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The fatigue crack propagation (FCP) behaviour of polystyrene (PS) and 95/5 PS/high density
polyethylene (HDPE) was studied at cycling frequencies (f) of 0.2, 2 and 20 Hz. At the latter
two frequencies, the fatigue crack growth rates (FCGRs) in the blends were lower than in PS,
especially when a styrene/ethylene—butylene/styrene (SEBS) triblock copolymer was added
as a compatibilizer. The fractographic features observed were analysed in detail.
Discontinuous growth bands (DGBs), associated with the fracture of crazes, formed at low
FCGRs in PS and at low and high FCGRs in the blends. Large dimple-like features formed at
intermediate FCGRs and fatigue striations at high FCGRs were observed in PS. The
observations indicated that the reduction in FCGR when HDPE was added to PS was
associated with the presence of stretched HDPE particles which fractured behind the crack
front, with increased particle—-matrix adhesion favoured by the compatibilizer. An increase in
cycling frequency decreased the FCGRs, with the fractographic observations indicating that
this effect was associated with a decrease in the time-dependent deformation in the fracture

process zone slightly ahead of the crack tip. © 7998 Chapman & Hall

1. Introduction

Blends, in which rubber is added to a glassy thermo-
plastic such as polystyrene, are well known for their
improved mechanical properties, particularly their im-
pact strength [1]. More recently, blends of low glass
transition temperature thermoplastics, such as poly-
ethylene (PE) or polypropylene (PP), as the minor
phase in glassy thermoplastics have been developed
[2-10]; however, a well-dispersed distribution of
minor phase particles with a diameter of approxim-
ately 1-5pum as well as a high strength particle—
matrix interface are required in order to obtain signifi-
cant toughening effects in multiple crazing conditions
[11-17]. Because of the importance of fatigue failures
in practical applications, a good understanding of the
fatigue crack propagation behaviour of polymer
blends is desirable.

A number of studies [18-33] have considered the
behaviour of thermoplastic polymers under cyclic
loading. Discontinuous growth bands (DGBs) have
been observed on the fracture surfaces at low cyclic
stress intensity factors, AK [18], and have been asso-
ciated with crazed material in the cyclic plastic zone r,,
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[18-20]. Some authors reported a second degree
power-law relationship between the DGB spacing and
AK [18, 34-36], in agreement with the Dugdale plas-
tic zone size [37] given by

TE Kmax 2
R

where K., is the maximum stress intensity factor and
o, is the conventional tensile strength, while others
[35, 38, 39] have reported a linear relationship be-
tween the DGB spacing and AK. In such DGBs, crack
tip opening displacement (COD) measurements have
indicated that only a fraction (1/2 to 2/3) of the craze
is fractured during a discontinuous crack propagation
event and that a new craze is formed simultaneously
with crack propagation through the former craze
[39, 40].

Fatigue striations, characterized by an interstri-
ation spacing in agreement with the macroscopic
fatigue crack growth rate (FCGR) [25, 36], suggesting
that a striation is formed during each stress cycle, have
also been reported on the fracture surface of various
polymers at relatively high AK [29, 36,41]. Over
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a wider range of AK, however, some results have
indicated that the striation spacing does not always
agree with the macroscopic FCGR [31, 42, 43].

In pre-notched specimens, a decreasing FCGR with
increasing cycling frequency f has been observed, usu-
ally for thermoplastic polymers showing a secondary
viscoelastic transition (B-peak) at the fatigue testing
temperature and frequency [18, 20,21, 34, 44-50].
An increase in fatigue crack propagation (FCP) res-
istance with increasing f is designated as a positive
frequency effect. When a secondary viscoelastic transi-
tion is not observed in the fatigue testing conditions,
however, the FCGR does not usually vary with
f121,25,51]. Since the B-peak represents a region of
maximum loss compliance, hysteretic heating caused
by energy dissipation during fatigue loading should
occur near this peak. In the case of confined deforma-
tion, as in plane strain FCP tests, a localized temper-
ature rise in the plastic zone near the crack tip may
occur. With a significant increase in temperature,
yielding in the material near the crack tip should be
enhanced, leading to an increase in crack tip radius. It
has been argued that the FCGR can be expected to be
lowered [26], as a result of the crack tip region experi-
encing a lower effective AK. However, despite the
general agreement between the presence of a B-peak
secondary viscoelastic transition and the frequency
effect on FCGR, very few experimental observations
of a significant temperature rise in the crack tip region
accompanying FCGR reduction with increasing f
have been reported [30, 52].

The objectives of this paper are to investigate
the FCP behaviour of polystyrene (PS) and of blends
of PS with 5% high density polyethylene (HDPE), to
identify the mechanisms of fatigue propagation by
means of fractographic observations and to verify and
explain the existence of a loading frequency effect on
the FCGR. The effects of a styrene/ethylene-butylene/
styrene (SEBS) triblock copolymer added as a com-
patibilizer in order to increase the PS/HDPE interface
cohesion [3-7, 53-58] are also discussed.

2. Experimental procedure

2.1. Material preparation

The materials employed were a high density polyethy-
lene HBL-455A (M,, = 171000, M,/M, = 20.3,
where M,, and M,, are respectively the weight average
and the number average molecular weight), an atactic
extrusion grade polystyrene GPPS103 (M,, = 270000,
M, /M, =20) supplied by Novacor, and a
styrene/ethylene—butylene/styrene triblock copoly-
mer Kraton™ G1652 as compatibilizer supplied by
Shell Development Co. These polymer grades were
chosen for their melt viscosity ratio approaching unity
at high shear rates [10]. They were blended at 200°C
in a 34 mm Leistritz co-rotating twin screw extruder,
with the screw speed set at 180 r.p.m. The screw con-
figuration consisted of a melting zone composed of
eight kneading discs staggered at + 60° followed by
four discs staggered at — 30° and a mixing zone com-
posed of two pairs of 7.5 mm discs staggered at 90°.
No reverse element was employed. Two groups of
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granulated blends were obtained, the first containing
no compatibilizer, and the second containing 10% of
SEBS compatibilizer by weight of the minor phase
(ie. HDPE), added to this phase before the
PS/(SEBS/HDPE) blending in order to optimize the
compatibilization. The composition of the blend with-
out the addition of SEBS was 95/5 PS/HDPE and the
composition of the blend with SEBS was 95/(4.5/0.5)
PS/(HDPE/SEBS). The blends were injection-molded
into 75 x 100 mm plates with a thickness of 5 mm. An
Engel 75-tonne injection machine was employed at
a constant flow rate of 63.5 mms~'. A relatively high
melt temperature at the injection nozzle of 265 °C was
used due to the extrusion grade nature of the PS
employed. The temperature of the mould was 65 °C.
The holding pressure was set at 2 MPa and the hold-
ing time was 10s.

2.2. Dynamic testing

Dynamic shear modulus measurements were pet-
formed on PS specimens using a Rheometrics model
605 rheometric mechanical spectrometer. The tests
were done at frequencies of 1 and 16 Hz over a
temperature range extending between —40°C to .
+ 100°C, with the test temperature increasing at
a constant rate of 2°Cmin~!. The applied strain
was 0.2% in rotation. For these RMS measurements,
the pellets were vacuum-dried for 12 h at 75 °C, before
the specimens were compression-moulded at 210°C
into 3 x 12 x 45 mm bars.

2.3. Tensile testing

Tensile stress—strain tests were performed following
ASTM D-638 standard test method at 23°C using
a computer-controlled Instron tester. The crosshead
speeds employed were 0.5, 5 and 50 mm min ~! which
resulted in engineering strain rates of 3x 1074
3x 1073 and 3 x 10”257, respectively. A longitudinal
extensometer 254 mm in length was employed
to measure the engineering strain. The reduced section
of the tensile specimens conformed to ASTM D-638
type 1V specimens, with the overall length being
75mm. The specimen thickness was that of the
moulded plates (5 mm). Young’s modulus was esti-
mated at very low strain (< 0.4%) by the tangent
modulus of elasticity. Young’s modulus, the tensile
strength and the tensile strain (i.e. the engineering
stress and strain reached when the load is maximum)
and the engineering strain at failure reported are aver-
ages determined from four to eight tests. Standard
deviation of the reported values was lower than 5%.

2.4. Fatigue crack propagation testing

The FCP tests were performed at 23°C and 50%
of humidity following the ASTM E-647 standard test
method, employing a computer-controlled servo-hy-
draulic Instron tester, a sinusoidal waveform, a cycling
frequency of 2 and 20 Hz and a R-ratio (R = P,/
Py, where P, and P, are, respectively, the mini-
mum and maximum load applied) of 0.1. Compact
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Figure 1 Schematic representation of the CT specimens employed
for the FCP tests with the injection direction parallel to the loading
axis. The locations of thermocouples at times employed are in-
dicated by thin arrows 1, 2 and 3.

tension (CT) specimens (Fig. 1) were employed, with
a thickness B equal to that of the injection-moulded
plates (5 mm), a specimen width W 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 precracking. The
specimens were loaded for propagation normal to the
injection direction (Fig. 1). On-line crack length
monitoring was performed employing the compliance
method, with the compliance measured by a clip-on
COD gauge. Each fatigue crack growth rate measure-
ment was obtained over a minimum propagation
distance of 0.15 mm. The crack length a was also
measured manually using a traveling microscope to
verify the crack length monitoring by the compliance
method. The measured compliance function U was
converted into crack length using the appropriate
equation taken from ASTM E-647. All specimens were
precracked at R = 0.1 under constant AK such that
the final K,, in precracking was less than the min-
imum K, ,. value of the following FCP test. A AK
gradient of 0.09 mm~! given by (K~ !)(dK/da) was
employed to generate AK data.

A second set of FCP tests at three frequencies (0.2,
2 and 20 Hz) and at three constant AK values of 0.3,
0.65 and 0.9 MPam'/? was performed on each speci-
men, starting at the lowest AK value and finishing
at the highest value. The crack propagation data were
obtained over a minimum distance of 2 mm for each
test condition. Similar tests were also performed
on modified CT specimens, in which side grooves
0.45 mm in depth were present along the crack plane,
in order to eliminate any effect of the oriented skin
in these specimens obtained from injection moulding,

2.5. Crack tip temperature rise
measurements

The rise in temperature at the crack tip was mon-

itored by two methods. The first consisted of crack tip

temperature measurements using an Agema 900 in-
frared camera with a spectral range of 8§ to 12 um,
a thermal sensitivity of 0.08 °C at 30 °C and an accu-
racy of 1°C. The spatial resolution was 660 pm hori-
zontally and 550 pm vertically. The second method
consisted of crack tip temperature measurements us-
ing 1 mm-diameter copper—Constantan thermocouple
probes with an accuracy of 0.2 °C inserted into the CT
specimens and positioned at the mid-thickness at
three different sites on the expected crack plane, as
shown in Fig. 1.

2.6. Fractographic observations

The fatigue fracture surfaces were first coated with
gold—palladium and then observed with a JEOL JSM-
6100 scanning electron microscope (SEM). The size
and shape of the fractographic features reported were
evaluated, in most cases, on stereographic observa-
tions obtained using two photographs with a 6° differ-
ence of tilt angle. Observations on matching fracture
surfaces were also carried out to determine the
fracture surface profile. Computer-assisted image
analysis was employed to evaluate the surface den-
sity of HDPE particles (number of HDPE particles
per unit area) on the FCP fracture surface of the
compatibilized and non-compatibilized PS/HDPE
specimens. The lowest particle count employed
was 400.

3. Results and discussion

3.1. Viscoelastic spectrum

The RMS technique was employed to verify for
the presence of a secondary viscoelastic transition in
the testing conditions. The viscoelastic spectrum of the
PS matrix is shown in Fig. 2 for two different testing
frequencies. Around the testing temperature (e.g.
23°C), a change in the damping ratio (tand = E"/E’,
with E” being the loss modulus and E’ the storage
modulus) to a maximum value of 1.5x 10”2 and
1.1 x 1072 was observed at 1 and 16 Hz, respectively.
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Figure 2 Viscoelastic spectra for pure PS showing the variation of
the storage shear modulus G’ (O, @), the loss shear modulus G”
(O, W) and the damping ratio tand (A, A) with the testing temper-
ature T at a testing frequency of 1 Hz (open symbols) and 16 Hz
(closed symbols).
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Figure 3 Engineering tensile stress—strain curves for pure PS speci-
mens at engineering strain rates of 3 x 10”4 (——),3x 1073 (——)
and 3x107 257t (——-).

However, the hysteretic heating being proportional
to the tan 6 value at the testing temperature and fre-
quency [59, 60] and limited to the cyclic plastic zone,
a relatively low temperature rise in the crack tip region
during FCP tests is expected. This indicates the pres-
ence of a weak B-peak transition near room temper-
ature in PS for both frequencies, as already reported
by Illers [61].

3.2. Tensile behaviour

A representative engineering stress-strain curve for
the three strain rates employed is shown in Fig. 3 for
the PS specimens. As expected, higher strain rates lead
to higher Young’s modulus, tensile strength, tensile
strain and strain at failure. However, the tensile test
results reported in Table I indicate that the strain rate
has only a limited effect on the tensile behaviour.
Increasing the strain rate by two orders of magnitude
results in an increase of less than 5% in Young’s
modulus and less than 13% in the tensile strength. In
general, amorphous polymers are known to be little
affected by the strain rate because of the limited re-
orientation during deformation as a result of their
high rigidity and entanglement density [62].

Table I also shows that the addition of HDPE
to the PS matrix reduces Young’s modulus and the
tensile strength, similar to results in rubber-toughened
blends such as high impact polystyrene (HIPS) [63].
However, the addition of HDPE does not lead to an
increased fracture strain, in contrast to the very large
strain at fracture obtained for HIPS specimens. The
low ductile phase content in the 95/5 PS/HDPE speci-
mens tested, compared to that of HIPS (typically 20
to 30%), may explain this lack of toughening effect.
A previous study [10] has shown that a considerable
increase in toughness and fracture strain is obtained
for higher HDPE contents.

3.3. FCP behaviour

FCP tests at increasing AK with a constant AK gradi-
ent were performed at 2 and 20 Hz. The FCGR
(da/dN, where N is the number of cycles) plotted
against AK on a log—log scale are shown in Fig. 4 for
PS and compatibilized and non-compatibilized
PS/HDPE specimens. This figure shows the constant
power-law regime or Paris regime [64] described
by the following relationship

da
iN - AAK 2
where A and n are material constants. The results
show that the crack growth rate increases with de-
creasing f, in agreement with previous results ob-
tained for PS and rubber-toughened poly(phenylene
oxide) (PPO)/PS blends [21, 34]. The FCP results
also showed less experimental dispersion at 2 Hz than
at 20 Hz.

Additional FCP tests were performed for each ma-
terial at three constant AK values (0.3, 0.65 and
0.9 MPam?'/?) for three cycling frequencies (0.2, 2 and
20 Hz). Power-law regressions were obtained to com-
pare the FCP behaviour of each material based on at
least 30 da/dN-AK experimental points at each f. The
A and n values obtained from Equation 2 are present-
ed in Table II, with the exponent n corresponding
to an almost constant value of 2.6. Thus, this material
constant does not seem to be affected by f, by

TABLE I Tensile test results at engineering strain rates of 3x 1074 3x 1072 and 3x 107 2s™! for PS and compatibilized and non-

compatibilized 95/5 PS/HDPE

Material Engineering Young’s Tensile Tensile Strain at
strain rate modulus strength strain failure
(G| (GPa) (MPa) (%) (%)
PS 3x1074 34 42 14 1.6
3x1073 34 44 14 24
3x1072 35 47 1.5 2.7
Non-compatibilized 3Ix1074 3.0 40 1.6 1.6
95/5 PS/HDPE 3x1073 3.0 41 1.7 1.8
3x1072 31 44 1.7 1.8
Compatibilized 3x1074 29 40 1.7 1.7
95/5 PS/HDPE 3x1073 3.0 42 1.7 1.9
3x1072 3.0 45 1.7 22
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Figure 4 FCP curves showing logda/dN plotted against logAK at
2 (O) and 20 Hz (A) for: (a) pure PS; (b) non-compatibilized 95/5
PS/HDPE; and (c) compatibilized 95/5 PS/HDPE.

the presence of HDPE nor by the addition of SEBS.
This value of #n can be compared to values of 2.8 to 4.3
previously reported for PS [21, 25,26, 65]. Table 11
also indicates that the constant 4 decreases with in-
creasing f, with the FCGR reduced by approximately
a factor of 2 to 2.5 when f is increased by a factor
of 10. This factor is in agreement with that of 2.3
previously reported for PS [21, 34] and reflects the
higher FCP resistance obtained with increasing f.
Table II also suggests that the addition of HDPE,
especially when compatibilized with SEBS, leads to

TABLE II Material constants, A4 and n, for the FCP relationship
obtained for pure PS and compatibilized and non-compatibilized
95/5 PS/HDPE at cycling frequencies of 0.2, 2 and 20 Hz, including
those of modified CT specimens (i.c. with side grooves present)

Material f(Hz) A n
PS 0.2 26x1073 2.6
2 1.3x1073 2.6
20 6.6x 107 2.6
Modified CT specimen 20 7.6x1074 23
Non-compatibilized 0.2 26x1073 25
95/5 PS/HDPE 2 1L.1x1073 2.6
20 5.1x107# 2.6
Modified CT specimen 20 57x1074 22
Compatibilized 95/5 0.2 22x1073 24
PS/HDPE 2 1.0x1073 2.6
20 35x107% 2.5
Modified CT specimen 20 45x107% 2.7

a small but significant increase in FCP resistance at
2 and 20 Hz, while at 0.2 Hz the effect is smaller. Also
shown in Table IT is that modification of the CT
specimens by removing a 0.45 mm deep layer along
the expected crack plane at the lateral surfaces also
affected the FCP behaviour.

3.4. Crack tip temperature rise
measurements

Neither the thermocouple probes inserted into the PS
specimens in front of the crack tip nor the infrared
camera employed to record the temperature rise on
the surface of these specimens noted a temperature rise
higher than 0.5 °C during the FCP tests. This temper-
ature rise in the plastic zone in front of the crack tip
should not be strong enough to significantly alter the
mechanical behaviour of the polymer tested.

3.5. Fractographic observations

DGBs at low da/dN (typically up to 1-2x 1074
mmy/cycle), large dimple-like features at medium
da/dN (typically from 1-2x10™* mm/cycle to 3-4
x 10~* mm/cycle) and striation-like features at high
da/dN (typically greater than 3-4 x 10~* mm/cycle)
were observed to be the dominant fractographic fea-
tures associated with FCP in PS specimens as well as
in compatibilized and non-compatibilized 95/5
PS/HDPE specimens. A schematic diagram of a typi-
cal FCP curve showing these three regions of fracto-
graphic features is presented in Fig. 5. Such a diagram
showing only the DGB region on a FCP curve has
been presented by Takemori [29].

3.5.1. PS specimens

The FCP fracture surface of the PS specimens showed
the presence of DGBs at low FCGRs for all test
frequencies, including in the precrack region. Obser-
vations of typical DGBs formed in the fatigue region
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Figure 5 Schematic diagram of a typical FCP curve showing the
region in which the formation of DGBs, of large dimple-like features
and of striation-like features dominate. In the region of striation-
like features, large dimple-like features are also present but decrease
in quantity as da/dN increases.

of the PS specimens cycled at 2 and 20 Hz at a similar
low AK (0.37 and 0.38 MPam'/?, respectively) and
at relatively low FCGR (7x107° and 4x107°
mmy/cycle, respectively) are presented in Fig. 6. The
DGB width is approximately 20 um for both frequen-
cies; however, the DGB fracture surface morphology

is significantly influenced by f. The number of cycles
associated with the DGB formation at this AK was
evaluated as approximately 286 and 500 cycles at
2 and 20 Hz, respectively. The fracture surface
of the DGBs produced at 2 Hz shows an important
number of very thin elongated fibrils separating
microvoids or dimples, while that produced at 20 Hz
shows a considerably smaller number of fibrils and
larger microvoids. These observations indicate that
for a similar AK value more microvoids are nucleated
in the crazed region ahead of the crack tip at the lower
/> as previously reported by Hertzberg et al. [25], while
at the higher f more growth of individual microvoids
occurred prior to the crack advance. These observa-
tions suggest that at least at this AK level the nuclea-
tion of more microvoids at the lower f is responsible
for the higher FCGR.

The width of the DGBs formed in PS specimens was
measured for different AK (Fig, 7a). As previously
mentioned, no effect of the test frequency on the width
of the DGBs was noted. As shown by Fig. 7a,
an important dispersion is noted in the width
of the DGBs measured. This dispersion is not caused
by the experimental measurements obtained from
stereofractographs, but rather by the nature of the
DGB formation. However, despite this large dispersion,
it can be observed that the width of the DGBs varies
with AK?, with the i exponent being between 1 and 2.

(b}

Figure 6 Stereofractographs of DGB’s approximately 20 pm in width observed in PS specimens cycled at: (a) AK = 0.37 MPam?!/?,
da/dN = 7x 1073 mm/cycle and f= 2 Hz; (b) AK = 0.38 MPam!/?, da/dN = 4 x 10~ ° mm/cycle and f = 20 Hz. The macroscopic FCP

direction is from bottom to top.
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Figure 7 Band width (i.e. DGB width and interstriation spacing)
plotted against AK on log—log scale at either 0.2, 2 or 20 Hz:
(a) DGBs (O) and striation-like features ((J) observed in PS speci-
mens; (b) DGBs (O, @) and striation-like features (T, B) observed in
95/5 PS/HDPE specimens (open symbols represent non-com-
patibilized blends, closed symbols compatibilized blends). Power-
law regressions are drawn for DGBs in PS (——) and for the DGBs
and striation-like features in compatibilized (-—-) and non-com-
patibilized (—-—) 95/5 PS/HDPE specimens.

The average value of the exponent obtained was ap-
proximately 1.5, but there was considerable scatter in
the results. This value can be compared with studies
which found that the DGB spacing varies linearly with
AK for polyvinyl chloride (PVC), polymethylmethac-
rylate (PMMA), polycarbonate (PC) and vi-
nylurethane [38-40, 66], while other studies fcund
that the DGB spacing varies with AK? in a variety of
thermoplastic glassy polymers [18,34-36]. Also
shown in Fig. 7a are the striation-like spacing
measurements as a function of AK, which are clearly
not associated with the DGB formation.

For da/dN greater than 1-2 x 10~ % mm/cycle, large
dimple-like features (Fig. 8) covered the fracture
surface, with these features presenting a number
of finer dimples and elongated half-dimples. Stereo-
graphic observations of these large microvoids indi-
cate the presence of elongated fibrils between them,
which correspond to remnants of ligaments present
in the region where the microvoids coalesced together.
The average size of the large dimple-like features
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Figure 8 Large dimple-like features approximately 2 um in dia-
meter observed in a PS specimen for AK =0.84 MPam'/?,
da/dN =8 x 10~ * mm/cycle and f=2Hz presenting numerous
fine U-shaped dimples (arrow 1) with the U-edge pointing towards
a region of fine round dimples (arrow 2) near the centre of each large
dimple-like feature. The macroscopic FCP direction is from bottom
to top.

Figure 9 Striation-like features approximately 2 um in width in
a PS specimen for AK =09 MPam'?, da/dN=2x10"3
mmy/cycle and = 0.2 Hz showing the occasional presence of large
dimple-like features. The macroscopic FCP direction is from
bottom to top.

observed starting at approximately da/dN = 2 x 10~#
mm/cycle was found to increase with increasing
da/dN from a size of approximately 1pm for
the lowest da/dN at which they formed to a size of
approximately 3 um for the da/dN at which striation-
like features started to appear (Fig. 9). These large
dimples contained a number of U-shaped smaller
dimples (Fig. 8), typically 0.1-0.4 um in width, al-
though of longer length, with the centre of the U-edge
pointing towards a region near the centre of the large
dimple, but usually closer to the side from which
the crack propagated. In this region, there were gener-
ally several small round dimples indicating that the
large dimple had initiated locally. The small micro-
voids, which coalesced with the large microvoid as the
latter grew, then had the part of their surface which
initially faced away from this large microvoid trans-
formed into the external surface of the microvoid after
coalescence had occurred. This resulted in this portion
of the microvoids not being visible as a dimple on the
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fracture surface. Thus the small microvoids which
coalesced with the larger growing microvoid produced
U-shape dimples with the centre of the U-edge point-
ing towards the site at which this large dimple had
started to form. These U-shaped dimples are therefore
similar to U-shaped dimples which have coalesced
with a stretch zone during the start of a ductile final
fracture of a fatigue precracked metal.

For da/dN greater than 3—4 x 10~* mm/cycle, stri-
ation-like features (Fig. 9) also became present on
the fracture surface, and the large dimples became
progressively less numerous as da/dN increased. In
the region in which dimples and striations were both
present, a number of the large dimples were mostly
aligned parallel to the striations (Fig. 10). In these
regions (Fig. 11), the portion of the large dimples
which grew in the direction opposite to the macro-
scopic crack growth direction had a well-marked
boundary where they met the macroscopic crack
front, while the remainder blended into the portion
presenting striations with no boundary being ob-
served.

Figure 10 Striation-like features approximately 2 um in width with
large dimple-like features -3 pm in diameter aligned parallel to the
striations in a PS specimen for AK =09 MPam'/?
da/dN =2 x 1073 mm/cycle and f=2 Hz . The FCP direction is
indicated by the arrow.

Stereofractographs showed that the striation profile
on opposite sides of the crack plane resulted in mirror
images, with the opposite fracture surfaces being
closer to each other at the striations than in the
regions between striations. Many small whitish points
are present at the striations, with these points corres-
ponding to the top of the fractured ligaments (Figs 9
and 12). The contrast enhancement effect obtained in
scanning electron microscopy at peaks and sharp
prominent corners make these regions appear white.
These features indicate that the fatigue crack tip
stretches or blunts between the striations, with actual
fracture of ligaments occurring in the region of the
striations.

The regions between as well as the regions of stri-
ations presented small U-shaped dimples (Fig. 12),
similar to those in the large dimples, with the center
of the U-edge all pointing in the direction from which
the crack was originating. The features of these striations
formed at high AK therefore indicate that their mech-
anism of formation involves blunting of the crack tip
and coalescence with small microvoids ahead of this
crack tip. For these striations, the microscopic crack
growth direction coincided with the macroscopic
crack growth direction in all regions. These observa-
tions thus show that the mechanism which forms
the large dimples is related to that which forms the
striations. The difference is that the large microvoids

Figure 11 Ribbon-like groups of large dimples 1.5 pm in diameter
aligned approximately parallel to striation-like features with an
approximate width of 08um in a PS specimen for
AK =0.96 MPam'/?, da/dN = 6 x 10~* mm/cycle and f = 20 Hz.
The macroscopic FCP direction is from bottom to top.
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Figure 12 A pair of stereofractographs of striation-like features

approximately 2pm in width in a PS specimen for
AK ~ 12MPam'?, da/dN =~ 2x10"3 mm/cycle and f=2Hz
The macroscopic FCP direction is from bottom to top. A U-shaped
dimple is pointed to by the arrow.



initiate by the formation of small microvoids approx-
imately 0.1-0.4 pm ahead of the previous crack tip
and then propagate in all directions (Fig. 8), while
the region between striations is formed by crack
growth occurring from the tip of the previous crack
front and proceeding in the macroscopic crack
propagation direction by a combination of crack
tip stretching and of coalescence with small micro-
voids formed ahead of the previous crack tip (Fig. 12).
The crack then arrests as the applied stress is de-
creased, with probably some crack tip resharpening
occurring during this decreasing stress portion of
the cycle. As the applied stress reincreases and be-
comes sufficiently large, crack growth restarts first
by the fracture of ligaments in the vicinity of the
arrested crack tip followed once more by crack tip
stretching.

The interstriation spacing was measured on stereo-
fractographs of the fatigue fracture surface of the PS
specimens. Fig. 13 presents the interstriation spacing
measured against the corresponding macroscopic
FCGR. While most points showed reasonably good
agreement between the crack growth rate and the
interstriation spacing, some of the interstriation spac-
ings measured were approximately two to three times
the average da/dN measured at the same AK. Some
of the observations even showed a strong local variation
(approximately up to a factor of 5) in the interstriation
spacing measured on fractographs corresponding
to a region tested at essentially a constant nominal
AK. One of the fractographic features observed on the
full thickness specimens was that there was an approx-
imately 0.6 mm thick surface layer in which the crack
did not propagate at the same rate as in the remainder
of the specimens, resulting in three fracture zones,
one along each lateral surface and the other in the
mid-thickness. This effect is caused by the well-known
orientation effect in the skin region of injection-
moulded specimens. The relationship between the stri-
ation spacing and da/dN was therefore verified at
20 Hz employing a modified CT specimen. Good
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Figure 13 Comparison of the macroscopic FCGR (da/dN) and the
striation spacing measured in PS specimens at 0.2 (A), 2 (1J) and
20 Hz (O, @). Closed symbols represent measurements on the modi-
fied CT specimen. A FCGR equal to the striation spacing
(1 cycle = 1 striation) is indicated by the drawn line.

agreement was then obtained between the interstri-
ation spacing and da/dN (as also shown in Fig. 13) for
all regions in which striations had formed. These re-
sults are consistent with the agreement between mac-
roscopic and microscopic crack growth rates reported
[25,36] for various polymers including PS. These
results strongly suggest that the poorer agreement ob-
tained on the full-thickness specimens was associated
with the presence of the surface layer causing the
propagation near the mid-thickness region to be
somewhat irregular at least for relatively high propa-
gation rates. The results obtained thus indicate that
the propagation per cycle at relatively high da/dN was
equal to the interstriation distance, confirming that
the striation-like features observed at high FCGRs in
PS are indeed fatigue striations. Surface layers in
which the propagation rate does not agree well with
that in the mid-thickness can often occur when
skin/core effects are observed which depend on the
moulding process. Further work is needed to conclude
on the effect of orientation on the' FCP behaviour of
the material tested.

The occasional presence of another type of band-
like markings was also observed on the FCP fracture
surface of the PS specimens. Fig. 14 shows approxim-
ately 120 um large bands within which fatigue stri-
ations of approximate 10 um spacing are present. This
other type of marking appears similar to those in
PMMA which have been referred to as ultrasonic
fractographic markings [67]. Macroscopic ridge lines,
separating regions of the fracture surface situated on
slightly different but almost parallel planes, are also
observed in Fig. 14,

The first crazes present in the final fracture region
after the region of fatigue propagation of the PS speci-
mens presented features (Fig. 15) which have been
referred to as the “island” or “patch” pattern [68-70].
The depth of the individual fracture surfaces varies
between two surfaces which are considerably further
apart during the first portion of this pattern than
during the second portion. The observations suggest

Figure 14 Low magnification micrograph in the striation region
showing a regularly spaced (& 120 um) wave-like variation of the
crack plane in a PS specimen cycled at 20 Hz at high da/dN
(> 1x 1073 mm/cycle). The macroscopic FCP direction is from
bottom to top.
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Figure 15 One of the first crazes (= 33 um long) formed in the final
fracture region of a PS specimen. The macroscopic FCP direction is
from bottom to top.

that at least the first portion of this pattern is produc-
ed by the crack advancing along patches situated
along alternating craze-matrix interfaces. As in-
dicated tn Fig. 15, the difference in height between the
craze patches decreases abruptly in the middle portion
of these fractured crazes indicating that either the
crazes get considerably thinner in this region or that
the initial fracture planes change from situated at or
near the two craze interfaces and become situated
closer to the highly strained craze midrib [71, 72]. The
presence of these two zones is in qualitative agreement
with longitudinal strain measurements on fibrils along
the craze width during DGB formation in PVC [39],
showing that the fibril deformation is constant over
approximately 50% of the craze width and then de-
creases closer to the craze tip, including results for
PS [73,74]. The difference in height observed be-
tween the craze patches, however, suggests that it is
more probable that in the second zone the craze frac-
tures near the midrib. Evidence for fibril elongation
along the walls of the craze patches in this first portion
in which there is a noticeable difference in depth
between fast fracture regions is often noted. The frac-
tographic features of the island pattern appears
consistent with the increasing growth of microvoids
observed with increasing f in the DGBs in the FCP
region, since the increase in f increases AK for a given
da/dN value.

3.5.2. Non-compatibilized 95/5 PS/HDPE
specimens

The fatigue fracture surfaces of the 95/5 PS/HDPE
specimens presented round dimples around HDPE
particles (Figs 16 and 17), varying in size from approx-
imately 0.1-1.5 um, with the particle which had
caused the appearance of each such microvoid usually
present on one of the matching surfaces. The HDPE
particles observed were approximately the size of the
microvoids on the fracture surfaces at low AK, with
the difference in size between the microvoids and the
particles increasing with increasing AK but with this
difference never becoming large. For crack growth
rates up to approximately 1.6 x 10™* mm/cycle, the

1600

Figure 16 Micrograph showing the start of DGBs 6-8 pm in width
observed in a non-compatibilized 95/5 PS/HDPE specimen for
AK =03 MPam!?, da/dN =2x 10~° mm/cycle and f= 20 Hz.
The macroscopic FCP direction is from bottom to top.

Figure 17 Micrograph at high magnification showing a large
dimple-like feature formed around an HDPE particle in a non-
compatibilized 95/5 PS/HDPE specimen for AK = 0.65 MPam'/?,
da/dN =9 x 10" * mm/cycle and f=02Hz Fine U-shaped
dimples pointing towards thc HDPE particle located in the centre
of the micrograph at which this large microvoid initiated can be
observed. The macroscopic FCP direction is from left to right.

fracture surface presented DGBs which could be rec-
ognized by the presence of microvoids near their start,
many of which had not formed at HDPE particles
(Fig. 16). Many of these particles present near the start
of a DGB were noticeably elongated, although this
elongation was not very large, while HDPE particles
present in the middle of DGBs were usually not
noticeably eclongated (Figs 16 and 18). Therefore
the presence of the elongated HDPE particles could
help situate the start of the DGBs when this was
difficult to do from the small microvoids (not asso-
ciated with HDPE particles) on the fracture surfaces.
For da/dN ~ 1 x 10”~* mm/cycle, microvoids of ap-
proximately similar size were present throughout the
DGB (Fig. 18). As well, HDPE particles, many of
which give rise to ridge lines parallel to the FCP
direction, can be noted in Figs 16 and 18, with the
ridge lines initiating behind the particles. The breaks
in these ridge lines are generally aligned, which helps
identify the start of the DGBs, and suggests a discon-
tinuous crack growth process.



Figure 18 Micrograph showing the extremities of DGBs approxim-
ately 7 um in width indicated by the presence of elongated HDPE
particles and by ridge lines which have initiated behind these
particles observed in a non-compatibilized 95/5 PS/HDPE speci-
men for AK = 0.3 MPam'/?, da/dN = 1.3 x10™* mm/cycle and
f=0.2 Hz. The FCP direction is indicated by the arrow.

For crack growth rates slightly greater than
1.6 x 10~* mm/cycle, large dimples (Fig. 17) approx-
imately 0.5-3 um in diameter were present, most of
which had initiated as a microvoid around an HDPE
particle, with the particle present on one of the match-
ing fracture surfaces. Small U-shaped dimples indicat-
ing microvoids which had been incorporated into
the large dimple often had not initiated at HDPE
particles and had the centre of the U-edge pointing
towards the initiation region of the large microvoid.

For da/dN greater than approximately 3-4x
10~ * mm/cycle, these large dimples became less con-
tinuous. Although more difficult to recognize than in
the PS specimens, striation-like features generally
could be detected well at higher FCGRs from the
crests of the wave-like features on the FCP fracture
surface using stereographic observations. Typical stri-
ation-like features are shown in Fig. 19. Such stri-
ations generally started near HDPE particles which
were somewhat elongated. The sites of striations could
often also be detected by the presence of discontinu-
ous ridge lines which initiated behind HDPE particles
(Figs 16 and 18), with these ridge lines often either not
extending past the next striation or moving along this
next striation.

The measurements of the interstriation spacing in-
dicated that it was always considerably larger than
the average amount of crack growth per cycle but
was similar to the DGB spacing, with both the interstri-
ation spacing and the DGB spacing increasing some-
what with increasing AK (Fig. 7b). The lack of agree-
ment between the interstriation spacing and da/dN
indicates that a number of cycles are required to form
such a striation. Since the observations indicate that
the HDPE particles near the start of a striation
are somewhat elongated, this suggests that the presence
of these particles retards the crack advance per cycle
in the PS matrix until the decohesion of these HDPE
particles occurs. The observations suggest that it is the
particles near the striations which are particularly
efficient in retarding the crack growth, which in turn

Figure 19 Stereofractographs of less clear DGBs approximately
10 um in width which are indicated by changes in fracture surface
height and by very elongated HDPE particles in a compatibilized
95/5 PS/HDPE specimen for AK =0.65MPam!'?, da/dN =
1.2x 10™* mm/cycle and f= 20 Hz. The macroscopic FCP direc-
tion is from left to right.

suggests that it may be this crack blunting at each
striation which causes some of these HDPE par-
ticles to act as more efficient obstacles to fatigue
propagation.

As in the case of PS specimens, no effect
of the cycling frequency on the DGB spacing in
95/5 PS/HDPE specimens was noted, but the DGBs
showed an increasing microvoid size and a decreasing
number of thin fibrils in the matrix with increasing f,
similar to the effect of fon the DGB morphology in PS
specimens (Fig. 6). Moreover, the number of micro-
voids per unit area which had formed at HDPE par-
ticles and which were observed on the fracture surface
increased with decreasing f (Fig. 20) for all FCGRs.
With increasing AK or FCGR, an increase in the
number of HDPE particles and, consequently, also in
the number of associated ridge lines was noted
(Fig. 21).

3.5.3. Compatibilized 95/5 PS/HDPE
specimens

The fracture surfaces of the compatibilized specimens
(Figs 19 and 22) were quite similar to those observed
for the non-compatibilized specimens in that many
of the HDPE particles near the start of DGBs and
near striations are elongated, with few of the particles
in the middle of DGBs or between striations being
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Figure 20 HDPE surface density plotted against f on a log—log
scale in compatibilized and non-compatibilized 95/5 PS/HDPE for
AK =03 (O, ®), 0.65 (O, ®) and 1.0 MPam'!/? (A, A). Open sym-
bols represent non-compatibilized 95/5 PS/HDPE specimens. Lines
are traced for compatibilized (——-) and non-compatibilized speci-
mens (——). For AK =0.3 MPam?!/2, the three experimental
points for the compatibilized specimens coincide almost exactly
with those of the non-compatibilized specimens.

elongated. The amount of strongly elongated particles
observed for the compatibilized blend, however, was
much greater than for the non-compatibilized blend.
This considerably greater elongation of particles in
the presence of the compatibilizer suggests that its
presence considerably increases the particle-matrix
interfacial strength for many of the HDPE particles.
Stereofractographic observations of the com-
patibilized blend specimens also revealed the presence
of striation-like features, with an interstriation spacing
considerably larger than the average da/dN value.
Fig. 7b shows a variation of the DGB width and of
the interstriation spacing as a function of AK in the
95/5 PS/HDPE specimens. As for the non-com-
patibilized blend, the spacings are similar to the DGBs
and vary in approximately the same manner with AK
as the DGBs. This suggests that in the two blends the
DGBs and striation-like features are basically identi-
cal, although in the DGBs fine dimples not associated
with HDPE particles are present, while these fine
dimples are largely absent on the striation-like fea-
tures formed above the intermediate values of da/dN
at which large dimple-like features 1-3 um in diameter
form. ‘

The da/dN value associated with the transition
from DGBs to groups of dimples were measured as
1.7 x 10~ * mm/cycle at 2 Hz and 1.5 x 10~* mm/cycle
at 20Hz in the 95/5 compatibilized blend,
1.6 x 10~* mm/cycle for both frequencies in the non-
compatibilized blend and 1.5-1.8 x 10~ mm/cycle at
both frequencies for the PS specimens. Thus, the inter-
mediate da/dN value at which large dimple-like
features replace the DGBs is similar for all three
materials.

The number of HDPE particles on the FCP fracture
surfaces of the compatibilized and non-compatibilized
blends was measured and is presented in Fig. 20 as the
HDPE particle surface density plotted on a log—log
scale against f. The HDPE particle surface density
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Figure 21 DGBs observed in a non-compatibilized 95/5 PS/HDPE
specimen cycled at 2 Hz for: (a) AK = 0.3 MPam?'/? and da/dN =
5% 1075 mmy/cycle; (b) AK = 0.65 MPam'/? and da/dN = 3.6 x
10~ * mm/cycle, and (c) AK = 1.0 MPam!? and dae/dN = 1.1x
10~ % mm/cycle. The macroscopic FCP direction is from bottom to
top.

decreases with increasing f for both blends at all
testing conditions. The HDPE particle surface density
on the FCP fracture surface of the non-compatibilized
specimens is considerably higher than that of the com-
patibilized specimens for all test frequencies for
AK = 0.65 and 1.0 MPam!/2, For AK = 0.3 MPam?!/?,
the HDPE particle surface density is similar for
both blends, indicating that at low AK the HDPE
particle surface density on the fracture surface is
not significantly affected by the presence of SEBS.
The HDPE particle surface density increases with
increasing AK in the absence of SEBS but varies



Figure 22 DGBs 5-6 um in width showing a number of very elon-
gated HDPE particles as well as associated ridge lines starting at
such particles or at microvoids near the start of the DGBs in
a compatibilized 95/5 PS/HDPE specimen for AK = 0.3 MPam?'/2,
da/dN = 2 x 10~ mm/cycle and f = 20 Hz. The macroscopic FCP
direction is from left to right.

considerably less strongly with AK, in the presence
of SEBS.

3.6. DGB formation

Stereofractographic observations of DGBs, especially
in PS (e.g. Fig. 6), indicate that these DGBs were
usually composed of three zones. A first zone of quite
large dimples is formed along a thin line parallel to
the crack tip and situated at the start of each DGB.
The second zone is composed of relatively long fib-
rils with the interfibrillar spacing approximately
constant at a given f. A third zone is composed of
shorter fibrils, with a few quite large dimples near
the end of this zone. These quite large dimples are
similar to those in the first zone and are probably
produced during the formation of the next DGB.
Matching fracture surfaces showed that the third zone
appeared as a depression on the matching fracture
surfaces.

These observations indicate that in the second zone
microvoids are formed at relatively large distances
from each other in the direction perpendicular to the
average fracture plane and probably at sites at or close
to the two interfaces of the craze. In the third zone, the
microvoids are formed at smaller distances from each
other, resulting in shorter fibrils between the small
microvoids. This difference in the length of the fibrils
joining the microvoids in the second and third zones
results in the fracture surface observed on stereofrac-
tographs being further from the outer extremity of the
fracture plane in the third zone than in the two pre-
vious zones. Therefore if the microvoids in the third
zone form at the two interfaces of the craze, the craze
has to be considerably thinner in this zone, which
suggests that it is more probable that the microvoids
in this zone form near the midrib of the craze, in
agreement with DOl et al. [39, 40]. The second and
third zone of these DGBs therefore show strong simil-
arities with the two zones of the fractured crazes
produced at the start of the region of final fracture

(Fig. 15), although the microvoids formed on the
DGBs produced in fatigue are considerably smaller,
especially for a low f.

These fractographic observations of DGBs there-
fore indicate that the detailed crack growth mecha-
nism in a craze in the testing conditions employed here
differs in detail from that proposed by Hull [75], in
which the fracture occurs first near the craze midrib
and then alternates between the interfaces of this
craze. Fatigue fracture in DGBs by microvoid coales-
cence, however, has previously been proposed by
Hertzberg and Manson [20].

3.7. Effect of cycling frequency

FCP tests on PS and the 95/5 PS/HDPE blends
(Fig. 4 and Table II) showed a positive loading fre-
quency effect in that increasing f reduced the crack
propagation rate at a given AK, as previously ob-
served on PS and on other thermoplastic polymers by
Hertzberg et al. [20, 34]. However, the RMS spectrum
(Fig. 2) only showed a weak such transition for the
FCP conditions employed. In addition, the crack tip
temperature rise measurements at the highest f em-
ployed only showed a maximum 0.5°C temperature
rise in the crack tip region. Such a temperature rise
should be too weak to produce significantly enhanced
yielding in the plastic zone during fatigue cycling,
indicating that it is improbable that the positive fre-
quency effect obtained is the result of the temperature
rise in the crack tip region. Moreover, the tensile tests
performed at different strain rates (Fig. 3 and Table I)
showed that the strain rate did not strongly affect the
tensile behaviour of the polymer tested, also indicating
that the effect of f on the FCGR cannot be attributed
to the strain rate strongly modifying the yield stress or
Young’s modulus. If a significant temperature rise
existed in the plastic zone, the DGB spacing (Figs 6
and 7) as well as the HDPE particle surface density
(Fig. 20) on the FCP fracture surface would
be expected to increase with increasing f as a result
of the larger plastic zone size caused by the enhanced
yielding at the higher f associated with this local rise in
temperature. In contrast, the DGB spacing measured
is little affected by f, and the HDPE particle surface
density decreases with increasing f. Therefore, the
reduction of FCGR with increasing f in the present
materials must be attributed to the nature
of the fatigue crack growth and not to a change in
temperature near the crack tip.

Observations of the DGBs on the FCP fracture
surfaces of the different specimens provide important
information on the deformation process leading
to fracture. With increasing f, the size of the dimples
observed in the second zone of the DGBs increases
(Fig. 5). Because the DGB formation is attributed
to the nucleation, growth and coalescence of dimples
in the craze, these observations indicate that nuclea-
tion of microvoids is favoured at lower f while more
growth of individual microvoids occurs at higher f;
the higher number of cycles at higher fassociated with
the formation of a DGB at a given da/dN value
contributes to producing this greater growth. The
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plastic deformation in each cycle in the region of
the crack tip is greater at lower f and the evidence
indicates that this contributes to initiating more
microvoids within the DGB present in the crack tip
region. Therefore, the time available during each fa-
tigue cycle for the craze to deform non-elastically
should be an important parameter in the DGB forma-
tion. With more microvoids produced at lower f, the
ligaments in the craze are thinner and should fracture
by necking after fewer cycles. The same argument of
the greater crack tip plastic deformation per cycle at
alower f'should also account for the greater number of
HDPE particles observed on the fracture surface at
a lower f.

The average HDPE particle diameter has been
evaluated by image analysis of cryomicrotomed speci-
mens as 0.52 pm in the non-compatibilized blend and
0.45 um in the compatibilized blend [10]. These par-
ticle diameters are considerably smaller than the
widths of the DGBs (Fig. 7b); thus, the plastic strain
zone in front of the crack tip contains a number
of HDPE particles. However, the number of the
HDPE particles per unit area of fracture surface de-
creases significantly with increasing f. Thus, craze nu-
cleation at HDPE particles decreases in importance
with increasing f, but the crack growth from each
nucleation site increases with increasing f or with
decreasing load application time per cycle. These ob-
servations suggest that a time-dependent effect similar
to a creep effect must be considered for the FCP
process. Such an effect has previously been proposed
[25, 26, 30], but fractographic evidence supporting
such an effect does not appear to have been presented
previously.

3.8. Effect of HDPE addition with
and without SEBS

In the blends, the widths of the DGBs observed at AK
below the formation of large dimples and of the spac-
ing between striation-like features observed at high
AK followed a power-law relationship with AK®
(Fig. 7b), with the exponent i being 0.3 and 0.6 in
the non-compatibilized and compatibilized blends,
respectively. This indicates that the striation-like
features observed at high da/dN in the blends very
probably correspond to DGBs. While the fracture
surfaces at high da/dN present few small dimples (not
associated with HDPE particles), the number of such
dimples on the DGBs observed at low da/dN de-
creases with increasing da/dN, which is in keeping
with the striation-like features observed at high da/dN
corresponding to DGBs essentially similar to those
observed at low da/dN. The term DGB will therefore
be henceforth employed to indicate the crack arrest
markings observed at both high and low AK in these
blends.

Although the tensile behaviour of PS was only
slightly affected by the presence of 5% HDPE with
and without SEBS (Table I), the FCP results (Fig. 4
and Table II) obtained showed that 5% HDPE led
to a significant reduction in FCGR at cycling frequen-
cies of 2 and 20 Hz, with this reduction being more
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important in the presence of the compatibilizer. At
0.2 Hz, however, the FCP results were similar for all
three materials. In the blends, the number of HDPE
particles on the fracture surfaces increased with in-
creasing AK, suggesting that such particles acted as
local crack initiation sites in front of the macroscopic
crack tip, although this increase was much less impor-
tant in the compatibilized blend.

In both blends, the large majority of HDPE par-
ticles which were noticeably elongated were those
situated near DGB markings, with the particles be-
tween such markings usually not noticeably elon-
gated. After the fatigue crack stops at such a marking,
the local strain is greatest in the region of the crack tip.
The HDPE particles in this region are therefore
strained, assuming that they have sufficient cohesion
with the matrix. The fracture at HDPE particles in
the craze region ahead of the crack tip generally occurs
by decohesion of not noticeably stretched particles
at their interface with the PS matrix. The fracture at
HDPE particles at the start of a DGB also generally
occurs by such decohesion; however, these particles
have often been noticeably stretched (Fig. 18) in
the non-compatibilized blend and very strongly
stretched (Figs 19 and 22) in the compatibilized
blend, with fracture of some of the stretched par-
ticles in the compatibilized blend also appearing prob-
able. The elongation of these particles indicates that
their decohesion and fracture occurs behind the local
crack front, and further behind this local crack front in
the compatibilized blend than in the non-com-
patibilized blend. In both cases, the decohesion and
fracture of the stretched particles behind the crack
front seems to be associated with a bridging effect
[76,77].

These observations therefore suggest that the
HDPE particles somewhat ahead of the start of
a DGB initiate local cracks in the matrix around
themselves, with these cracks producing decohesion at
these particles, while the particles near the start
of a DGB are stretched by the local strain. At least
part of the increased resistance to fatigue crack propa-
gation in the two blends is associated with the resist-
ance to the decohesion or fracture of the HDPE par-
ticles present near the start of the DGBs, with this
occurring very probably after the fracture of at least
much of this DGB ahead of this crack tip. The decohe-
sion at HDPE particles ahead of the start of each
DGB may actually cause the initiation of cracks with-
in a DGB to actually occur more rapidly than in the
PS specimens at the same AK value.

In the presence of the SEBS compatibilizer, 5%
HDPE improves more strongly the FCP resistance at
2 and 20 Hz. The fractographic observations then
indicated that the elongated HDPE particles on the
FCP fracture surface were much more elongated and
that the number of HDPE particles on this surface
increased considerably less rapidly with increasing AK
for all test frequencies. These observations confirm
that an efficient level of compatibilization was
achieved. In this blend, the lower number of HDPE
particles on the fracture surface suggests that the com-
patibilizer reduced the frequency of crack nucleation



at HDPE particles compared to the non-com-
patibilized blend. A possible explanation for this effect
is that the presence of SEBS may have increased
the stress required to initiate the fracture of crazes
at particle-matrix interfaces.

At the lowest frequency employed (0.2 Hz),
the blends had similar logda/dN versus log AK curves
as the PS polymer. At this frequency, the number
of HDPE particles not noticeably stretched and not
near the DGB interfaces was highest, and the decohe-
sion of these particles can be expected to facilitate
FCP. The plastic strain per cycle of the stretched
HDPE particles near the start of the DGBs was
presumably also more important at this low cycling
frequency and the combined effect was not sufficient
to result in improved resistance to fatigue crack
propagation.

4. Conclusions
From the results of this study, it can be concluded
that:

1. The addition of HDPE to PS, especially when
SEBS is present with the HDPE, contributes to reduc-
ing the fatigue crack growth rates (FCGRs) at frequen-
cies of 2 and 20 Hz but has little effect at 0.2 Hz.

2. Fractographic evidence of increased particle—
matrix adhesion in the presence of SEBS is observed.

3. FCP occurs by the initiation, growth and coales-
cence of microvoids formed in the PS matrix and at
HDPE particles when they are present.

4. In PS, DGBs are formed at low FCGRs with the
DGB spacing varying with AK’, the i exponent vary-
ing between 1 and 2. For FCGRs higher than
1.5-1.8 x 10~ * mm/cycle, large dimple-like features
are observed. For FCGRs higher than 3-4x
10~* mm/cycle, fatigue striations are also observed
with the large dimples becoming progressively less
numerous with increasing FCGRs.

5. In PS/HDPE, DGBs are formed at all FCGRs
except at intermediate FCGRs where large dimple-
like features form. The DGB spacing varies approxim-
ately with AK’, with the exponent i being 0.3 and
0.6 in the non-compatibilized and compatibilized
PS/HDPE, respectively, indicating that the Dugdale
or Irwin equations does not predict well the size
of these DGBs. For FCGRs up to approximately
1.6 x 10~ * mm/cycle, the DGBs present microvoids
near their start, many of which had not formed at
HDPE particles. For FCGRs of approximately
1.6 x 10" *mm/cycle to 3-4x10™*mmj/cycle, the
fracture surfaces present large dimples, most of which
are initiated as a microvoid around an HDPE particle.
For FCGRs greater than 3—4 x 10~* mm/cycle, these
large dimples became less continuous and DGBs,
which show elongated HDPE particles and corres-
ponding discontinuous ridge lines near their start, are
observed.

6. The FCGRs are reduced by a factor of 2-2.5
when the cycling frequency is increased by a factor
of 10.

7. No significant temperature rise in the region
of the plastically strained crack tip during FCP and no

important strain rate effect on the tensile strength or
Young’s modulus of the materials tested were ob-
served.

8. This effect of frequency is related to a time-de-
pendent effect similar to a creep effect, with the plastic
strain per cycle being significantly increased when the
cycling frequency is decreased or the time per cycle is
increased.
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