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Toughening mechanisms in blends of isotactic polypropylene and Noryl polyphenylene
oxide/polystyrene (iPP/Noryl) are studied using optical microscopy, scanning electron
microscopy and transmission electron microscopy. Large Noryl particles (10–15 µm) are
formed in iPP/Noryl blend and crazing is found to be the dominant toughening mechanism.
A detailed investigation of fracture mechanisms reveals that Noryl particles help trigger
and stabilize massive crazes in the iPP matrix. Incorporation of a small amount of
styrene-ethylene-propylene (SEP) compatibilizer helps reduce Noryl particle size and
improve interfacial adhesion between iPP and Noryl particles. Crazing and shear banding
mechanisms are found to operate sequentially in iPP/Noryl/SEP blends. As a result,
significantly improved toughness is obtained. C© 2000 Kluwer Academic Publishers

1. Introduction
The increasing market demands for structural applica-
tions of polypropylene (PP) have triggered extensive re-
search on improving impact strength and reducing
notch sensitivity of PP. A widely employed strategy
for improving the toughness of single phase thermo-
plastics has involved the incorporation of an elas-
tomeric phase. A disadvantage of such addition is
that it reduces modulus and tensile strength, which
are important benchmarks for acceptable material
performance. To improve toughness while maintain-
ing stiffness of thermoplastics, the rigid-rigid poly-
mer toughening concept [1–6] has been introduced
and shown to be a promising approach. Examples
of these rigid-rigid polymer pairs are polybutylene
terephthalate/polycarbonate (PBT/PC), nylon 6,6/poly-
phenylene oxide (PA/PPO), acrylonitrile-butadiene-
styrene/polycarbonate (ABS/PC), and nylon 6,6/ac-
rylo-nitrile-butadiene-styrene (PA/ABS) [7–9]. These
rigid-rigid polymer blends exhibit a desirable combina-
tion of mechanical and physical properties of the con-
stituents. Depending on the composition of the polymer
pair utilized, however, the rigid-rigid polymer blends
are not necessarily tough [7]. In fact, blending two or
more randomly chosen rigid polymers will usually re-
sult in blends with poor and unpredictable properties.
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To increase the toughness of a given polymer, the
material needs to be engineered to possess effective en-
ergy dissipating processes. For thermoplastics, massive
crazing and shear yielding are the most frequently en-
countered fracture energy dissipation processes. These
two energy adsorbing processes are not mutually ex-
clusive micromechanisms. In many polymers both may
occur sequentially [3] or simultaneously [10–12]. The
requirements for crazing and shear banding to oper-
ate effectively were extensively discussed in literature
[13–17]. In rubber toughened polymers, a commonly
accepted view on the role of rubber particles is that the
rubber inclusions alter the stress state in the material
around the particles through rubber cavitation and in-
duce extensive plastic deformation. For neat PP, it is
found that crazing is the main fracture energy dissipat-
ing process [18–20]. In the case of rubber-toughened
PP, crazing and shear yielding are found to be the two
most important fracture mechanisms [21–27]. If rigid
thermoplastic particles in PP matrix can play the roles
similar to rubber particles, it is likely that PP can be ef-
fectively toughenedvia either massive crazing and/or
shear banding without sacrificing stiffness.

The concept of rigid-rigid polymer toughening is not
new. The main fracture mechanisms reported in rigid-
rigid polymer blends that contain an elastomeric phase
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are crazing followed by shear banding [3] and rubber
phase cavitation followed by shear yielding [28, 29].
On the other hand, Nairet al., and Majumdaret al.,
found that addition of the second phase rigid polymer
results in embrittlement of Nylon 6,6/ABS [7–9] and
Nylon 6/ABS [29]. They attributed the poor toughness
to poor interfacial adhesion between the matrix and
the toughener phase. However, it is still not clear why
toughness is increased in some blends and not so in
others. The role of particle size and interfacial adhe-
sion in toughening is still not well understood. To an-
swer these questions and to establish a criterion for
the development of toughened polymer blends, it is
imperative that one fully understand the fundamental
parameters that govern fracture in rigid-rigid polymer
blends. Specifically, the sequence of toughening events
and the role(s) that the toughener phase plays with re-
spect to each operative microscopic mechanism has to
be known when polymer fractures. Moreover, damage
events should be linked to material characteristics, such
as particle phase morphology, particle size, interfacial
adhesion, and crystallinity.

In Part I of this series [30], the morphology and
toughness of iPP/Noryl and iPP/Noryl/SEP blends were
reported. It was shown that the presence of a rigid poly-
mer in iPP matrix significantly improved the toughness
of iPP without causing any reduction in the modulus
of iPP. The addition of a small amount of SEP com-
patibilizer, which helps reduce Noryl particle size and
increase interfacial adhesion between iPP and Noryl
particles, further increased the toughness of iPP.

The current study is part of a larger effort to gain an
insight into some fundamental issues on rigid thermo-
plastic toughened iPP: Do Noryl particles play a similar
role(s) in iPP/Noryl blends to those of rubber particles
in PP/rubber blends? If not, what are the differences?
Can the Noryl particles alter the toughening process
in PP? And how? What is the strategy for making a
tough and stiff polymer systemvia the rigid-rigid poly-
mer toughening concept? This study attempts to answer
these questions through the investigations of fracture
mechanisms. A number of techniques, such as double
notch four-point bending (DN-4PB) technique, scan-
ning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), and optical microscopy (OM),
were employed to investigate the deformation mecha-
nisms in iPP/Noryl and iPP/Noryl/SEP blends. It is an-
ticipated that the results from this study will be benefi-
cial to the development of other toughened rigid-rigid
polymer alloys.

2. Experimental
2.1. Materials
The PP used to conduct this research is isotactic PP
(iPP) that has anMn= 100,000 andMw= 368,000
with a melt flow rate index (MFI) of 2.5. The Noryl
PPO/PS pellets, Noryl™ PX0844, which has a glass
transition temperature (Tg) of 150◦C, were supplied
by General Electric Company. The PS phase con-
tains an undisclosed amount of rubber. The reason that
this Noryl system was chosen was to allow the pro-

cessing of the blends at 200◦C. The styrene-ethylene-
propylene (SEP) (Kraton-G1701) diblock copolymer,
which was used as a compatibilizer, was obtained from
Shell Chemical. All polymers used in this research
are commercial products. Blends of iPP/10%Noryl,
iPP/10%Noryl/2%SEP, and iPP/10%Noryl/5%SEP
were prepared using a research grade roll milling ma-
chine at a roll temperature of 200◦C.

2.2. Specimen preparation
The iPP, iPP/10%Noryl, iPP/10%Noryl/2%SEP, and
iPP/10%Noryl/5%SEP blends were compression
molded into 4 mm thick sheets at 200◦C. Cooling
water was used to quickly cool the plaques. DN-4PB
specimens were cut from the compression molded
plaques. Samples were machined into dimensions of
63.5 mm× 12.7 mm× 4.0 mm. The DN-4PB bars
were first notched with a 250µm radius notch cutter
to a depth of 3.75 mm and then further sharpened by
wedging open a crack with a fresh razor blade which
had been cooled in liquid nitrogen. This procedure
ensures that a sharp crack tip is created. During
DN-4PB specimen preparation, efforts were made to
ensure that the cracks generated were as nearly equal
in length as possible.

The DN-4PB specimens were tested at 50.8 mm/min
using a screw-driven mechanical testing machine (In-
stron Model 4411) at room temperature. During the
test, care was taken to ensure that the two inner loading
points contacted the specimen simultaneously while the
specimen was supported at the outer loading points.

2.3. Microscopy
The DN-4PB damage zone of the subcritically propa-
gated crack was cut along the crack propagation direc-
tion but perpendicular to the fracture surface using a
diamond saw. The plane-strain core region of the crack
tip damage zone was prepared for TOM, SEM, and
TEM investigations.

In the TOM investigation, about 30µm thin sections
of the tested DN-4PB samples were obtained by polish-
ing, following the procedure described by Holiket al.
[31]. The thin sections were then examined using an
Olympus BX60 optical microscope under both bright
field and cross-polarization conditions.

SEM investigations were performed on polished DN-
4PB tested specimens to investigate the toughening
mechanisms. In this experiment, the specimen was pol-
ished following the same procedure as that in the TOM
investigation to obtain flat and smooth surfaces. The
polished specimen was subsequently immersed in a
solution containing 1.3 wt% KMnO4, 32.9 wt% dry
H3PO4 and 65.8 wt% H2SO4 for 24 hrs [32, 33]. SEM
was also performed on the fracture surface to observe
evidence of interfacial adhesion. All specimens were
coated with a 30 nm layer of Au-Pd and investigated
using JSM-6400 SEM operated at an accelerating volt-
age of 15 kV.

For the TEM experiments, specimens were carefully
trimmed to an appropriate size (an area of 5× 5 mm)
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Figure 1 Fracture patterns of iPP and Noryl-toughened iPP: (a) Neat
iPP, (b) iPP/10%Noryl, (c) iPP/10%Noryl/2%SEP and (d) iPP/10%
Noryl/5%SEP. Large plastic deformation zone is observed in Noryl-
toughened iPP blends.

and embedded in DER 331 epoxy/diethylenetriamine
(12 : 1 ratio by weight). The epoxy mount was cured
at room temperature overnight. The cured block was
further trimmed to a size of about 0.3× 0.3 mm. A di-
amond knife was used to face off the trimmed block
prior to RuO4 staining. The faced-off block was ex-
posed to the vapor of an aqueous RuO4 solution (0.5%
by weight) for 2.5 hrs. Ultra-thin sections, ranging
from 60 to 80 nm, were obtained using a Reichert-
Jung Ultracut E microtome with a diamond knife at
room temperature. The thin sections were placed on
200-mesh formvar-coated copper grids and examined
using a JEOL 2000FX ATEM operated at an accelerat-
ing voltage of 100 kV.

3. RESULTS
3.1. General view of fracture patterns
The fractured SEN-3PB specimens are shown in Fig. 1.
It is observed that neat iPP experiences a brittle be-
havior with little sign of plasticity. The crack propa-
gates unstably once it starts. With an addition of 10%
by weight of Noryl particles, a pronounced damage
zone forms and the crack experiences stable growth
during loading. This indicates that addition of Noryl
particles improves fracture toughness and increases
the crack propagation resistance of iPP. As for the
iPP/Noryl/SEP blends, the samples show a more in-
tense and a larger damage zone than that in iPP/Noryl
blend. Also, the crack growth is further delayed by in-
corporating SEP, suggesting that SEP can effectively
alter the fracture process. All the above fracture pro-
cesses are consistent with the load-displacement curves
reported previously [30]. From this simple test, it is
noted that rigid Noryl particles and SEP both play an
important role in the toughness improvement of iPP.
To unambiguously understand the roles that Noryl par-
ticles and SEP play in toughening, TOM, SEM, and
TEM investigations are conducted on DN-4PB spec-

imens of iPP, iPP/10%Noryl, iPP/10%Noryl/2%SEP,
and iPP/10%Noryl/5%SEP blends.

3.2. Fracture behavior of neat iPP
For comparison purposes, the fracture mechanism of
neat iPP was first studied using TOM. The micrographs
of DN-4PB tested specimen are shown in Fig. 2. As
expected, a small damage zone is developed around
the crack tip. It appears that crazing is the only energy
dissipating process. No birefringence is found in the
crack tip damage zone (Fig. 2b). When the specimen
is examined at a higher magnification, it is observed

Figure 2 TOM of DN-4PB neat iPP specimen: (a) Taken under bright
field, (b) cross-polarized light, and (c) high magnification under bright
field light. No birefringence is found (see b). Crazes go through centers
and boundaries of spherulites (see c). The crack propagates from left to
right.
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that crazes go through the boundaries and centers of
spherulites (Fig. 2c). With further loading, the main
craze is easily developed into a crack. This deformation
mechanism is consistent with the low toughness value
reported earlier [30].

3.3. Toughening mechanisms
in iPP/Noryl blend

As expected, the TOM photographs of the DN-4PB
tested specimen of the iPP/Noryl blend clearly reveal
that massive crazes formed around the crack tip damage
zone (Fig. 3a). However, no birefringence is observed
when the specimen is examined under cross-polarized
light (Fig. 3b). This damage phenomenon is similar to
that observed in neat iPP. However, the size of damage
zone and the level of crazing in iPP/Noryl blend are
much higher than that in neat iPP. It is apparent that
the observed crazes are associated with Noryl particles
when the specimen is viewed at a higher magnification
(Fig. 3c). Most crazes appear to be initiated from and
terminated at the Noryl particles. The Noryl particles
may act as stress concentrators to trigger crazes and
stabilize the growing crazes.

The TEM investigation performed in the sub-fracture
surface zone clearly shows that massive crazes are gen-
erated (Fig. 4). Large crazes are found between particles
(Fig. 4a), and seem unorganized due to the irregularly
shaped Noryl particles and the presence of spherulites
in iPP matrix. Particle debonding from matrix is also
observed in this region, indicating that interfacial bond-
ing is not strong. Nevertheless, Noryl particles appear
to be effective in generating massive crazes (Fig. 4b).
TEM micrographs taken at 50µm beneath crack sur-
face (Fig. 4c) and 200µm ahead of crack tip (Fig. 4d)
show sparse and small crazes. No obvious debonding
is observed in these regions, which indicates that even
through the interfacial bonding between iPP and Noryl
particles is not strong, it is enough for triggering crazes.

3.4. Toughening mechanisms
in iPP/Noryl/SEP blends

Large Noryl particles (about 10–15µm) are formed in
iPP/10% Noryl blend, which limit the fracture mecha-
nism mainly to crazing. Addition of SEP compatibilizer
into iPP/Noryl blend dramatically reduces the Noryl
particle size and appears to form a core-shell particle
phase morphology in iPP/10%Noryl/SEP blends as re-
ported in Part I [30] of this series. The resistances to
crack initiation and crack propagation are significantly
increased by addition of a small amount of SEP.

Two levels of SEP compatibilizer, i.e., 2% and 5%
by weight, were used to compatibilize iPP/10%Noryl
blend. First, we focus on iPP/10%Noryl/5%SEP blend,
and then show similarities and differences between the
two blends.

When 5% SEP is added into iPP/10%Noryl blend,
the damage mechanisms are dramatically changed. As
shown in Fig. 5, the TOM micrographs of the DN-4PB
specimen clearly indicate the presence of a cavitation
zone (Fig. 5a) and a birefringent zone (Fig. 5b) in the

Figure 3 TOM of DN-4PB iPP/10%Noryl specimen taken under (a)
bright field, (b) cross-polarized light, and (c) high magnification in craze
zone. Most crazes are associated with Noryl particles (see c). The crack
propagates from left to right.

crack tip region. This birefringent zone, which is an
indication of shear banding, is encompassed by a large
light scattering cavitation zone. These interesting de-
formation features were further studied using TEM.

TEM micrographs in Fig. 6 were taken in the crack
wake at different strata on DN-4PB tested iPP/10%
Noryl/5%SEP specimen. The sequence of deformation
events can be studied here. In the crazed zone, i.e.,
about 100µm beneath the fracture surface, massive
crazes are found in the iPP matrix (Fig. 6a). Particles in
this region have the same shape as that in the undam-
aged region (Fig. 6f) and hence there is no observable
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Figure 4 TEM micrographs of DN-4PB iPP/10%Noryl thin section taken from various regions around the crack. In (a) and (b), massive crazes are
generated by Noryl particle immediately beneath the crack surface; in (c) 50µm beneath the crack surface and (d) 200µm ahead of the crack tip,
sparse crazes associated with Noryl particles are still observed. The arrow indicates crack propagation direction.

Figure 5 TOM of DN-4PB iPP/10%Noryl/5%SEP specimen taken under (a) bright field and (b) cross-polarized tight. The crack propagates from left
to right.

shear deformation in the matrix at this stage. This is
the first stage of the deformation sequence. Fig. 6b,
taken at around 50µm beneath crack surface, shows
the second stage in the sequence. This stage consists of
distorted particles in the loading direction (indicated by

tails at equator of particles), implying that the iPP ma-
trix around the distorted particles has undergone shear
yielding to some extent. The proof of extensive shear
deformation of the matrix material is demonstrated in
Fig. 6c, d, and e which were taken immediately beneath
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Figure 6 TEM micrographs of a DN-4PB iPP/10Noryl/5%SEP thin section taken from various regions in the crack wake. (a) 100µm beneath the
crack surface, (b) 50µm beneath the crack surface, (c), (d) immediately beneath the crack surface, close to the crack tip, (e) immediately beneath the
crack surface but 200µm behind the crack tip, and (f) undamaged region. The arrow indicates crack propagation direction.
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Figure 7 TEM micrographs of a DN-4PB iPP/10%Noryl/5%SEP thin section taken from various regions around crack tip. (a) At crack tip, (b) 50µm
ahead of the crack tip, (c) 150µm and (d) 300µm ahead of the crack tip. The arrow indicates crack propagation direction.

the fracture surface. Highly deformed particles are ob-
served inside this region, suggesting that plastic defor-
mation has occurred. Very short and narrow crazes are
also visible in this region. The crazes appear to be dis-
torted by the shear yielding process. A careful investiga-
tion of the micrograph reveals that the interfacial layers,
which mainly consist of SEP compatibilizer (indicated
by a dark color due to staining), are highly elongated
(see tails in the equator of particles) while the cores
of the particles remain almost undeformed (Fig. 6d).
The elongation direction is at an angle of about 30◦ to
40◦ with respect to crack growth direction in the re-
gion close to the crack tip (Fig. 6c and d). This angle
decreases with increasing distance behind the crack tip
(Fig. 6e). The tail lengths at the equator of the particles
exhibit a decreasing elongation and alignment with re-
spect to the crack surface away from the fracture surface

(Fig. 6c). This finding is consistent with the work on
PA/PPO [3].

TEM investigations reveal complex deformation fea-
tures in regions ahead of the crack tip (Fig. 7a). Again,
crazes are distorted as those observed in Fig 6c. The
matrix material in the region near the crack tip experi-
ences large scale stretching (Fig. 7a). Obviously, diffuse
shear yielding occurs in this region. The fan-shape de-
formation zone is caused by crack tip stretching and
unloading. At approximately 50µm ahead of the crack
tip, Fig. 7b, the length of the tails at the equator of
the particles is smaller compared to that at the crack
tip (Fig. 7a) and the crack wake (Fig. 6c). This fea-
ture is similar to that observed in the transition region
of the crack wake (Fig. 6b). Only a few crazes are ob-
served in this region. Further ahead of the crack tip, i.e.,
at 150µm and 300µm, respectively, only crazes are
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Figure 8 A schematic of the deformation features in the damaged DN-
4PB iPP/10Noryl/5%SEP specimen. The location of TEM micrographs
shown in Figs 6 and 7 are indicated in this drawing. Note that the features
are not drawn to scale.

observed (Fig. 7c and d). The crazes become thinner and
smaller with increasing distance away from the crack
tip. Most crazes appear to be linked to Noryl particles.
No signs of matrix stretching or tails at the equator of
particles are found. A schematic drawing of the loca-
tions chosen for TEM investigation is shown in Fig. 8.

The Noryl particles appear to be effective in trigger-
ing crazes and preventing them from developing into
premature cracks. Upon further loading, shear banding
begins to take place due to the relief of triaxial tension
by extensive crazing in the crack tip region. It is in-
teresting to note that Noryl particles at this small size
(≈0.3 µm) are still effective in triggering crazes. A
transformation of toughening mechanism from crazing
to shear banding has clearly taken place in this blend.
This is similar to that observed by Sue and Yee [3] in
PA/PPO alloy.

The morphological studies of the iPP/10%Noryl/5%
SEP blend revealed that SEP compatibilizer reduced
the Noryl particle size down to about 0.3µm (Fig. 6f).
The 2% SEP compatibilized iPP/10%Noryl blend has
a larger particle size (≈0.8 µm) and a higher tough-
ness than the 5% SEP modified iPP/10%Noryl blend
[30]. To understand the differences and similarities in
fracture mechanisms between the two blends, TOM,

Figure 9 TOM of DN-4PB iPP/10%Noryl/2%SEP specimen taken under (a) bright field and (b) cross-polarized light. The crack propagates from left
to right.

SEM and TEM investigations were further performed
on iPP/10%Noryl/2%SEP.

The crack tip damage zone in DN-4PB iPP/10% No-
ryl/2%SEP is shown in Fig. 9. It is clear that the dam-
age feature in 2% SEP compatibilized blend is similar
to, but larger than, that of the 5% SEP compatibilized
blend. Since the level of plastic deformation in the 2%
SEP compatibilized blend is much higher, the evidence
of fracture mechanisms at the crack tip cannot be re-
tained after TEM thin-sectioning. As a result, the frac-
ture mechanisms cannot be observed using TEM and
instead, were investigated using SEM on an etched sub-
fracture process zone.

The DN-4PB sub-fracture process zone was etched
using an oxidizing acid agent described in the experi-
mental section. The thermoplastic Noryl particles, SEP
phase and materials inside the crazes were etched pref-
erentially and could be easily revealed using SEM. It is
important to point out here that the specimen is feature-
less under SEM before etching. The SEM photographs
taken in the crack wake and the crack tip regions are
shown in Figs 10 and 11. The particles are removed
by the etching solution, leaving semi-spherical cavi-
ties that are connected by deeply etched crazes in the
regions away from the fracture surface and the crack
tip (Figs 10b and 11c). The removed particles and
crazes form massive void line arrays. These void line
arrays become narrow in the region close to the frac-
ture surface (Fig. 10a) and are distorted at the crack tip
(Fig. 11a and b). The general deformation feature in
this blend is similar to that in 5% SEP compatibilized
blend, i.e., crazing followed by shear banding. How-
ever, careful investigation reveals that the 2% SEP com-
patibilized blend exhibits more extensive crazing than
that in 5% SEP compatibilized blend (Fig. 7c and d
vs. Fig. 12a). The large Noryl particles (≈0.8 µm)
in the 2% SEP compatibilized blend (Fig. 12b) are
more effective in triggering crazes than the small No-
ryl particles (≈0.3µm) in the 5% SEP compatibilized
blend.

4. Discussion
The details of the toughening principles for poly-
mers with rubber-toughened epoxy were discussed and
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Figure 10 SEM micrographs of iPP/10%Noryl/2%SEP DN-4PB speci-
men taken in the crack wake. (a) Immediately beneath the crack surface,
(b) 150µm beneath the crack surface, and (c) undamaged region. Mas-
sive crazing (b) and shear banding (a) are observed. The crack propagates
from left to right.

summarized by Yee and Pearson [16]. For rigid-rigid
toughened polymers, Sue and Yee [3] demonstrated
that toughness could be improved through crazing and
transformation of crazing into shear banding in PA/PPO
alloy. Studies on PBT/PC blends [28] showed another
toughening route, i.e., crazing and debonding-cavi-
tation at the PBT/PC interface, followed by matrix shear

Figure 11 SEM micrographs of iPP/10%Noryl/2%SEP DN-4PB spec-
imen taken in front of crack tip. (a ) Crack tip, (b) 50µm ahead of the
crack tip, and (c) 800µm ahead of the crack tip. The transformation of
crazing (c) into shear banding (a, b) are observed. The crack propagates
from left to right.

deformation. Unfortunately, the materials used in the
above systems are commercial products, which makes
it impossible to clearly determine the roles that the indi-
vidual components play in the toughening process. The
aim of this study is to obtain an unambiguous under-
standing of the roles played by individual constituents
in the toughening process.
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Figure 12 TEM of DN-4PB iPP/10%Noryl/2%SEP thin section taken at (a) 250µm ahead of the crack tip, (b) high magnification of (a).
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In iPP/10%Noryl blend, it is noted that Noryl parti-
cles have sizes ranging from 10–15µm. These parti-
cles are effective in initiating and terminating crazes.
The level of crazing is not sufficient to relieve triaxial
stress constraint due to large inter-particle distances. In
addition, the interfacial adhesion between Noryl parti-
cles and iPP matrix is not strong (Fig. 4a). With in-
creased loading after matrix crazing, the debonding
takes place. Subsequently, cracking ensues. As a re-
sult, the shear yielding mechanism is suppressed. We
surmise that if the mixing is done at a higher tempera-
ture (e.g., 230◦C) and a higher level of Noryl particles
is incorporated, smaller particles and shorter distance
between particles could be achieved due to the reduced
viscosity at high temperatures. By doing so, there is a
good chance that the fracture mechanisms in iPP/Noryl
blend may be transformed from being crazing dominant
to crazing/matrix shear yielding dominant mechanisms.
This will further increase the fracture toughness of the
iPP/Noryl blend.

In the SEP-compatibilized iPP/Noryl blends, a higher
SEP content reduces Noryl particle size but does not im-
prove fracture toughness. In fact, the toughness mea-
surement results showed thatJc value of iPP/10%No-
ryl/2%SEP blend is higher than that of iPP/10%Noryl/
5%SEP blend [30]. This can be tentatively explained
as follows. As is well known, the particle size plays an
important role in toughening. It has been shown that
large rubber particles (>1 µm) in HIPS and ABS are
more effective in generating crazes than small particles
[14, 34]. In rubber toughened PP, Jang [22] reported
that samples with average particle diameter larger than
0.5µm exhibited pronounced crazing while no craze
was found in the sample with particles less than 0.5µm.
Donald and Kramer [14] and Bucknall [35] elaborated
the reasons for large particles to be more effective in
triggering crazes in polymer matrix. In the blends stud-
ied here, the average particle size in 2% SEP compat-
ibilized blend is about 0.8µm, while that in 5% SEP
compatibilized blend is about 0.3µm. Since a higher
level of crazing and a larger crazed zone are generated
in 2% SEP compatibilized blend, it is possible that the
optimal particle size for triggering crazing in iPP is
close to 0.8µm.

High level of crazing may be responsible for a large
shear banding zone in the 2% SEP compatibilized
blend. To achieve shear banding, the plane strain con-
straint at crack tip has to be relieved by dilatational
deformation. In rigid-rigid polymer blends, crazing is
a main dilatational deformation process because cav-
itation of rigid particles is difficult. Therefore, the
level of crazing is critical to the size of the shear
yielded zone. A high level of crazing is more likely
to relieve the triaxial stress at the crack tip. As a re-
sult, a larger shear yielded zone can be developed in
iPP/10%Noryl/2%SEP (Fig. 9b).

The transformation of a crazed zone into a shear
yielded zone in iPP/10%Noryl/SEP blends is observed
in the present study. The similar phenomenon was pre-
viously described and the possible reasons for its oc-
currence were extensively discussed by Sue and Yee
[3] in PA/PPO alloy. It should be pointed out that al-

though the deformation phenomenon in these material
systems is similar, the detailed toughening processes
are different. One should note that PA/PPO alloy con-
tains an elastomeric phase that initiates crazes inside
the PPO particles. The crazes then propagate from the
PPO particles into PA matrix. In the iPP/Noryl/SEP
blends, the crazes are initiated by Noryl particles. No
craze is found inside the Noryl particles. Studies have
shown that crazing is the main fracture mechanism in
neat iPP. This means that the stress level required for
crazes to occur in iPP is lower than that for yielding to
occur. The level of stress concentration at the equator
of Noryl particles first reaches the required stress level
to initiate crazes. With increasing loading, more crazes
are generated and this relieves the triaxial stress at crack
tip. These two processes enable shear yielding to occur
easily.

Crack tip blunting mechanism has clearly operated in
the iPP/Noryl/SEP blends. The TEM and SEM inves-
tigations of DN-4PB specimens (see Figs 7a and 11a)
confirm that the iPP matrix is highly stretched around
the crack tip, suggesting that plastic flow has occurred.
As a result, the crack tip has been effectively blunted
due to the surrounding plastically deformed material.

It is demonstrated that the rigid-rigid polymer tough-
ening concept works well in Noryl particle toughened
iPP. Toughness of the rigid polymer blends can be sig-
nificantly increased through crazing or crazing/shear
banding toughening mechanisms. One should note that
the molecular structures of iPP and Noryl are very dif-
ferent, and Noryl particle has a much higher modulus
and is more brittle than the matrix (iPP). The blend
can still be tough. This provides an attractive route
to improve both toughness and modulus of polymer
matrix simultaneously. We surmise that this concept
might work for all polymer blends so long as the effec-
tive toughening mechanisms, such as crazing and shear
banding, can be achieved by properly controlling par-
ticle size and interfacial adhesion between the matrix
and the toughener phase.

5. Conclusion
The toughening mechanisms in iPP, iPP/Noryl and iPP/
Noryl/SEP blends have been examined using a variety
of microscopy techniques. The results show that neat
iPP undergoes brittle failureviaunstable crazing. Noryl
particles in iPPP/Noryl blend act as stress concentrators
to trigger and stabilize crazes. Crazing is the dominant
fracture toughening mechanism in iPP/Noryl blend.
SEP compatibilizer, which reduces the Noryl particle
size in iPP matrix and improves interfacial adhesion
between iPP and Noryl particles, plays an important
role in toughening. Addition of SEP transforms craz-
ing dominant mechanism in iPP/10%Noryl into craz-
ing/shear yielding mechanisms in iPP/10%Noryl/SEP
blends.
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