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Clay-modified styrene-butadiene-styrene (SBS) rubber is utilized to toughen polypropylene
(PP). The SBS rubber is found to have good compatibility with clay particles. SBS rubber
helps to finely disperse clay particles in PP matrix. Mode-I fracture mechanisms are
investigated using optical microscopy and transmission electron microscopy techniques.
Rubber particle cavitation and matrix shear yielding are found to be the main toughening
mechanisms in PP/SBS system. In the case of PP/SBS/clay system, widespread rubber
particle cavitation, which appears to be facilitated by the presence of clay particle
inclusions inside the SBS rubber particles, takes place in the PP matrix. This, in turn, leads
to the formation of a bigger shear yielded zone in PP matrix. As a result, an enhanced
toughness is observed. © 2002 Kluwer Academic Publishers

1. Introduction

Polypropylene (PP) is widely used in packaging, textile,
household goods, and automobile applications because
of its good processability, relatively high performance,
great recyclability and low cost characteristics. How-
ever, the ability for PP to be utilized as an engineering
thermoplastic is still limited by its low modulus and
poor impact resistance. To expand engineering usage
of PP, extensive efforts on toughening of PP have been
carried out in the past twenty years [1-24].

Rubber modification is a well-known approach for
toughening PP [1-10]. It has been shown that rub-
ber particle cavitation, crazing and shear yielding
are among the major toughening mechanisms found
in rubber-modified PP [1-6]. Rubber particles can
act as stress concentrators to initiate and terminate
crazes [2-5] or can undergo internal cavitation to re-
lieve the triaxial stress state in front of the crack tip
[6-8, 11-13]. Widespread rubber particle cavitation and
massive crazing can facilitate shear yielding of the PP
matrix [4, 5]. The toughening mechanism(s) that may
operate in PP depends on the rubber type, size, con-
tent, and the level of interfacial adhesion between rub-
ber particles and the PP matrix [1-10]. For example,
for the ethylene-propylene-diene monomer (EPDM)
toughened PP system, Jang et al. [1] suggest that EPDM
particles could effectively nucleate crazes in PP if the
particle size is above 0.5 um. However, van der Wal
et al. [8] indicate that EPDM particle cavitation is the
key mechanism leading to a toughened PP. They claim
that large rubber particles (1.6 um) are more effective
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in relieving the plane strain constraint since they con-
tain several internal cavities, instead of only one cavity
found in small rubber particles. No crazing was found
in the PP/EPDM blends they studied.

Rigid-rigid polymer toughening approach has been
shown to be an alternative means for toughening PP
[14-17]. The roles of the toughener phase are to gen-
erate numerous stress concentration sites and to relieve
triaxial stress in front of the crack tip, thus promoting
shear plastic deformation in the PP matrix. In contrast
to the rubber toughening approach, this approach does
not cause reduction in modulus. The main drawbacks of
this approach are its ineffectiveness, as opposed to rub-
ber toughening, in improving low temperature impact
strength and ductile-brittle transition temperature. Con-
sequently, rubber toughening is still preferred for ap-
plications where good low temperature impact strength
and low ductile-brittle transition temperature are crit-
ical. Although toughness can be greatly improved in
PP blends through rubber toughening, the accompa-
nying penalty from this approach usually results in a
noticeable reduction in stiffness [1-8]. Organic fillers
are known to be effective in improving strength and
modulus of polymers [18-20]. However, a decrease in
toughness usually ensues. Interestingly, the incorpora-
tion of both inorganic fillers and rubber particles has
been shown to improve both stiffness and toughness of
PP [21-24]. It has been shown that two typical types
of morphological characteristics are generally present
in a three-component PP/rubber/filler blend [21-24].
They are: (1) the toughener phase and filler phase are

2447



independently dispersed in PP and (2) the filler phase re-
sides inside the toughener phase. It is generally agreed
that the elastic modulus can be increased if the filler
phase and the toughener phase are separated from each
other in the blend [23]. Also, the impact properties of
the blend will increase if the filler phase resides inside
the toughener phase, forming a core-shell morphology
in the blend [21, 22, 24].

So far, few systematic studies have been carried
out on the fundamental understanding of the toughen-
ing process in three-component PP/rubber/filler blends.
There are still questions as to how the filler, the rubber
and the filler-containing rubber phases affect PP tough-
ening. The main objective of this study is to investi-
gate the operating toughening mechanism (s) in such a
multi-phase PP blend system.

Clay-modified styrene-butadiene-styrene (SBS) rub-
ber is chosen as the model PP system for the present
study. The fracture mechanism analysis is performed
on the double-notch four-point-bend (DN-4PB) speci-
mens using transmitted optical microscopy (TOM) and
transmission electron microscopy (TEM) to gain in-
sight into the toughening mechanisms that are respon-
sible for the toughening of PP. The toughening mecha-
nisms observed in the multi-phase PP/SBS/clay blend
are compared with other toughened PP blends found in
the literature.

2. Experimental

2.1. Materials

The PP chosen in this research is isotactic PP that has
M, = 100,000 and M,, =368,000 with a melt flow in-
dex (MFI) of 2.5. Kaolinite clay, which had been sur-
face treated with dimethyl sulfoxide, was chosen as
the filler phase. SBS was selected as the rubber phase.
SBS (YH-792) is a linear elastomer obtained from
Beijing YanHua Petrochemical C. Ltd., China, which
has 40 wt% styrene. The M, of SBS is about 100,000.
The PP/SBS/clay (92/5/3 ratio by weight) blend was
prepared via pre-mixing of rubber and clay, followed
by mixing with PP using a research grade two-roll
milling machine at a roll temperature of 200°C. For
comparison purposes, neat PP, PP/clay (97/3 ratio by
weight) and PP/SBS (95/5 ratio by weight) blends were
also prepared under the same processing condition. The
testing plaques were compression-molded at 200°C and
prepared for morphology characterization and mechan-
ical property testing.

2.2. Specimen preparation
Single-edge-notch three-point-bend (SEN-3PB) speci-
mens were cut from the compression molded plaques.
Samples were machined to reach the final dimensions of
63.5 x 12.7 x 4 mm>. The SEN-3PB specimens were
notched with a 250 pum radius notch cutter to a notch
depth of 5.5 mm, followed by liquid nitrogen-chilled
razor blade tapping to wedge open a sharp crack to
a total depth of about 6.4 mm (a/W = 0.5-0.55) for
J-integral fracture toughness measurements.

The double-notch four-point-bend (DN-4PB) speci-
mens were prepared to generate a sub-critically propa-
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gated crack for detailed damage mechanism investiga-
tions. In the DN-4PB specimens, two nearly identical
cracks were prepared with care. Specimens were tested
at the speed of 50.8 mm/min using Instron (Model
4411) at room temperature. During the test, care was
taken to ensure that the two inner loading points contact
the specimen simultaneously while the specimen was
supported at the outer loading points.

2.3. Dynamic mechanical behavior

The dynamic mechanical analysis (DMA) of the neat
and PP blends were conducted using Rheometrics
RMS-800 in a torsional mode, with 2.5°C per step. A
constant strain amplitude of 0.1% and a fixed frequency
of 1 Hz were employed. The samples were tested at tem-
peratures ranging from —140°C to 170°C. The temper-
ature at which the maximum tan § value is located is
assigned as the glass transition temperature (7).

2.4. DSC measurements

Differential scanning calorimetry (DSC) measurements
were performed in nitrogen atmosphere at a heating/
cooling rate of 10°C/min. The melting temperature was
determined from the heating curve. The heat of fusion
of 100% PP crystal was taken as 209 J/g for crystallinity
calculation [25]. The crystallinity of PP in PP blends
was calculated using the following equation:

X
X, = <
¢ weight percentage of PP in the blends

where X_ is the crystallinity of PP blends and X/, is the
crystallinity of neat PP.

2.5. Wide angle X-ray scattering (WAXS)

A Sintag Pad V X-ray Diffractometer was used to study
WAXS pattern of PP blends. Testing was carried out
with 26 scanned between 2° and 30° at 1°/min scan-
ning rate and 0.04 chopper increment, using Cu K,
(A=0.15418 nm) radiation. Specimens with dimen-
sions of 30 x 12 x 3 (length x width x thickness) mm?
were used.

2.6. J-integral test

The J-integral test was conducted according to the
ASTM standard D-6068 using a multiple-specimen
technique at room temperature. A screw-driven
mechanical testing machine (Instron, Model 4411)
was used to perform the test at a crosshead speed of
2 mm/min. During the test, a series of SEN-3PB spec-
imens were loaded and unloaded to different predeter-
mined deflections, i.e., different levels of crack growth.
The load-deflection curve was recorded and integrated
to calculate the energy required to extend the crack,
which corresponds to the area under the load-deflection
diagram. After testing, each specimen was immersed in
liquid nitrogen for 3 minutes and broken immediately to
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Figure 2 Dynamic mechanical analysis of PP blends.
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cause brittle fracture. The extent of crack growth was
measured from the fracture surface using an optical
microscope. The J-integral value was calculated using
the following equation:

2U
J=——
B(W — a)

where U is the energy required for crack propagation,
B is the thickness of the specimen, W is the width of
the specimen, and a is the initial crack length.

The calculated J-values were then plotted against the
advanced crack length, Aa, to obtain a J-R curve. The
Jc value was determined at the point of intersection be-
tween the J-R curve and the blunting line (J =20y Aa,
where oy is the yield stress).

2.7. Flexural modulus measurement

The three-point-bend flexural moduli of PP blends
were measured according to the ASTM standard D-790
(Method I). An Instron (Model 1125) screw-driven me-
chanical testing machine was used to perform the mea-
surement at a crosshead speed of 5 mm/min and a span-
to-depth ratio of 16. The bending modulus of elasticity
was calculated using the equation: E = L3m/(4bd?),
where L is the support span, b is the width of beam, d
is the depth of beam, and m is the slope of the tangent
to the initial straight-line portion of the load-deflection
curve. At least three specimens were used for each
system.

2.8. Microscopy

The morphology of PP and its blends was character-
ized using TOM and TEM. In the TOM investigation,
samples were polished to about 20 pm in thickness.
Spherulites in neat PP and PP blends were characterized
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Figure 3 WAXS spectra of PP and PP blends.
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using an Olympus-BX60 optical microscope under
cross-polarization light.

For the TEM sample preparation, specimens were
carefully trimmed to an appropriate size (5 x 5 mm?)
and embedded in a diglycidyl ether of bisphenol-A
(DGEBA) epoxy and diethylenetriamne system (12 : 1
ratio by weight). The epoxy was then cured at room
temperature overnight. The cured block was further
trimmed to a size of about 0.3 x 0.3 mm?. A diamond
knife was used to face off the trimmed block prior to
RuOy straining. The faced-off block was exposed to the
vapor of an aqueous RuOy 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 micro-
tome with a diamond knife at room temperature. The
thin sections were placed on 200-mesh formvar-coated
copper grids and examined using a JEOL 2000 FX
ATEM operated at an accelerating voltage of 100 kV.

The DN-4PB damage zone of the subcritically prop-
agated crack was cut along the crack propagation di-
rection but perpendicular to the fracture surface using
a diamond saw (Fig. 1). The plane strain core region of
the crack tip damage zone was prepared for TOM and
TEM investigations.

Figure 4 TOM taken under cross-polarized light. (a) PP; (b) PP/clay; (c) PP/SBS; (d) PP/SBS/clay. (Continued).
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Figure 4 (Continued).

3. Results and discussion

3.1. Thermal analysis

The crystallinity of semi-crystalline polymers is be-
lieved to have a significant effect on mechanical prop-
erty and fracture behavior in polymers. It is found that
the crystallinity of PP is increased with the addition

TABLE I Selected properties of neat PP and PP blends

of rubber and clay particles (Table I). Especially in the
case of PP/clay, the crystallinity of PP is increased from
about 40% to 47%. This suggests that clay particles can
act as an effective nucleation agent. The melting tem-
peratures of neat PP and the PP blends are all about the
same.

% (O G’ (MPa) Flexural modulus Jc
Materials X (%) PP SBS 25°C 80°C (GPa) (kJ/mz)
Neat PP 39.7 5.6 - 780 270 1.76 +0.02 3.0
PP/3%Clay 47.2 6.9 - 960 320 2.124+0.05 1.9
PP/5%SBS 43.5 6.9 -97 730 260 1.47 £ 0.01 9.0
PP/5%SBS/3%Clay 44.3 6.4 -89 720 290 1.48 £0.03 10.5
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3.2. Dynamic mechanical analysis

The dynamic mechanical spectra of PP, PP/clay,
PP/SBS, and PP/SBS/clay are shown in Fig. 2. The
T, and selected shear storage moduli of all the blends
are given in Table 1. It is found that 7, of PP is about
the same for all the blends studied. However, in the
case of the PP/SBS/clay blend, the 7, of SBS is in-
creased by about 8°C. Also, the curve of the tan § peak
of SBS dampens after the incorporation of clay parti-
cles. This indicates that the SBS rubber is likely to have

molecularly interacted with the clay particles. In other
words, some of the clay particles may have intercalated
or exfoliated within the SBS phase. The good molecu-
lar interaction between SBS and clay can help improve
dispersion and the interfacial adhesion between clay
and PP matrix.

It should be noted that the shear storage moduli of PP
are increased when 3% clay is added, especially at tem-
peratures above the T, of PP (i.e., 5.6°C). However, the
shear storage moduli of PP are decreased when SBS

Figure 5 TEM morphology of PP blends. (a) PP/clay; (b) PP/SBS; (c) PP/SBS/clay. (Continued).
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Figure 5 (Continued).

and SBS/clay are incorporated. However, it is noted
that the moduli of PP/SBS/clay are increased at tem-
peratures above 50°C.

3.3. WAXS analysis

WAXS spectra (Fig. 3) of PP and PP blends exhibit
typical monoclinic o form crystalline structure [26].
The corresponding crystalline planes are marked on the
plot. A reverse trend in relative intensities of (110) and
(040) peaks is observed in PP/clay against those found
in neat PP and PP/SBS/clay. It is unclear at this stage
concerning the underlying cause(s) of such shifts in
intensities between (110) and (040) peaks.

The diffraction peak (260 = 12.24°) of clay observed
in PP blends is the same as that found in the origi-
nal clay. This indicates that the majority of clay parti-
cles still maintain its original crystalline structure form.
However, careful investigation suggests that the clay
peak intensity in PP/SBS/clay is much lower than that
found in PP/clay. This suggests that part of the clay
in PP/SBS/clay system has molecularly interacted with
SBS rubber, and caused the original clay to either inter-
calate or exfoliate. The above findings agree well with
the DMA results.

3.4. Morphology observation

Spherulite morphology in PP blends is characterized us-
ing TOM. TOM micrographs of polished thin-sections
of PP and PP blends are shown in Fig. 4. The addi-
tion of the second phase particles results in a less regu-
lar spherulite texture with less well-defined spherulitic
boundaries. The spherulite size in these PP blends is
about 50 um. Careful observation reveals that small

crystal clusters, which appear to be nucleated by clay
particles, are present in the inter-spherulitic region (see
arrows in Fig. 4b).

TEM is employed to further reveal the morpholog-
ical details in PP blends (Fig. 5). In PP/clay blend,
clay particles are found well-dispersed in the PP matrix
(Fig. 5a). However, the particle size distribution ranges
from nanometer size up to about 2 um in size. Most
of the clay particles appear to exhibit plate-like struc-
ture. In PP/SBS blend, the average rubber particle size
is about 0.3 pm.

The PP/SBS/clay blend appears to contain two
types of rubber particles: pure SBS particles and clay-
containing SBS particles. In this blend, a unique core-
shell particle morphology is observed. This is antici-
pated because SBS and clay were pre-mixed before
blending with PP during sample preparation. All clay
particles appear to be coated by SBS rubber. The size of
clay particles appears to be greatly reduced even though
a few 1 pum size clay particles are still occasionally
observed.

It is noted that co-crystallization between SBS rub-
ber and PP at the interface is observed in PP/SBS
and PP/SBS/clay blends (Fig. 6). The co-crystallization
at the interface may have helped promote sufficiently
strong interfacial adhesion between SBS and PP as
noted by Lu et al. [27]. Microscopy observations sug-
gest that both SBS and clay particles are all well-
dispersed in the PP blends investigated.

3.5. Mechanical properties

The flexural modulus of PP/clay is about 20% higher
than that of neat PP, while the flexural moduli of both
PP/SBS and PP/SBS/clay are about 20% lower than
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Figure 6 Co-crystallization at the interface between PP and SBS in PP/SBS blend.

+ neat PP
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Figure 7 J-R curves of neat PP and PP blends.

that of neat PP. This trend is consistent with the storage
moduli results obtained from DMA experiments. It can
be seen that the SBS-encapsulated clay particles are not
effective in improving or maintaining the rigidity of PP
matrix, but act more like rubber particles as a whole.
The toughness measurement results obtained from
the J-integral experiments are shown in Table I and
Fig. 7. It is clearly shown that the addition of clay
alone lowers the toughness of PP significantly. The in-
corporation of 5% SBS into PP can greatly improve the
toughness of PP. Interestingly, the PP/SBS/clay blend
gives a slightly higher J¢ value and a better crack prop-
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agation resistance (slope of J-R curve) than PP/SBS
blend. In this study, only J¢ values, instead of Jic val-
ues, are reported because the specimen thickness of PP
blends was insufficient to satisfy the ASTM standard
requirements.

3.6. Toughening mechanisms investigation

To better understand the operating toughening mech-
anisms in PP blends, TOM and TEM are utilized to
examine the sub-fracture surface and the crack tip dam-
age zone of the DN-4PB specimens. TOM provides an



Figure 8§ TOM of DN-4PB specimens (a) and (b) neat PP; (c) and (d) PP/clay; (e) and (f) PP/SBS; (g) and (h) PP/SBS/clay. (a), (c), (e) and (g) are
under bright field; and (b), (d), (f) and (h) are taken under cross-polarized light (crack propagates from left to right).
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overview of the damage zone size in different PP blends
(Fig. 8). The PP/clay blend shows a much smaller dam-
age zone size than that of the neat PP system (Fig. 8c
vs. 8a). No evidence of a birefringent zone was found.
Only signs of crack deflection and crack bifurcation
are observed. This finding agrees well with the low J¢
value obtained for this blend. On the other hand, in-
tense and large damage zones are formed in PP/SBS
and PP/SBS/clay blends (Fig. 8e and g). Under cross-
polarized light, large birefringent zones are observed
in these two blends (Fig. 8f and h), which imply that
shear yielding has taken place in these blends. The
PP/SBS/clay blend contains the largest birefringent
zone. This, again, is consistent with the J-integral mea-
surements, which indicates that the PP/SBS/clay blend
possesses higher crack initiation resistance and better
crack propagation resistance than the PP/SBS system.

TEM is conducted on DN-4PB specimens to fur-
ther probe the toughening mechanisms in different PP
blends. TEM micrographs shown in Fig. 9 are taken at
the crack tip regions of all the PP blends. In PP/clay

blend (Fig. 9a), as expected, no sign of crazing is found
in this blend. Only crack deflection and crack bifur-
cation are observed. This explains why this blend is
brittle. With the addition of SBS and SBS/clay par-
ticles, shear plastic deformation as illustrated by the
highly deformed and elongated SBS particles around
the crack tip is observed. Outside the plastic zone,
rubber particle cavitation is found in PP/SBS and in
PP/SBS/clay blends. Careful investigation suggests that
the PP/SBS/clay blend has a larger and more intense
shear plastic deformation zone than PP/SBS, which cor-
responds to the larger birefringence zone observed un-
der TOM (Fig. 8h). No crazing is found in these two
blends.

Fig. 10 is taken at about 30 «m beneath the fracture
surface in PP/SBS/clay blend. The lower portion of the
micrograph indicates the cavitation zone. The upper
part of the micrograph shows the plastic zone as indi-
cated by the highly stretched and elongated particles.

It is interesting to note that the shape of clay par-
ticles inside the plastic zone is much thinner (Fig. 9¢)

Figure 9 TEM of crack tip of DN-4PB specimens of PP blends. (a) PP/clay; (b) PP/SBS; (c) PP/SBS/clay. (Continued).
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than those found in the undeformed region. We surmise
that the shear deformation process at the crack tip can
shear separate clay layers. This leads to the formation
of finer clay particles with much thinner platelets in-
side the rubber phase. Crazing has been recognized as
the main fracture mechanism in neat PP [5, 14, 15].
However, no crazing is found in all the PP blends in-
vestigated in this study. This suggests that either the
crazing stress of PP is higher than the stresses for SBS
rubber cavitation and interfacial debonding or the SBS
and SBS/clay particle sizes are simply too small to be
effective in initiating crazing in PP. The above finding
is consistent with our earlier investigation on PP/noryl
and PP/styrene-ethylene-propylene systems, which in-
dicates that the most effective rubber particle size to
initiate crazing is between 0.7-1 um [5, 14].
Toughener particle size, particle content, and the type
of particles utilized are critical in triggering effective
toughening mechanisms. Rubber particle cavitation is
found in both PP/SBS and PP/SBS/clay blends (Fig. 9b

and c). In this study, it is evident that rubber cavita-
tion occurs before shear yielding (Fig. 10). In contrast,
only crazing is found in PP/EPDM [1, 2, 6], PP/EPR
[1, 4] and PP/SEP blends [5]. The discrepancy be-
tween the present findings and the PP/EPDM, PP/EPR,
and PP/SEP systems investigated by others may be be-
cause of differences in rubber characteristics and rubber
particle sizes.

The debonding (Fig. 10) between the clay inclusion
and the encapsulating rubber phase in PP/SBS/clay,
which is equivalent to the cavitation of SBS rubber,
may have contributed to a more effective relief of the
triaxial stress state around the crack tip. This allows
PP to undergo a larger scale of plastic deformation. As
shown in Fig. 8, a larger birefringence zone is observed
in PP/SBS/clay blend than in PP/SBS blend. Therefore,
the incorporation of clay particles to small rubber parti-
cles (<0.5 um) that cannot readily cavitate is a means to
facilitate cavitational process to promote shear yielding
in the PP matrix.

Figure 9 (Continued).
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Figure 9 (Continued).

Figure 10 TEM micrograph of DN-4PB specimen of PP/SBS/clay taken at 30 «m below fracture surface.
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4. Conclusion

Fracture mechanisms in PP, PP/SBS, PP/clay, and
PP/SBS/clay systems are investigated. Only crack de-
flection and crack bifurcation are found in PP/clay
system. Crazing is not observed in PP/SBS and
PP/SBS/clay blends, probably due to the small parti-
cle size (<0.5 um) of the toughener phase. Fracture
toughness of PP can be best improved by clay-modified
small rubber particles. Debonding between the clay in-
clusion and the SBS rubber phase, which is equivalent
to cavitation of rubber, leads to effective relief of tri-
axial stress state around the crack tip in PP/SBS/clay.
This, in turn, promotes large scale shear yielding in the
PP matrix. Signs of clay layer separation due to high
degree of shear deformation around the crack tip region
are observed.
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