7

70/30 PS/HDPE with SEBS 2 Longitudinal 0.36 3.4
70/30 PS/HDPE with SEBS 20 Longitudinal 0.20 3.4

!Modified CT specimens.
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Figure 3 Ratio between the fatigue crack growth rate in PS and in
PS/HDPE plotted against *K on a log—log scale for 85/15 trans-
verse specimens with or without SEBS cycled at (s, d) 2 Hz and at
(h, j) 20 Hz, and in longitudinal specimens cycled at (n, m) 20 Hz
and in 70/30 longitudinal specimens with SEBS cycled at (. ) 2 Hz
and at (r) 20 Hz. (s, h, n) blends without SEBS, (d, j, m, ., r)
blends with SEBS.

orientation effect on the FCP behaviour of injection-
moulded specimens, in agreement with previous re-
sults [23, 24].

The average A values in Table II also indicate that
the addition of HDPE to PS affects the FCP resist-
ance of the specimens. At an HDPE content of 5%,
the transverse specimens with and without SEBS
show a slight fatigue crack growth rate reduction by
an approximately constant factor of 1.3 when com-
pared to pure PS specimens. On the other hand, the
corresponding longitudinal specimens show a fatigue
crack growth rate increase with respect to the corres-
ponding PS specimens by an approximately constant
factor of 1.7 in the 95/5 PS/HDPE blends without
SEBS and by a small factor, which progressively in-
creases from 1.0 at low *K to 1.3 near the highest *K
employed in the tests, in the 95/5 PS/HDPE blends
with SEBS.

For minor phase contents of 15% and 30%, how-
ever, the fatigue crack growth rate reduction is con-
siderably more important, with the fatigue crack
growth rate reduction factor (i.e. the ratio between the
fatigue crack growth rate in PS and the fatigue crack
growth rate in the blends) for these blends shown in
Fig. 3. The fatigue crack growth rate reduction caused
by the addition of 15% minor phase to PS progress-
ively decreases from an average factor of 8.2 at low *K
to an average factor of 1.3 near the final *K. In the
case of the 70/30 PS/HDPE longitudinal specimens
with SEBS, the fatigue crack growth rate reduction
decreases from an average factor of 20 at low *K to an
average factor of 6 near the final *K. This progressive
change in the fatigue crack growth rate reduction
factor of these PS/HDPE specimens compared to PS
specimens is in agreement with the values of A and the
n exponents reported in Table II when 15% and 30%
minor phase is added to PS. The K

.!9
values at failure

(i.e. those associated with the transition from the
Paris fatigue crack growth regime to the final fracture
1410
regime) did not appear to be increased by minor phase
addition (Fig. 2). Because most of the life before failure
during FCP is generally determined by the fatigue
crack growth rates at low *K [2], the FCP resistance
in most practical applications would be considerably
increased in a compatibilized 70/30 PS/HDPE blend
when compared to pure PS and other PS-rich
PS/HDPE blends of lower minor phase content. That
the fatigue crack growth rate is almost unchanged by the
presence of the minor phase at high *K is also in
agreement with the relatively poor toughening effects
observed in these blends during higher speed fracture
tests in monotonic loading, such as tensile testing [23],
impact testing [61], and fracture toughness (K

I#
or K

#
)

testing [62]. Furthermore, these results demonstrate that
fatigue properties of such materials cannot be estimated
from monotonic loading tests, such as impact tests.

As also shown in Table II, the variation of the
A values when specimens with SEBS are compared to
specimens without SEBS indicates that the addition of
SEBS to PS/HDPE blends generally leads to a small
but significant reduction of the fatigue crack growth
rates for a given testing condition. In addition, the
A values presented in Table II indicate that the modi-
fied CT specimens, in which a 0.45 mm deep layer at
each lateral surface was removed along the expected
fracture plane (in order to remove the highly oriented
skin), also affected the FCP behaviour. When the
oriented skin was removed, a general increase of the
fatigue crack growth rates of transverse specimens by
an average factor of 1.3 in pure PS, of 1.4 in 95/5
PS/HDPE with and without SEBS, and of 2.1 in 85/15
PS/HDPE with SEBS, was obtained. However, re-
moving the skin on 85/15 PS/HDPE transverse speci-
mens without SEBS showed little effect on the fatigue
crack growth rates.

3.3. Fractographic observations
The FCP fracture surfaces of the transverse specimens
of pure PS as well as those of 95/5 PS/HDPE blends
with and without SEBS have been previously de-
scribed [24]. The fracture surface of pure PS speci-
mens presented DGBs at low fatigue crack growth
rates (typically up to 1—2]10~4 mm/cycle), ‘‘large’’
dimple-like features, 1—3 lm diameter, at medium
da/dN (typically from 1—2]10~4 mm/cycle to
3—4]10~4 mm/cycle) and fatigue striations at high
da/dN (typically greater than 3—4]10~4 mm/cycle).
The large dimple-like features at medium fatigue crack
growth rates had initiated as one or several small
microvoids near the centre of the large dimple (but
generally closer to the side of the previous crack front)
and had then grown into the large dimple in part by
coalescence with other small microvoids near the
edges of the growing large dimple. The large dimples
were approximately aligned into bands parallel to the
DGBs and to the striations. The size of these dimples
initially increased as the fatigue crack growth rates
increased. At higher fatigue crack growth rates, how-
ever, such large dimples became interspersed with the
striations, with fewer large dimples being observed
with increasing fatigue crack growth rates.



Figure 4 (a) Micrograph showing a large dimple-like feature for-
med around an HDPE particle in a non-compatibilized 95/5
PS/HDPE specimen for *K"0.65 MPa m1@2, da/dN"3.6]10~4

mm/cycle and f"2 Hz. Fine U-shaped microvoids pointing to-
wards the HDPE particle located in the centre of the micrograph at
which this large dimple initiated can be observed. (b) Micrograph
showing groups of dimples (dashed line), approximately 10 lm
diameter, aligned parallel to the DGBs in a compatibilized
95/5 PS/HDPE specimen for *K"1.0 MPa m1@2, da/dN"

1.0]10~3 mm/cycle and f"2 Hz. The macroscopic FCP direction
is, in both cases, from left to right.

The fracture surfaces of the 95/5 PS/HDPE speci-
mens presented DGBs at low fatigue crack growth
rates (typically up to 1—2]10~4 mm/cycles, which
could be recognized by the presence of microvoids
near their start, many of which had not formed at
HDPE particles. At medium fatigue crack growth rates
(typically from 1—2]10~4 mm/cycle to 3—4]10~4

mm/cycle), the fracture surface presented groups of
large dimples, 0.5—3 lm diameter, more or less aligned
in bands. Most of these dimples had initiated as
a microvoid around an HDPE particle, as indicated
by the presence of small U-shaped microvoids point-
ing towards the HDPE particle at which the large
dimple initiated (Fig. 4a). These dimple-like features
all had grown in part by coalescence with these small
U-shaped microvoids. For fatigue crack growth rates
greater than approximately 3—4]10~4 mm/cycle, the
fracture surfaces again presented DGBs as well as
groups of dimples aligned parallel to the DGBs
(Fig. 4b). As the fatigue crack growth rates increased,
these groups of dimples became progressively less con-
tinuous and less numerous until they finally disap-
peared. Many of the HDPE particles present in the
fracture surface near the start of the DGBs were no-
ticeably elongated, indicating that they had been
strongly stretched during crack propagation, while
HDPE particles present in the middle of the DGB’s
were usually not noticeably elongated.

In addition, a loading frequency effect was also
noted on the fracture surfaces of the PS specimens and
95/5 PS/HDPE specimens [24]. When the loading
frequency was decreased from 20 Hz to 2 Hz in PS
and 95/5 PS/HDPE specimens, fractographic obser-
vations indicated that the number of dimples not
associated with HDPE particles in the DGBs as well
as the number of both non-elongated and elongated
particles in the DGBs increased. These observations
indicate that the effect of the loading frequency is
associated with a time-dependent deformation pro-
cess, similar to a creep effect, resulting from the load
application time increasing when the loading fre-
quency is reduced.

In the present study, the FCP fracture surfaces of
the 85/15 and 70/30 PS/HDPE specimens with and
without SEBS were observed. Stereographic observa-
tions of the fracture surfaces of the 85/15 PS/HDPE
transverse specimens with and without SEBS in-
dicated the presence of the DGBs for the whole range
of fatigue crack growth rates measured (Fig. 5a—d). In
addition, somewhat elongated HDPE particles in the
specimens without SEBS (Fig. 5a) and very elongated
HDPE particles in the specimens with SEBS (Fig.5d)
were observed, indicating an increased particle—matrix
adhesion in the presence of SEBS. In agreement with
previous observations in 95/5 PS/HDPE specimens
[24], detailed stereofractographic observations in-
dicated that these elongated particles were usually
more numerous near the start of the DGBs than in the
remaining portion of the DGBs (Fig. 5). This feature,
in turn, could be employed to help recognize the
position of the DGBs. The presence of ridge lines
parallel to the FCP direction at low fatigue crack
growth rates was also noted (Fig. 5a). These lines
generally initiated at elongated HDPE particles near
the start of the DGBs and then continued for some
distance following the crack propagation direction.
The breaks and jogs observed on these ridge lines were
frequently aligned, which also helped to identify the
positions at which the DGBs started. As the fatigue
crack growth rate increased, these ridge lines became
rarer. The elongation of the HDPE particles was
found to increase when the fatigue crack growth rates
increased (Fig. 5a—c), indicating an increased plastic
deformation of the HDPE particles, at least near the
start of the DGBs, as *K increased. Although less
important in the presence of SEBS (Fig. 5d), a relative-
ly large proportion of the HDPE particles on the
fracture surfaces were not noticeably elongated, indi-
cating for such particles a significant amount of
decohesion at the particle—matrix interface.

Relatively large features, polygonal or very roughly
rectangular in shape (Fig. 5a, b, d and Fig. 6), typically
10—20 lm long and wide, were also observed on the
fracture surfaces of the 85/15 PS/HDPE specimens
throughout the DGBs. At low fatigue crack growth
rates, these features corresponded to flat regions in
the PS matrix (Fig. 5a) closely similar in the FCP
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Figure 5 Stereofractographs of DGBs with polygonal features present observed in 85/15 PS/HDPE transverse specimens, (a) without SEBS
(*K"0.26 MPam1@2, da/dN"2.5]10~6 mm/cycle, 20 Hz and DGB width +7 lm, (b) without SEBS (*K"0.69 MPa m1@2,
da/dN"1.1]10~4 mm/cycle, 20 Hz and DGB width +16 lm), (c) without SEBS (*K"1.15 MPa m1@2, da/dN"7.8]10~4 mm/cycle,
20 Hz and DGB width +23 lm),(d) with SEBS (*K"0.86 MPa m1@2, da/dN"2.0]10~4 mm/cycle, 20 Hz and DGB width +16.0 lm).
The arrows indicate some of the breaks and jogs of the ridges lines when visible and the dashed lines indicate some of the polygonal features.
The macroscopic FCP direction is from top to bottom.
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Figure 6 (a) Stereofractographs of a region showing a polygonal feature, 20 lm in width, observed in a 85/15 PS/HDPE transverse specimen
without SEBS (*K"0.49 MPa m1@2, da/dN"3.0]10~5 mm/cycle and 20 Hz), (b) DGBs, 25 lm in width, observed in a 85/15 PS/HDPE
transverse specimen without SEBS (*K"0.63 MPa m1@2, da/dN"8.0]10~5 mm/cycle and 20 Hz) formed by the coalescence of polygonal
features; (c) large and flat polygonal features, in which very elongated HDPE particles are present, observed in a 70/30 PS/HDPE transverse
specimen with SEBS (*K"0.69 MPa m1@2, da/dN"5.0]10~5 mm/cycle and 20 Hz). The arrows indicate some of the ridge lines radiating
in every direction from HDPE particles when visible, and the dashed lines, some of the polygonal features. The macroscopic FCP direction is
from top to bottom.
direction to the DGBs observed in the PS specimens
and in the 95/5 PS/HDPE specimens at similar fatigue
crack growth rates [24]. Also, the presence of elon-
gated HDPE particles within these large and flat fea-
tures away from their edges became more numerous
as the fatigue crack growth rates increased. At times,
small ridge lines radiated in every direction from these
elongated particles (Fig. 6a), indicating that these
polygonal features had formed ahead of the previous
local crack tip in the crazed zone. These small ridge
lines were increasingly present in the polygonal fea-
tures as the fatigue crack growth rates increased. At
intermediate and high fatigue crack growth rates,
these features became increasingly less flat and took
on more of an appearance of large dimples in which
several HDPE particles were present. At high *K, the
small ridge lines also became uniformly present.

Similar polygonal features (Fig. 6c), containing sev-
eral HDPE particles as well as ridge lines radiating in
every direction from these particles, were observed in
the 70/30 PS/HDPE longitudinal specimens with
SEBS. As in the 85/15 PS/HDPE specimens (Fig. 6b),
these ridge lines indicated that the polygonal features
had formed in the crazed zone in front of the local
1413



crack tip. Again, the initiation, growth and coales-
cence of these features in the craze zone led to DGB
formation, similar to the multiple crazing effect ob-
served in static loading in rubber-toughened speci-
mens. In the 70/30 PS/HDPE longitudinal specimens
with SEBS, these polygonal features were observed for
the whole range of fatigue crack growth rates ob-
tained, not only at low or moderate fatigue crack
growth rates, as in the 85/15 PS/HDPE specimens.
The HDPE particles, however, became increasingly
elongated with increasing fatigue crack growth rate as
a result of the increasing deformation, making it pro-
gressively more difficult to observe the polygonal fea-
tures on the fracture surface of the PS matrix for these
70/30 PS/HDPE specimens with SEBS.

The large dimple-like features, 0.5—3 lm diameter,
observed in the 95/5 PS/HDPE specimens at inter-
mediate and high *K (Fig. 4), although smaller in
diameter, presented an important similarity with the
polygonal features, 10—20 lm diameter, observed in
the 85/15 and 70/30 PS/HDPE specimens. In effect,
both type of feature initiated ahead of the previous
crack tip in the crazed zone and were formed by the
initiation, growth and coalescence of microvoids
around HDPE particles. The fracture of the dimple-
like features, however, generally initiated at a single
HDPE particle, while the fracture of the polygonal
features generally initiated at several HDPE particles.

Re-examination of the DGBs on the high fatigue
crack growth rate portion of the fracture surfaces of
the 95/5 PS/HDPE specimens also showed many
polygonal regions 10—20 lm in size containing groups
of dimples of approximately 3 lm diameter (Fig. 4b).
These dimples were quite similar to those observed at
intermediate fatigue crack growth rates, except that at
high fatigue crack growth rates, there was neither an
interface separating the dimples from each other nor
were there small U-shaped dimples observable which
had not formed at HDPE particles. These observa-
tions thus indicate that, for sufficiently high fatigue
crack growth rates, the DGB formation in the blends
occurs by a multiple crazing effect with crack initia-
tion at HDPE particles. This multiple crazing appears
similar to that observed during monotonic loading in
rubber-toughened blends [63] and occurs starting
from lower fatigue crack growth rate values as the
volume percentage occupied by HDPE particles in-
creases in blends in which particles of HDPE are
contained within a PS matrix. The observations also
strongly suggest that the dimpled fracture observed
between approximately 1—2]10~4 and 3—4]
10~4 mm/cycle in the 95/5 PS/HDPE blends occurs
simply because there is an insufficient amount of
HDPE particles in these blends to change the behav-
iour at these fatigue crack growth rates from that
observed in PS to that observed in the blends with
greater amounts of HDPE.

The precrack fracture surfaces of the 70/30
PS/HDPE longitudinal and transverse specimens
without SEBS, showing a co-continuous morphology,
were observed in order to understand better the im-
portant precrack deviation obtained. For both ori-
entations, the precrack deviated toward a plane
1414
Figure 7 Fractographs observed in a 70/30 PS/HDPE transverse
specimen without SEBS, (a) after approximately 0.8 mm precrack
propagation (crack deviation(5°) showing a coarse and non-
oriented co-continuous morphology, (b) after approximately
4.0 mm precrack propagation (crack deviation'30°) showing an
oriented co-continuous morphology parallel to the FCP direction.
The macroscopic FCP direction is from left to right.

approximately at 45° to the melt-flow direction.
Observations of the fracture surfaces showed easy
decohesion at the PS—HDPE interface. In addition, an
apparent progressive change from a coarse co-con-
tinuous morphology to an oriented co-continuous
morphology parallel to the FCP direction was noted
on the precrack fracture surfaces as the crack devi-
ation increased (Fig. 7).

The precrack fracture surfaces of the 70/30
PS/HDPE transverse specimens with SEBS were also
observed. An increasingly apparent minor phase do-
main size and aspect ratio were noted on the fracture
surfaces as the deviation of the precrack increased in
importance (Fig. 8). Because no significant variation of
the minor phase domain size and orientation was
noted in the CT specimens employed for a given
orientation, such an increase in the apparent minor
phase domain size suggests that the fatigue precrack
was deviated progressively by the presence of the
elongated minor phase domains aligned parallel to the
melt-flow direction and perpendicular to the intended
crack propagation plane. This observation indicates
that the presence of aligned minor phase domains with
important length-to-width ratios can constitute an
effective barrier to FCP, at least at the low *Ks
employed during fatigue precracking. A strong ori-
entation effect of the blend morphology on the FCP



Figure 8 Fractographs observed in a 70/30 PS/HDPE transverse
specimen with SEBS (a) after approximately 0.3 mm precrack
propagation (crack deviation(5°) showing a very fine minor phase
distribution, (b) after approximately 6.2 mm precrack propagation
(crack deviation +45°) showing a very oriented and elongated
minor phase morphology parallel to the FCP direction. The macro-
scopic FCP direction is from top to bottom.

behaviour of injection-moulded specimens then re-
sults, in agreement with previous results [23, 24].

Interestingly, the specimens showing the highest
average particle diameter and the lowest average par-
ticle separation to average particle diameter ratio, i.e.
the specimens of 70/30 PS/HDPE with SEBS
(Table I), correspond to those showing the lowest fa-
tigue crack growth rate. This is in agreement with the
morphological criteria based on the average particle
diameter (2—5 lm [63—69]) and on the average par-
ticle separation to average particle diameter ratio
(¸/d(1.45 [70]) proposed to obtain a significant
toughening effect from multiple crazing in static load-
ing. Thus, this suggests that the formation of the
polygonal features leading to the DGB formation is
associated with an important reduction of the fatigue
crack growth rate in FCP at a given *K, similar to the
multiple crazing effect observed in static loading in
rubber-toughened specimens. Although less impor-
tant than in the 70/30 PS/HDPE longitudinal speci-
mens with SEBS, a significant fatigue crack growth
rate reduction was also obtained in the 85/15
PS/HDPE specimens when the formation of the poly-
gonal features was observed (i.e. at low and moderate
*K), again suggesting that the formation of such fea-
tures is associated with an important fatigue crack
growth rate reduction.
Figure 9 Fractographs of DGBs (approximately 8.5 lm in width)
observed in a 85/15 PS/HDPE longitudinal specimen without
SEBS at a loading frequency of 20 Hz, *K"0.27 MPa m1@2 and
da/dN"5.0]10~6 mm/cycle showing very oriented and elongated
HDPE particles. The arrows indicate some of the breaks and jogs of
the ridges lines when visible. The macroscopic FCP direction is
from top to bottom.

As mentioned previously for the 95/5 PS/HDPE
specimens [24], fractographic observations also in-
dicated that, when the loading frequency was changed
from 20 Hz to 2 Hz, the elongation of the HDPE
particles on the fatigue surfaces of the 85/15 and 70/30
PS/HDPE specimens increased, suggesting an effect of
loading frequency associated with a time-dependent
deformation process. However, the very high number
of HDPE particles on the fracture surfaces, as well as
their very important elongation in the latter two com-
positions, made it essentially impossible to determine
whether the number of dimples or the number of
particles in the DGBs was modified by such a change
in loading frequency.

The FCP fracture surfaces of longitudinal speci-
mens of pure PS, 95/5 and 85/15 PS/HDPE blends
without SEBS were also observed. No significant dif-
ferences in the fracture surfaces of either the PS or the
95/5 PS/HDPE longitudinal and transverse speci-
mens was noted. DGBs were observed on the fracture
surfaces of the blend specimens for the whole range of
fatigue crack growth rates (Fig. 9). Also, the presence
of ridge lines parallel to the FCP direction, which
generally initiated at these elongated particles near the
start of the DGBs and then continued for some dis-
tance following the crack propagation direction, was
also noted. The breaks and jogs observed on these
ridge lines were frequently aligned, which also helped
to identify the start of the DGBs. However, the frac-
ture surfaces of 85/15 PS/HDPE specimens showed
the presence of fibre-like HDPE particles in the longi-
tudinal specimens and only slightly elliptical HDPE
particles in the transverse specimens (Figs 5 and 6), as
a result of the morphological effect induced by the
injection-moulding process [23]. The elongated
HDPE particles on the fracture surfaces in the longi-
tudinal specimens, moreover, were considerably more
elongated, probably due to their initial morphology
after injection moulding, than the particles in the
transverse specimens. In agreement with the tensile
behaviour of pure PS and PS/HDPE blends [23],
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these specimens showed lower fatigue crack growth
rates when loaded parallel to the average matrix and
particle orientation.

3.4. DGB measurements
SEM stereographic observations of the fracture surfa-
ces were employed to measure the DGB width. These
measurements were performed for PS as well as for
compatibilized and non-compatibilized 95/5 and
85/15 PS/HDPE transverse specimens tested at load-
ing frequencies of 2 and 20 Hz, for PS and for 95/5 and
85/15 PS/HDPE non-compatibilized longitudinal
specimens tested at a loading frequency of 20 Hz, and
for compatibilized 70/30 PS/HDPE longitudinal spec-
imens tested at 2 and 20 Hz. The DGB width measure-
ments plotted against *K on a log—log scale are
shown in Fig. 10. Because DGBs in pure PS specimens
are only observed at low and moderate fatigue
crack growth rates, Fig. 10 shows a limited range of
DGB width measurements for these specimens. In
PS/HDPE blends, however, DGBs continue to be
observed to higher *K until final fracture, although,
for the 95/5 PS/HDPE specimens, large dimple-like
features were observed at intermediate fatigue crack
growth rates. In agreement with previous results [24],
those presented in Fig. 10 indicate that the DGB
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width varies with *Ki, with the calculated i exponent
varying between 1.0 and 1.6 in pure PS specimens,
between 0.5 and 0.7 in 95/5 PS/HDPE specimens with
and without SEBS, between 0.6 and 0.9 in 85/15
PS/HDPE specimens with and without SEBS, and
being approximately equal to 0.8 in 70/30 PS/HDPE
specimens with SEBS. Thus, in agreement with results
reported in previous studies [71—74], the relationship
between the DGB width and *K does not appear to
correspond to the plastic zone size inferred from the
Dugdale model [75], which should result in an i expo-
nent of 2. The fracture surface of the 70/30 PS/HDPE
specimens was partly hidden by the very important
surface density of highly elongated HDPE particles
(Table II), which complicated the observation of the
DGBs even when stereographic fractographs were em-
ployed. The DGBs observed in the 70/30 PS/HDPE
specimens to obtain DGB width measurements corre-
sponded to the clearest and widest DGBs in a given
area of the fracture surface. Narrower DGBs could be
found with more difficulty. The DGB width measure-
ments presented in Fig. 10d for 70/30 PS/HDPE
specimens therefore probably involve a certain
overestimation. Nevertheless, these results were repro-
ducible from one area to another.

These results also indicate that the DGB width
increases by an average factor of 1.5, for the same *K
Figure 10 DGB width plotted against *K on a log—log scale in transverse specimens at (s, d) 2 Hz and (h, j) 20 Hz and in longitudinal
specimens at (n) 20 Hz of (a) PS, (b) 95/5 PS/HDPE, (c) 85/15 PS/HDPE, as well as (d) in longitudinal specimens of 70/30 PS/HDPE with
SEBS at (.) 2 Hz and (r) 20 Hz. (s, h, n) blends without SEBS, (d, j, ., r) blends with SEBS.



value, in PS specimens and in 85/15 and 70/30
PS/HDPE specimens when the loading frequency is
reduced from 20 Hz to 2 Hz. The 95/5 PS/HDPE
specimens, however, do not show as significant a vari-
ation in the DGB width for the variation of loading
frequency employed. These results, nevertheless, sug-
gest that the plastically strained craze zone, associated
with DGB formation, decreases in size when the load-
ing frequency is increased, in disagreement with the
expected increase in the size of the DGBs associated
with a localized heating effect, which has been pre-
viously proposed [32] to explain the fatigue crack
growth rate decrease when the loading frequency in-
creases. On pure PS and 95/5 PS/HDPE specimens
[24], infrared spectroscopy and thermocouples in-
serted into specimens during FCP tests did not show
any significant temperature rise in the crack-tip re-
gion. Also, only a very weak secondary viscoelastic
transition was observed in these materials for the FCP
test conditions [24]. This decrease in DGB width is,
however, in agreement with the previous results [24]
on the microfractographic features of the DGBs and
on the deformation of the HDPE particles in the
DGBs when the loading frequency is changed. In both
cases, these results indicate that the fatigue crack
growth rate decrease, observed in these blends when
the loading frequency is increased, is associated with
a decrease in the non-elastic strain per cycle (i.e. a re-
duction of the fatigue damage per cycle), which is
a time-dependent or strain rate-dependent effect. This
non-elastic strain per cycle is the factor normally ex-
pected to control the fatigue crack growth rate in
a ductile material.

Fig. 11 presents N
DGB

, the number of cycles asso-
ciated with the formation of a single DGB, plotted
against *K on a log—log scale. This variable was
chosen to characterize the resistance to DGB forma-
tion (i.e. the number of fatigue cycles required for
DGB formation) because a discussion of the DGB
formation resistance based simply on the DGB width
would take into account neither the velocity of the
macroscopic crack nor the number of cycles until the
failure of all or part of the craze, resulting in the
formation of a DGB. For example, the DGB width of
non-compatibilized 85/15 PS/HDPE transverse speci-
mens uniformly increases by a factor of approximately
1.4 when the loading frequency is reduced from 20 Hz
to 2 Hz. However, an increase in the fatigue crack
growth rates by a factor of approximately 2.2 was
observed in these blends for this decrease in loading
frequency. Although the DGBs appear larger at
a given *K at 2 Hz than at 20 Hz, the results in Fig. 11
clearly show that the DGB formation resistance (i.e.
N

DGB
) in these specimens increases when the loading
Figure 11 N
DGB

plotted against *K on a log—log scale in transverse specimens at (s, d) 2 Hz and (h, j) 20 Hz and in longitudinal specimens
at (n) 20 Hz of (a) PS, (b) 95/5 PS/HDPE, (c) 85/15 PS/HDPE, as well as (d) in longitudinal specimens of 70/30 PS/HDPE with SEBS at (.)
2 Hz and (r) 20 Hz. (s, h, n) blends without SEBS, (d, j, ., r) blends with SEBS.
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frequency is increased from 2 Hz to 20 Hz. This in-
crease in the DGB formation resistance by an approx-
imate factor of 1.9 from the results presented in Fig. 11
can be compared to the fatigue crack growth rate
reduction by a factor of 2 to 2.5 for the same variation
of loading frequency employed.

These results also indicate that the transverse speci-
mens show higher DGB formation resistance than the
longitudinal specimens for every material tested.
Moreover, the DGB formation resistance appears
similar in pure PS specimens and in 95/5 PS/HDPE
specimens. In 85/15 PS/HDPE specimens, however,
the DGB formation resistance increases by a factor of
almost 10 at low *K and by a factor of approximately
2 near the final *K when compared to pure PS or 95/5
PS/HDPE specimens. In addition the DGB formation
resistance in the 70/30 PS/HDPE longitudinal speci-
mens with SEBS increases by an approximate factor of
31 at low *K progressively decreasing to an approx-
imate factor of 2 near the final *K when compared to
pure PS specimens. Moreover, the DGB formation
resistance is either unaffected or only slightly in-
creased when SEBS is added to HDPE in 95/5 and
85/15 PS/HDPE specimens. Because no valid FCP
results could be obtained in 70/30 PS/HDPE speci-
mens without SEBS, this effect of SEBS could not be
verified for this composition. Nevertheless, the DGB
formation in PS/HDPE blends is only beneficial to the
FCP behaviour when the DGB formation resistance
is increased. Consequently, the condition showing
the highest DGB formation resistance, i.e. the com-
patibilized 70/30 PS/HDPE longitudinal specimens,
provides the lowest fatigue crack growth rates obtained
at a given *K value.

4. Conclusions
1. An increase in the HDPE content in PS-rich

PS/HDPE blends leads to a reduction of the fatigue
crack growth rates, with this reduction being larger
when SEBS is added as a compatibilizer.

2. An increase in the loading frequency in such
blends also leads to a reduction of the fatigue crack
growth rates in the blends.

3. The fatigue crack growth rates are lower at
a given *K when the injection-moulded specimens are
tested parallel, instead of normal, to the melt-flow
direction.

4. DGBs, associated with the fracture of crazes
formed in the plastic zone, are present throughout
the fatigue portion of the fracture surfaces of the
PS/HDPE specimens, except at intermediate fatigue
crack growth rates in 95/5 PS/HDPE specimens.

5. At sufficiently high fatigue crack growth rates,
these DGBs are formed by the initiation, growth and
coalescence of large dimples initiated at HDPE par-
ticles ahead of the microscopic crack front in
PS/HDPE specimens, similar to the multiple crazing
effect generally observed in monotonic loading in rub-
ber-toughened specimens.

6. The DGB width varies with *Ki where the i ex-
ponent is approximately 1—1.6 in PS specimens,
0.5—0.7 in 95/5 PS/HDPE specimens, 0.6 to 0.9 in
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85/15 PS/HDPE specimens and 0.8 in 70/30
PS/HDPE specimens.

7. The width of the DGBs as well as the deforma-
tion of the HDPE particles in the DGBs increase when
the loading frequency is reduced from 20 Hz to 2 Hz.

8. The fractographic observations suggest that the
loading frequency effect on the fatigue crack growth
rates in the PS/HDPE specimens is related to a time-
dependent deformation process, similar to a creep
effect, in which the load application time per cycle
increases when the frequency is reduced, and therefore
increases the fatigue damage per cycle.

Finally, the FCP behaviour of PS/HDPE blends is
strongly affected by the loading direction, the matrix
and minor phase orientation, the presence of a com-
patibilizer, the blend composition and morphology,
and the testing conditions.
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FCAR (Québec) research support programmes is
gratefully acknowledged.

Appendix
The surface-to-surface interparticle distance, ¹, and
the centre-to-centre particle separation, ¸, were cal-
culated assuming that the particles are uniformly dis-
tributed, that each particle is represented by a sphere,
and that the particles are homogeneous and are ex-
clusively composed of HDPE. Thus, to each HDPE
particle of diameter, d

!
, corresponds a PS sphere of

diameter, d
"
, such that
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are, respectively, the number of
HDPE and PS spheres per unit volume, ». Conse-
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where f
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and f

"
are, respectively, the volume fraction of

HDPE and PS calculated from the weight fraction
and the density of each material employed. From
Equations A2 and A3,
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where d
"
is the equivalent of ¸. Because ¹ is given by
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Equation A5 can be written as
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