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Abstract

The fracture toughness and deformation mechanisms of un-vulcanized and dynamically vulcanized
polypropylene/ethylene-propylene-diene terpolymer (PP/EPDM) blends and polypropylene/ethylene-
propylene-diene terpolymer/multi walled carbon nanotube (PP/EPDM/MWCNT) blend-nanocomposites
were investigated using the essential work of fracture (EWF) methodology followed by detail microscopy
analysis. The effect of maleic anhydride grafted polypropylene (PP-g-MA) on the morphology and
fracture toughness of the multicomponent system was also investigated. It was found that both the
dynamic vulcanization and compatibilization using PP-g-MA increased the fracture toughness of blend
and blend nanocomposite systems. The results illustrated that the dominant fracture mechanism related to
the EPDM dispersed phase in un-vulcanized samples was the formation of dilatation bands due to
cavitation and/or debonding of dispersed EPDM rubber particles. In vulcanized samples, developing of
dilatation shear bands, resulting from repeated particle debonding, was suppressed and the formation of
nanovoids and cavitation in rubber particles led to promoting shear yielding of adjacent matrix and dense

plastic deformation. Incorporation of MWCNT into the PP/EPDM blend reduced the essential work of

fracture (w,) and enhanced non-essential work of fracture (Sw, ). In the blend-nanocomposites, two

mechanisms induced by MWCNT were observed. While large MWCNT aggregates acted as favor sites
for crack initiation, the individual MWCNT impregnated fibrils arrested the crack propagation. The
presence of PP-g-MA diminished negative effect of MWCNT and further enhanced its positive effect
through decreasing the size of large aggregates (favor sites to initiate large cracks) and increasing in the
number of dispersed individual MWCNT ropes (increase potential of impregnated fibrils formation),

respectively.
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1. Introduction

Because of notch sensitive nature and poor fracture toughness of polypropylene (PP) on exposure
to sever conditions such as low temperature or high deformation rate, the blending of PP with
elastomeric polymers such as styrene-cthylene-butylene-styrene (SEBS), ethylene-propylene
rubber (EPR) and ethylene-propylene-diene terpolymer (EPDM) is an efficient strategy to
increase its toughness.'* Among these rubbers, EPDM is considered as one of the most effective
impact modifiers for PP.> However, incompatibility of PP and EPDM results in poor interfacial
adhesion and consequently unsatisfactory mechanical properties of simple PP/EPDM blends.’
Mechanical properties of these blends can be improved by using compatibilizers’’ and/or
dynamic vulcanization process.”” Based on the fact that rubber toughening usually sacrifices the
modulus and stiffness of PP, simultaneously reinforcing and toughening of PP is very important
to maintain its stiffness-to-toughness balance. The incorporation of micro- and nano-size fillers
into PP/elastomer blends can restore the required stiffness and strength. Among the fillers, carbon
nanotubes (CNT) in its different types; multi wall carbon nanotubes (MWCNT) and single wall
carbon nanotubes (SWCNT) have effective reinforcing effect, because of their large aspect ratio
and high tensile strength.'®"!

The challenges for developing high performance polymer/CNTs nanocomposites include;
homogeneous dispersion of CNTs in the polymeric matrix and providing the strong interfacial
interactions to ensure efficient load transfer from the polymeric matrix to the CNTs. CNTs are
usually present in bundles and exhibit a highly aggregated state in polymeric matrixes because of
the strong inter-tube Van Der Waals interactions, which holds the bundles together.'® Aggregated
CNTs could play the role of stress concentrators leading to create the microscopic defects whilst
homogeneous dispersion of CNTs prevents the stress concentration and their large surface area
provides higher interaction with the polymeric matrix and enhances the stress-transfer
mechanisms. Moreover, the fracture strain of CNTs that is estimated to be 10-30%, allows
extensive bending and buckling.'” This high flexibility most probably provides an additional
source of high impact strength for the nanocomposites."

The mechanical properties and fracture behavior of PP/CNT nanocomposites have extensively
been studied, recently. Prashantha et al.'* and Zhao et al.'” reported that PP/MWCNT
nanocomposites show ductile behavior in lower loading (1 wt%) and brittle behavior with
breaking after the yield point at higher loading (2 wt%). Hemmati et al.'® reported that the

formation of some MWCNT aggregates causes to decrease in tensile and impact strengths of PP/
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MWCNTSs nanocomposites. Soe et al.'” showed that the impact strength of PP/MWCNT
nanocomposites steadily increases with MWCNT contents at low filler contents and gradually
decreases after passing through a maximum with further increasing of the filler content because of
CNTs agglomeration. Fracture toughness of PP/MWCNT nanocomposites was studied by
Satapathy et al.'"® and they observed higher crack propagation resistance at 0.5 wt% MWCNT
nanocomposite compared to pure PP. Prashantha'® have used PP-g-MA as a compatibilizer to
improve the dispersion of CNTs and shown that the Young’s modulus, yield stress and impact
strength of PP/MWCNT/PP-g-MA nanocomposites are higher than those of PP/MWCNT
nanocomposites. Valentini et al.? reported that the toughness of PP improved by incorporation of
EPDM and it further enhanced by addition of MWCNT. It was also shown by Liu et al. that
MWCNT had not a significant effect on the fracture toughness of polypropylene/ethylene-vinyl
acetate copolymer (PP/EVA) blend with weight ratio of 80:20, while the impact strength of
PP/EVA (60/40) blend greatly increased with MWCNTs.*!

Our previous research work’ showed that MWCNT increased the impact strength of un-
vulcanized and dynamically vulcanized PP/EPDM (80/20) blends, in which the presence of PP-g-
MA had an effective role in increasing the fracture toughness of these blend-nanocomposites. The
involved deformation micro-mechanisms were discussed in that work. In this study the fracture
behavior of wun-vulcanized and dynamically vulcanized PP/EPDM blends and
PP/EPDM/MWCNT blend-nanocomposites were investigated using the essential work of fracture
method (EWF). The effect of PP-g-MA as a compatibilizer on the toughness of blends and blend-
nanocomposites was also investigated. The main focus of this study was to get insight into the
micro- and nano-deformation mechanisms induced by different dispersed components which

involved in the toughening of such blends and blend-nanocomposites.

2. Experimental

2.1. Materials

Isotactic polypropylene (PP — SI080) with melt flow index of 8.0 g/10 min (230 °C, 2.16 kg) was
obtained from Polynar Petrochemical Company, Tabriz, Iran. EPDM-KEP270 with density of
0.96 g/cm3 (ENB content = 4.5 wt%, ethylene content = 57 wt%) was supplied by Kumho
Polychem Company, South Korea. The used multiwall carbon nanotube (MWCNT) was provided
by Nanocyl. The specifications of MWCNT are as follow: average diameter 9.5 nm, average
length of nanotubes 1.5 pum and purity higher than 90%. The vulcanization ingredients, such as

mercaptobenzothiazole disulfide (MBTS), tetramethylthiuram disulfide (TMTD), stearic acid and
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sulfur were supplied by Merck. PP-g-MA with MFI value of about 80.0 g/10 min (180°C/2.16 kg)
and 1.2 wt% of grafted maleic anhydride was used in this study.

2.2. Blend preparation

The blends, nanocomposites and blend-nanocomposites were prepared by melt mixing in an
internal mixer (Brabender W50EHT) with a 55 ml mixing chamber at starting temperature of 180
°C and rotor speed of 60 rpm. The chamber was always charged with 45 ml of polymers and
mixing was done for 12 min. PP phase (PP or PP+PP-g-MA) was fed into internal mixer followed
by the addition of EPDM for un-vulcanized blends and further MWCNT in the melt mixture for
un-vulcanized blend-nanocomposites. For different vulcanized samples , 1.5 phr stearic acid and 5
phr zinc oxide were added after 4 min from melt mixing of PP phase with EPDM and MWCNT
(for blend-nanocomposites). Then, after 1 min of mixing, accelerators (including 2.1 phr TMTD
and 0.9 phr MBTS) were charged and then 1 phr sulfur was added after 30 sec. Typical torque-
time curves for un-vulcanized and vulcanized blends together with the blend-nanocomposites are
shown in Fig. 1. Neat PP and PP phase/MWCNT nanocomposites were also similarly processed
for comparison. Prior to the blending, MWCNT and PP-g-MA were dried at 80 °C under vacuum
for 12 h. For all the blends and blend-nanocomposites the weight ratio of PP to EPDM was set at
80:20. For all the nanocomposites and blend-nanocomposites, 0.5 wt% of MWCNT was used. To
study the effect of PP-g-MA on MWCNT dispersion and compatibilization of different blends, 2
wt% of PP-g-MA was used in preparation of some samples. To prevent thermo-mechanical

degradation during melt blending, 0.1 wt% of thermal stabilizer (Irganox 1010) was used.

Fig. 1

2.3. Instruments

Samples for EWF tests were prepared by compression molding according to ISO 293 and cooled
to ambient temperature by water with 15+2 °C.min-1 average cooling rate. The dimension of
EWF test samples was 80x23x1 mm. The notches were inserted using a sharp razor blade to
obtain double edge notched tension (DENT) specimens with a series of ligament length ranging
from 13 to 19 mm. At least five specimens were tested for each ligament length and data
reduction followed the recommendation of the ESIS-TC4 group.”? All the fractures for EWF test
were performed at room temperature with a crosshead speed of 5 mm/min and using a

Zwick/Roell tensile testing machine (Z 010).
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To study the morphology and micromechanical deformation processes three preparation and
investigation techniques were used:
1) The cryo-fractured surfaces were subjected to pre-treatment to remove the EPDM phase in un-
vulcanized samples and also remove the PP phase in vulcanized samples. In un-vulcanized cryo-
fractured samples, EPDM phase was etched by cyclohexane at room temperature for 24 h and in
vulcanized cryo-fractured samples, PP phase was etched by boiling xylene for 30 sec. The treated
samples were then sputter-coated with gold prior to analysis.
2) Single edge notched semi thin films (approximately 40 pm thickness) with dimensions of 80 x
23 mm were prepared by melt-pressing method and inserting notch using sharp razor blade. The
prepared film samples were conducted under tensile test with crosshead speed of 5 mm/min and
test was terminated when a load of 120 N was reached. Also the un-notched films (same
dimensions) were conducted under stress-strain test with a crosshead speed of 5 mm/min until
complete failure. In the case of un-notched films, plastically deformed zones close to the fracture
plane and for single edge notched films arrested crack-tip damage zone was evaluated by optical
microscopy. Although the stress-strain state in semi-thin sections is different from that in bulk
material, the nature and mode of deformation cannot be changed and micromechanical
deformation mechanisms are comparable in both cases.”
3) Morphology of surface and sub-surface of EWF test fractured samples was also investigated.
The area of sub-surface interest (marked with arrow in Fig. 2a) is perpendicular to the fracture
surface and perpendicular to crack growth direction.

Morphology of the fractured surfaces was examined with a HITACHI S-4160 field emission
scanning electron microscope (FE-SEM). The deformed and fractured films were studied using an

Olympus BX60 optical microscope equipped with a Sony camera (model: SSC-DC58AP).

2.4 Essential work of fracture (EWF) methodology

EWF test method has gained popularity due to its experimental simplicity as the method avoids
the measurements of the current crack advance as well as the detection of cracking initiation.
EWF concept that proposed first by Broberg®* and further developed by Cotterell and Reddel®
and Karger-Kocsis®®® has been used extensively to study the fracture behavior of ductile

polymeric materials. In this method the total energy required to fracture () can be divided into

the essential work of fracture (,) consumed in the inner fracture process zone (IFPZ) to create

new surface and non-essential work of fracture (%) dissipated in the outer plastic deformation
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zone (OPDZ). The related zones are shown schematically in case of a deeply double-edge notched
tension specimen in Fig. 2b.

Fig. 2

The relationship between work of fracture and its components can be written as follow:

w,=W,+w, (1)

By assuming that w, is proportional to the ligament area, and w, is proportional to the volume of
plastic zone, the relationship between specific terms can be defined as follows:

w,=w,xlt + pw .x It )
w,=w, T pw,l 3)

where w, is the specific total work of fracture, / is the ligament length, ¢ is the thickness of the
sample and s is plastic shape factor depending on the geometry of plastic zone.

The total work of fracture,,, can be determined by integration of area under force-
displacement curves for each specimen. According to Eq. 3, the specific total work of fracture is a
linear function of the ligament length. Therefore w,, that indicates the resistance to crack

[

initiation can be determined from the interception of the linear regression line, fitted to the w, -
graphs with y-axis and the slope of this line, pw,, indicates the resistance against crack

propagation.

As discussed by Karger-Kocsis et al.*>*' the total work of fracture can be partitioned at the
maximum load as the summation of two contributes: a term W related to the yielding of ligament
area and another term W, , associated to the subsequent necking and tearing. Therefore it can be

written:

Wo=w, W, @)

The specific terms (w, and w,,) can be expressed as a function of ligament length similar to

Eq. 2, as follows:

Wf - W,V + Wn,l = (we‘y' +ﬂywp,,v : l) + (We,n,t + ﬂnwlh’h[- l) (5)
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where w, | is the specific essential yielding-related work of fracture, w,,, is the specific essential

necking and tearing work, w, = is volumetric energy dissipated during yielding and w,,, is

dissipated plastic work during necking and tearing . # and f,, are geometry factors related to the

shape of the plastic zone during the yielding and necking and tearing, respectively. By comparing

Eq. 3 and Eq. 5, it can be concluded that:
W= w, Tw (6)

e,y e,n,t

ﬂwp :ﬂywp,y +ﬂnwp,n,t (7)

3. Results and Discussion

3.1 Phase morphology

The SEM micrographs of cryo-fractured surfaces of PP/MWCNT with and without PP-g-MA are
shown in Fig. 3. It is obvious that the MWCNTs are present in the PP matrix mainly in the form
of large aggregates. This indicates imperfect mixing of MWCNT phase in PP matrix. In the
presence of PP-g-MA reasonably uniform dispersion and good distribution of the MWCNT with
smaller aggregate size was observed. This suggests that the presence of PP-g-MA improves the
dispersion state of MWCNT in the PP matrix and limits the formation of MWCNT aggregates.'’
Fig. 4 shows the SEM images of cryo-fractured surfaces of un-vulcanized PP/EPDM and
PP/EPDM/MWCNT with and without PP-g-MA at two different magnifications. The dark holes
in the micrographs represent the etched EPDM particles. For the blends and blend-
nanocomposites, the matrix-dispersed type phase morphology could be observed. By comparing
Fig. 4a, a’ and Fig. 4b, b’ it seems that the incorporation of PP-g-MA into PP/EPDM blend leads
to a reduction in the size of dispersed EPDM particles through compatibilization of PP and EPDM

phases.7

Fig. 3

Fig. 4
It can be seen in Fig. 4c¢, ¢’ that the minor EPDM and MWCNT components are mainly separately
distributed in the PP matrix in the PP/EPDM/MWCNT blend-nanocomposite sample. Although

the addition of PP-g-MA into the PP/EPDM/MWCNT blend-nanocomposite reduced the size of
MWCNT aggregates, no obvious effect was observed for the size of dispersed EPDM particles.
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The size reduction of MWCNT aggregates due to the presence of PP-g-MA in
PP/EPDM/MWCNT sample was also reported in our previous work, as revealed via optical
microscopy analysis.7 By considering that a constant amount of PP-g-MA was used in all the
blends and blend-nanocomposites, the less evident effect of PP-g-MA on the EPDM particles in
blend-nanocomposite may be related to higher interfacial surface area (PP-EPDM and PP-
MWCNT interfaces) in this system than the blend (PP-EPDM interface) which lowers the

efficiency of PP-g-MA in decreasing size of EPDM particles in blend-nanocomposites.

The cryo-fractured surfaces of vulcanized samples, did not provide a proper insight into phase
morphology (see supporting information), because of agglomeration of EPDM dispersed particles
during the etching of PP phase (with boiling xylene for 30 sec). This agglomeration is originated
from high surface area of the EPDM dispersed particles and high temperature used for dissolving

of the PP matrix. >

3.2 Load-displacement curves and EWF parameters

The load-displacement curves of DENT specimens for all the samples during EWF tests are
shown in Fig. 5. This figure demonstrates that the PP, PP/PP-g-MA and related nanocomposites
exhibit brittle-like behavior, without stable crack propagation stage. The trend of load-
displacement curves indicates that fast crack propagation takes place in PP and PP/PP-g-MA
samples without yielding of the ligament whilst PP/MWCNT and PP/MWCNT/PP-g-MA show a
sharp yielding peak, followed by the fast crack propagation and sudden failure. This yielding peak
is related to the localized plasticity at the roots of pre-cracks of the EWF test specimens.

In the case of un-vulcanized and vulcanized blends as well as blend-nanocomposites, well
developed crack initiation and crack propagation regions are observed on the load-displacement
curves. The load reached a maximum, as a definite yield point occurred, and after the peak, the
load dropped steadily until failure of the specimen. This trend is characteristic of ductile fracture
behavior as the ligament fully yields and the crack propagates in a stable manner.

Fig. 5 also indicates that the presence of MWCNTs in PP/EPDM blends causes some
instability during the crack propagation stage of both un-vulcanized and vulcanized systems.
These instabilities are believed to be due to nonhomogeneous dispersion of MWCNTSs and
presence of carbon nanotube aggregates in the matrix.” It is also obvious from Fig. 5 that the

addition of PP-g-MA into different blend-nanocomposites, diminished the level of instability

Page 8 of 39
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during the fracture process. This may be attributed to the size reduction of MWCNT aggregates
due to the presence of PP-g-MA as discussed earlier and reported in our previous work.’

The load-displacement curves for all the blends and blend-nanocomposits show that shape of
the curves remains the same as the ligament length increases. This is one of the most important
prerequisites of EWF test method and indicates that the crack propagates in the same manner for
different ligament lengths, and fracture mode of the test sample being unchanged with the
ligament length. To ensure that the EWF data were obtained under plane stress conditions for the
blends and blend-nanocomposits, and to remove data where fracture occurred prior to full

ligament yielding, net-section stress at maximum o, (0

max

=F . /lt,where F__ isthe maximum

load in the load-displacement curves) was calculated for different ligament lengths and plotted

against ligament length for different samples (Fig. 6). Accordingly, an average value of maximum

stress (o, ) was calculated and the results are assumed to be valid if the maximum stress is

within the range of 0.9-1.10,,

ean”®

Fig. 5

Fig. 6 clearly shows that the data for all the blends and their nanocomposites lie within the range

of 090 and 1.1o0

mean mean®

indicating that the EWF tests have been conducted under plane stress

conditions recommended by ESIS protocol.”? Other important prerequisite of EWF test method is

that the plastic zone has not spread over the lateral boundaries of the specimens.

Fig. 6

According to Fig. 7, there is no evidence for spreading of yielded zones to lateral boundaries of
the EWF test samples. The above mentioned criteria confirm the applicability of EWF test
method to the blends and blend-nanocomposites with ductile fracture behavior in this work and

also the validity of the obtained data.
Fig. 7
It should be noted that lack of prerequisites of EWF test method invalidates the use of this

approach for evaluation fracture toughness of PP, PP/PP-g-MA and related nanocomposites that

display unstable crack propagation. Although the fracture energies obtained for these samples are
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apparent values and not the intrinsic properties, the crack resistance of these materials was
determined by the EWF methodology to provide a qualitative comparison with those calculated

for ductile samples.**
The values of w, and pw, for PP, PP/PP-g-MA and their nanocomposites obtained from the
interception extrapolated to zero ligament length and slope of the straight lines, respectively, are

listed in Table I. The results of Table I indicates that almost total fracture energy of PP, PP/PP-
g-MA, PP/MWCNT and PP/MWCNT /PP-g-MA samples is dissipated in the inner region near

the fracture surface (w, ) and a negligible energy is dissipated in the outer plastic zone ( Sw, ). The

results also show that addition of PP-g-MA into PP reduced the w, and pw, values. Although the
extent of reduction is low, it could be attributed to the poor mechanical properties of PP-g-MA
relative to the PP, owing to its lower molecular weight. On the other hand, incorporation of
MWCNT increased the w, and pw, values and these parameters further increased by addition of
PP-g-MA into PP/MWCNT nanocomposites. While the dominant fracture mechanism in these
brittle-like samples seems to be the crazing, the increased w, and gw, values of MWCNT filled
nanocomposites may be due to the nucleation of multiple crazing promoted by MWCNT
aggregates. It should be noted that MWCNTSs (nanotube ropes and nanotube aggregates) reduce
the spherulite size of PP through act as nucleating agent.” This lead to smaller inter-spherulitic
boundary that is favor to crack initiation sites and also could allow the matrix to deform easier
with notice that polymers with larger spherulites tend to be more embrittle.”® Therefore,
promoting multiple crazing and reduction of spherulite size could be responsible for increased
fracture toughness of PP-based nanocomposites as compared with pure PP, which in turn led to
yielding of the material at the notch tip. The slight increase in the work of fracture parameters of
PP/MWCNT upon the addition of PP-g-MA could be attributed to the better dispersion of

MWCNTs in the matrix, which was discussed in the “phase morphology” section.

Table I

A summary of the values of w, and pw, parameters together with the results for splitting the

essential and non-essential work of fracture into yielding and necking terms for different blends

and blend-nanocomposites, obtained by plotting w -/ and w, -/, are listed in Table IL.

Comparing the results of Table II with those of Table I shows that incorporation of 20 wt %

EPDM into PP increased the w, and pw, parameters simultancously, as expected. This is

10
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attributed to the toughening mechanisms such as internal void formation, matrix shear yielding
and/or interfacial debonding related to the dispersed rubber particles. The addition of PP-g-MA
enhanced the essential and non-essential works of fracture of PP/EPDM blend, contrary to pure
PP. Compatibilization effect of PP-g-MA in PP/EPDM blend with subsequent improvement in
interfacial adhesion between PP and EPDM phases could be the main reason for increased
fracture toughness of PP/EPDM/PP-g-MA blend. The compatibilization role of PP-g-MA has

been reported in the literature®” and also was confirmed in previous section.

Table II

According to the results of Table II, it is obvious that the incorporation of MWCNT into un-

vulcanized PP/EPDM blend reduced the w, value along with an increase ingw,. Similar to

PP/EPDM blend, the presence of PP-g-MA in un-vulcanized PP/EPDM/MWCNT nanocomposite,

increased both the w, and pw, values. However, the extent of improvement in the w, value for

un-vulcanized PP/EPDM blend upon the introduction of PP-g-MA is much higher than that
obtained by addition of PP-g-MA into its blend-nanocomosite counterpart. This might be due to
the fact that in the compatibilized PP/EPDM/MWCNT blend-nanocomposite, the PP-g-MA
distributes at the interfacial region between both the dispersed components (MWCNT and EPDM)
and the matrix which could reduce its effective concentration at the PP/EPDM interface as
compared to the unfilled PP/EPDM binary blend.

The data in Table II show that the dynamic vulcanization greatly improved the specific EWF
and specific plastic work values of the blends and blend-nanocomposites, so that the vulcanized
samples exhibited significantly higher work of fracture parameters than their un-vulcanized
counterparts. This is primarily due to the fact that vulcanization process improves the interfacial
interaction between PP and EPDM phases and also increases the cohesive strength of EPDM

rubber particles. Similar to un-vulcanized samples, the presence of MWCNTSs in vulcanized

PP/EPDM blends (with and without PP-g-MA) decreased the w, value and increased pw,

parameter. The reason behind of these variations and involved micro-mechanisms will be more

evidenced by splitting the different terms as appeared below.

11
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3.3 constituting terms of essential and non-essential work of fracture

In the case of neat PP and PP-based samples with brittle-like fracture behavior, the w, and pgw,

values reported in Table I are almost entirely consumed during the yielding up to crack initiation

stage of the fracture process (w, = w, and pw, =g w, ) with negligible contribution from the

crack propagation stage (w,,,= 0 and g,w, = 0), as expected. But for un-vulcanized and

p,n,t~
vulcanized blends and blend-nanocomposites which behaved in ductile manner with stable crack
propagation, it is apparent that the contribution made by necking and tearing stage is much greater

than that of yielding stage for both w, and pw, parameters, as measured and recorded in Table

II. This is characteristic of completely stable crack propagation in these samples. Very interesting
results can be observed at the first look to the Table II. Presence of PP-g-MA significantly

increased energy dissipation during necking and tearing stage (w, . ) of the fracture process for

blends and blend-nanocomposites, especially for un-vulcanized samples. The results of Table II
also demonstrate that in one hand un-vulcanized and vulcanized PP/EPDM/MWCNT blend-

nanocomposites have higher w, =~ and lower w_, than un-vulcanized and vulcanized PP/EPDM

blends, respectively, and on the other hand incorporation of PP-g-MA into un-vulcanized and

vulcanized PP/EPDM/MWCNT blend-nanocomposites increases both w, =~ and w,, . Moreover

by considering that the presence of MWCNTs have negative effect on the fracture toughness (w,)

of un-vulcanized and vulcanized PP/EPDM samples (with and without PP-g-MA), it may be
concluded that MWCNT aggregates facilitate tearing process, while the presence of PP-g-MA due
to reduction in the size of MWCNT aggregates increases the resistance to tearing and crack
propagation. Overally, the results of Table II show that the fracture toughness of all the samples
is controlled by necking and tearing components of work of fracture. These will be more

evidenced and discussed using detail fractography studies in the next section.

3.4 Toughening and failure mechanisms

SEM images of PP, PP/PP-g-MA, PP/MWCNT and PP/MWCNT/PP-g-MA fractured surfaces
under EWF test conditions are depicted in Fig. 8. Smooth fractured surfaces without shear
yielding and/or plastically deformed materials imply that little energy is dissipated during fracture
process of these samples (Fig. 8 a-d). These morphologies confirm the brittle-like failure
behavior of PP, PP/PP-g-MA, PP/MWCNT and PP/MWCNT /PP-g-MA samples with low

fracture toughness.

12
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As stated before, the presence of MWCNTs not only reduces the size of spherulites of the PP
matrix’®, but also MWCNT aggregates could serve as the sites for the initiation of craze-like
features throughout the PP-based nanocomposites. Moreover, the MWCNT aggregates could act
as crack deviation and therefore could change the direction of crack growth. These mechanisms
were also reported for halloysite nanotubes filled PA6.*” The toughening mechanisms, induced by
MWCNTs in PP/MWCNT nanocomposite, are demonstrated in Fig. 9. Optical microphotograph
of PP’/MWCNT nanocomposite shows that MWCNT aggregates act as both craze initiation sites
(Fig. 9 a) and crack deviation (Fig. 9 b).

Fig. 8

Fig. 9

Optical microscopy images of deformation zones developed ahead of the arrested crack tip of
SEN films for PP, un-vulcanized and vulcanized PP/EPDM blends are shown in Fig. 10. These
microphotographs were obtained by transmission optical microscopy (TOM) in the bright-field
mode, so the voided materials appear dark in the micrographs. Little deformation surrounding the
crack tip of PP sample is observed in Fig. 10a. This image indicates that the crack-tip plastic zone
of PP consists mainly of small number of long micro-cracks. When the plastic zone reaches to a
critical size and fulfils the unstable condition of the deformation, the macro-crack develops and
the brittle fracture takes place.

In contrary with PP, the crack-tip damage zone of un-vulcanized PP/EPDM blend (Fig. 10b) is
composed of a large number of dilatation band features, so that a large damage zone has been
developed in front of the crack tip. It is believed that the dilatation bands are formed by sequential
(repetitive) cavitation and/or debonding of dispersed EPDM rubber particles.**® The presence of
EPDM particles leads to relaxation of the stress concentration due to the release of strain
constraint by internal void formation of EPDM particles and/or interfacial debonding from the
surrounding matrix. Therefore, the nucleation of catastrophic crack is suppressed and the fracture
toughness (w,) is improved as compared with pure PP.

It is clearly visible in Fig. 10c that dynamic vulcanization further intensifies the different
deformation processes in front of crack-tip. As can be seen, larger crack-tip damage zone
composed of a much more dense-bundle of dilatation bands are developed in ahead of crack tip
for vulcanized PP/EPDM blend as compared to un-vulcanized blend. It seems that a larger

number of bands with much lower thicknesses have been developed in vulcanized blend.
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Moreover, the vulcanized PP/EPDM blend showed a large crack-tip yielded zone at the close
proximity of the pre-crack, visible as a dark dog-bone region which is absent in the un-vulcanized
PP/EPDM blend. Therefore, larger volume of the material participates in energy absorption and/or
dissipation processes in vulcanized sample than the un-vulcanized sample, which results in a

greatly improved fracture toughness of vulcanized blend.

Fig. 10

Fig. 11 shows optical microscopy image taken from sub-surface damaged zones of un-notched
films along with SEM image taken from sub-surface of EWF fractured sample, for un-vulcanized
and vulcanized PP/EPDM blends. Fig. 11a shows dilatation bands in sub-surface deformed zone
which is apparently constituted of a row of cavitated and/or debonded rubber particles. It is clear
from this image that the extent of deformation decreases when moving away from the fractured
surface in the specimen. The formation of these bands confirms the hypothesis of a limited
adhesion between PP and dispersed EPDM particles. During the band propagation, the ligaments
of polymer between micro-voids are allowed to deform and stretch. This plastic deformation and
stretching of the ligaments is actually the real source of toughness associated with the formation
of dilatational shear bands®® and is responsible for higher toughness of un-vulcanized PP/EPDM
blend than the neat PP. Fig. 11b also shows some elongated voids formed due to the formation of
internal cavities in the rubber particles and/or debonding at the interface of PP and EPDM
particles. It can interestingly be seen in this figure that the cavities are arranged preferentially
along a straight line. This is accordance with the results of optical microscopy (Fig. 11a) and
emphasizes again that the deformation mechanism in un-vulcanized PP/EPDM blend is massive
dilatation shear banding. Similar mechanisms were reported by Zebarjad for simple PP/EPR
(80/20) blend.>****
Fig. 11

It can be seen from Fig. 11c and d that the size of voids has decreased in vulcanized blend
compared with un-vulcanized blend. This could be related to the improved cohesive energy of
EPDM particles and also interfacial adhesion of PP and EPDM phase due to vulcanization
process.9 However, nanovoids formation and cavitation in rubber particles could lead to
promoting shear yielding and plastic deformation of adjacent matrix material. Dense and
extensive damage zone of vulcanized blend indicates severe deformation in this area in
comparison with un-vulcanized blend. Therefore one could claim that in vulcanized blend,

because of improved interfacial adhesion between PP and EPDM phases, developing of dilatation
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shear bands through repeated particle debonding is suppressed and here it seems that the main
mechanism is shear yielding of PP matrix. This is also evident from more developed stress
whitening effects observed ahead of the arrested crack tip of vulcanized sample than un-
vulcanized one (Fig. 10c and see also Fig. 7a and b).

Fig. 12 shows SEM images of fractured surfaces of un-vulcanized and vulcanized PP/EPDM
blends with and without PP-g-MA, under EWF test at two magnifications. As shown in this
figure, plastic deformation and stretching of the matrix ligaments followed by necking and
twisting are the dominant deformation mechanisms of these samples. Shear-induced size
reduction during vulcanization, * and also improved interfacial adhesion between PP and
dispersed EPDM phase along with more resistive EPDM particles against tearing for vulcanized

samples compared with un-vulcanized ones greatly increase the resistance to crack initiation and

subsequent crack propagation in the form of larger w, and w,,, values for former system than the

ot
latter one (Table II). The above mentioned difference in the deformational micro-mechanisms of
un-vulcanized and vulcanized PP/EPDM blends cause a different fracture pattern on the surface
of deformed samples, as can be seen in Fig. 12.

It is relatively hard to differentiate in fracture mechanisms that occurred in samples with and

without PP-g-MA based on the micrographs in Fig. 12. However, higher fracture toughness of
PP/EPDM/PP-g-MA compared with PP/EPDM blend is probably due to higher interfacial
adhesion between PP and EPDM phase in the former blend than the latter one.
Optical microscopy images of deformation zones developed ahead of the arrested crack tip for un-
vulcanized and vulcanized PP/EPDM/MWCNT blend-nanocomposites are shown in Fig. 13.
Similar to un-filled samples, vulcanization caused to an intensified and large damage zone in front
of crack tip of MWCNT filled blend. Fig. 13 reveals that MWCNT aggregates act as stress
concentrator sites, so that large MWCNT aggregates located in highly deformed zone are
debonded from the matrix (shown by arrows). Therefore, large MWCNT aggregates could have
main role in unstable crack growth through crack nucleation in weakened zones caused by
debonding from matrix.

Fig. 12
Fig. 13

The SEM micrographs taken from the EWF test fractured surfaces of different blend-
nanocomposites are shown in Fig. 14. The low magnification micrographs of MWCNT filled
samples display less disturbed surfaces as compared with un-filled samples (Fig. 12). This is

probably due to hindrance of fibril yielding process imposed by MWCNT. Similar observation
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has been reported for PP-based nanocomposite containing 0.5 wt% MWCNT.'? This process

manifests itself in the form of a larger yielding-related specific work of fracture (w, ) for all the

blend-nanocomposites than their un-filled counterparts, as depicted in the results of Table II.

Fig. 14

Decrement of w, and increment of pw  for un-vulcanized and vulcanized blend-nanocomposites

compared with un-vulcanized and vulcanized blends, respectively, could be related to two
different micro- and nano-mechanisms induced by MWCNTs: From one hand, the large sized
MWCNT aggregates act as crack initiation sites which reduce the crack initiation resistance of the
material (Fig. 15 a, b) and on the other hand, developing the individual MWCNT impregnated
fibrils, those have high strength, arrest the crack propagation (Fig. 15 a, ¢). The former micro-

mechanism leads to a decrease of w, (term related to resistance to crack initiation) while the latter
nano-mechanism leads to an increase in pw, (term related to resistance to crack propagation)

through blocking the growing voids. It should be noted that this type of crack propagation is
irregular, which is evident from waviness in load-displacement curves of blend-nanocompostes
during the crack propagation stage (Fig. 5). Arresting of the crack propagation by nanoclay

impregnated fibrils has been reported by Saminathan.*!

Fig. 15

With notice to the above discussed micro- and nano-mechanisms, it is reasonable that the PP-g-

MA increase both the w, and pw, parameters of the blend-nanocomposites through decrease the

size of large aggregates (favor sites to initiate large crack) and increase in the number of dispersed

individual MWCNT ropes. On the other hand, the results of Table II indicate that w,, decreases

in the presence of MWCNT. This suggests, despite the presence of the MWCNT impregnated
fibrils that potentially could have the main role in increment of tear resistance of the sample, the
MWCNT aggregates act as defect and facilitate tearing process.

It is worth to note that since in PP-based nanocomposites the dominant fracture mechanism is
crazing, the MWCNT aggregates increase the fracture toughness of the resulting materials,
through acting as nucleation sites for crazes/micro-cracks, whereas in blend-nanocomposites, with
shear banding followed by shear yielding as the main source of energy dissipation, the presence of

MWCNT aggregates has a negative impact on the fracture toughness of the resulting systems.
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Fig. 16 shows SEM images of sub-surface for the un-vulcanized PP/EPDM/MWCNT blend-
nanocomposite sample, fractured in EWF test. According to this figure, it can be concluded that
the presence of MWCNTs in un-vulcanized PP/EPDM blend has not changed the nature of micro-
mechanisms of deformations related to EPDM particles and also dilatation shear banding occurs

in un-vulcanized blend-nanocomposites similar to unfilled counterpart.

Fig. 16

4. Conclusions

Fracture behavior and deformation mechanisms of MWCNT filled PP/EPDM blends were studied using
the EWF methodology and evidenced using detail electron and optical microscopy analysis. The results
showed that dynamic vulcanization as well as addition of PP-g-MA improved the essential and plastic
work of fracture of PP/EPDM blends and PP/EPDM/MWCNT blend-nanocomposites. The results
illustrated that the main fracture mechanism in un-vulcanized samples was the formation of dilatation
bands, while in vulcanized samples, developing of dilatation shear bands due to repeated debonding was
suppressed and in these samples formation of nano-scale voids in rubber particles led to promoting shear
yielding of adjacent matrix and dense plastic.

In the blend-nanocomposites, two conflicting MWCNT induced mechanisms were observed: large

MWCNT aggregates acted as favor sites for crack initiation that led to a decrease of w,and on the other

hand individual MWCNT impregnated fibrils arrested the crack propagation that coused an increase in

pBw, through blocking the growing voids. In this case, PP-g-MA displayed a beneficial role on the

fracture toughness of the blend-nanocomposites. The energy-partitioning approach revealed an increase

in both energy consumed for yielding (w, ) and energy dissipated during ductile tearing (w, ) of the

compatibilized systems compared with uncompatibilized ones.
Associated content (Supporting information)

The SEM micrographs from cryofractured surface of vulcanized PP/EPDM in different

magnifications are given in the Supporting information, Fig. S1.
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Figure captions

Fig. 1: Schematic mixing torque-time diagrams of un-vulcanized blend and blend nanocomposite (a and
b) and vulcanized blend and blend nanocomposite (¢ and d).

Fig. 2: a) Locations inside the plastic deformation zone that observed by scanning electron microscopy,
b) Deeply double-edge notched specimen and the different energy dissipation zones involved.

Fig. 3: SEM micrographs of a) PP/MWCNT, b) PP/MWCNT/PP-g-MA. MWCNT aggregates are shown
by arrows.

Fig. 4: SEM micrographs of different samples. a,a") un-vulcanized PP/EPDM, b,b’) un-vulcanized
PP/EPDM/PP-g-MA, ¢,¢’) un-vulcanized PP/EPDM/MWCNT and d,d’) un-vulcanized PP/EPDM/PP-g-
MA/MWCNT. The EPDM phase was etched by cyclohexane.

Fig. 5: Load-displacement curves of DENT specimens with different ligament lengths in EWF tests. a)
PP, b) PP/PP-g-MA, ¢) PP/MWCNT, d) PP/PP-g-MA/MWCNT, e) un-vulcanized PP/EPDM, f)
vulcanized PP/EPDM, g) un-vulcanized PP/EPDM/PP-g-MA, h) vulcanized PP/EPDM/PP-g-MA, i) un-
vulcanized PP/EPDM/MWCNT, j) vulcanized PP/EPDM/MWCNT, k) un-vulcanized PP/EPDM/PP-g-
MA/MWCNT and 1) vulcanized PP/EPDM/PP-g-MA/MWCNT.

Fig. 6: maximum stress (o, ) against ligament length for a) un-vulcanized PP/EPDM, b) vulcanized
PP/EPDM, c¢) un-vulcanized PP/EPDM/PP-g-MA, d) vulcanized PP/EPDM/PP-g-MA, e) un-vulcanized
PP/EPDM/MWCNT, f) vulcanized PP/EPDM/MWCNT, g) un-vulcanized PP/EPDM/PP-g-MA/MWCNT
and h) vulcanized PP/EPDM/PP-g-MA/MWCNT.

Fig. 7: Fractured DENT samples under EWF test. a) un-vulcanized PP/EPDM, b) vulcanized PP/EPDM,
¢) un-vulcanized PP/EPDM/PP-g-MA, d) vulcanized PP/EPDM/PP-g-MA, e) un-vulcanized
PP/EPDM/MWCNT, f) vulcanized PP/EPDM/MWCNT, g) un-vulcanized PP/EPDM/PP-g-MA/MWCN
and h) vulcanized PP/EPDM/PP-g-MA/MWCNT.

Fig. 8: SEM micrographs of the fracture surface of EWF-test specimens. a) PP, b) PP/PP-g-MA, ¢)
PP/MWCNT and d) PP/MWCNT /PP-g-MA.

Fig. 9: Optical photomicrograph of PP/MWCNT, a) MWCNT aggregate act as craze initiation site, b)
MWCNT aggregate act as crack patch hindering. The black arrows in (b) show crack path.

Fig. 10: Optical microscopy images of deformation zones that developed ahead of the arrested crack tip.

a) PP, b) un-vulcanized PP/EPDM and ¢) vulcanized PP/EPDM.
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Fig. 11: Optical microscopy images of sub-surface damaged zones for un-notched films (a, ¢) and SEM
micrographs taken from sub-surface region of EWF-test specimen (b, d). Un-vulcanized PP/EPDM (a, b)
and vulcanized PP/EPDM (¢, d).

Fig. 12: SEM micrographs of the fracture surface of EWF-test specimens. a, a’) un-vulcanized
PP/EPDM, b, b") vulcanized PP/EPDM and ¢, ¢') un-vulcanized PP/EPDM/PP-g-MA and d, d’)
vulcanized PP/EPDM/PP-g-MA under EWF test at two magnifications.

Fig. 13: Optical microscopy images of deformation zones that developed ahead of the arrested crack tip.

a) un-vulcanized PP/EPDM/MWCNT and b) vulcanized PP/EPDM/MWCNT.

Fig. 14: SEM micrographs of the fracture surface of EWF-test specimens. a, b) un-vulcanized
PP/EPDM/MWCNT, ¢, d) vulcanized PP/EPDM/MWCNT and e, f) un-vulcanized
PP/EPDM/MWCNT/PP-g-MA and g, h) vulcanized PP/EPDM/MWCNT/PP-g-MA under EWF test at

two magnifications.

Fig. 15: SEM micrographs of the fracture surface of EWF-test specimens. a) un-vulcanized
PP/EPDM/MWCNT and b, ¢) vulcanized PP/EPDM/MWCNT. Individual MWCNTs are shown by
arrows and MWCNT aggregate is marked by dotted circle in (a).

Fig. 16: SEM micrographs taken from sub-surface region of EWF-test specimen for un-vulcanized

PP/EPDM/MWCNT with different magnifications.

Table captions
Table I: The essential (w,) and non-essential (Sw ) work of fracture for PP, PP/PP-g-MA and related
nanocomposites ( R’ for all the samples are higher than 0.93).

Table II: The results of essential and nonessential work of fracture and splitting the essential and non-

essential work of fracture into yielding and necking and tearing for all the blends and blend-

nanocomposites (R* for all the samples are higher than 0.97).
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Fig. 1: Schematic mixing torque-time diagrams of un-vulcanized blend and blend nanocomposite (a and b)
and vulcanized blend and blend nanocomposite (c and d).
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Fig. 2: a) Locations inside the plastic deformation zone that observed by scanning electron microscopy, b)
Deeply double-edge notched specimen and the different energy dissipation zones involved.
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Fig. 3: SEM micrographs of a) PP/MWCNT, b) PP/MWCNT/PP-g-MA. MWCNT aggregates are shown by
arrows.
208x265mm (300 x 300 DPI)
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Fig. 4: SEM micrographs of different samples. a,a’) un-vulcanized PP/EPDM, b,b”) un-vulcanized
PP/EPDM/PP-g-MA, c,c’) un-vulcanized PP/EPDM/MWCNT and d,d’) un-vulcanized PP/EPDM/PP-g-
MA/MWCNT. The EPDM phase was etched by cyclohexane.
140x178mm (300 x 300 DPI)



RSC Advances
o]a w B &
350 350 2
.
LM
Displamn’mnt(mm) ’ D\splmnl‘em(mm)

ule ) »[d

w00 7 /T:\\ 00

7

z

;

w| f

al

Displacement (mm)

Displacement (mm)

Displacement (mm)

Load (N)
¥ E & B 2 OB
H

« 4 B &%

Displacement (mim) Displacement (mm)

EEEEREEE]
s

">

s s w o e s
Displacement (mm) Displacement (mm)

g 0B & B 2 8

Load (N)

s B E ¥

I R
Displacement (mm) Displacement {mm)

Fig. 5: Load-displacement curves of DENT specimens with different ligament lengths in EWF tests. a) PP, b)
PP/PP-g-MA, c) PP/MWCNT, d) PP/PP-g-MA/MWCNT, e) un-vulcanized PP/EPDM, f) vulcanized PP/EPDM, g)
un-vulcanized PP/EPDM/PP-g-MA, h) vulcanized PP/EPDM/PP-g-MA, i) un-vulcanized PP/EPDM/MWCNT, j)
vulcanized PP/EPDM/MWCNT, k) un-vulcanized PP/EPDM/PP-g-MA/MWCNT and |) vulcanized PP/EPDM/PP-g-
MA/MWCNT.
304x758mm (300 x 300 DPI)

Page 26 of 39



Page 27 of 39

RSC Advances

2% a u
Adomean o] Lo I SRR manT SReunas mmm—
2 22
£ L Y g I
22 * ) S 20 *
" Py
2 S, [0o
58 | 0.90mean & 18 =R o,
b i
£ E
S S
£ E
3 3
1 1
s s
1 2
1 10
1 1 4 1 1 2 10 2 1 1 18 Y
Ligament (mm) Ligament (mm)
24 24
¢ Bt L SRR SN S S —
PR (SR T o a—— 2
& & LR .
2 + * Y 22
] ¢ w
@ @
S, ¢ o [ “090mean
i 0.9'omean %
£ £
S S
£ £
3 3
1 14
2 2
2 2
10 10
10 bt 1 16 18 2 10 2 1 16 18 2
Ligament (mm) Ligament (mm)
e T et setyswte et ypratios Fugithpryiepes tptosy gty
Tiomean TTomean
2 . 2
- Y = ¢ * 0 ¢
& ¢ e &
22 22
@ 0.9 0mean @
§ ® § ® 0.9 0mean
5 &
1] ]
£ £
S S
£ £
3 3
1 1
2 2
2 1
10 10
10 12 114 16 18 20 10 12 14 16 18 20
Ligament (mm) Ligament (mm)
i .g. ................................... 2 J}r,,-m;;n ------------------------------
1.16mean
¢
2 2 L 2
3 AR 3 LR ¢
o * a
S * 20
3 [ 08amen § | Romen
o1 18 8 18
] ]
g £
16 16
E £
1 1
2 2
2 2
10 10
10 n 14 16 1 0 10 2 1 16 18 0
Ligament (mm) Ligament (mm)

Fig. 6: maximum stress ( ) against ligament length for a) un-vulcanized PP/EPDM, b) vulcanized PP/EPDM,
¢) un-vulcanized PP/EPDM/PP-g-MA, d) vulcanized PP/EPDM/PP-g-MA, e) un-vulcanized PP/EPDM/MWCNT, f)
vulcanized PP/JEPDM/MWCNT, g) un-vulcanized PP/EPDM/PP-g-MA/MWCNT and h) vulcanized PP/EPDM/PP-g-
MA/MWCNT.
304x506mm (300 x 300 DPI)



RSC Advances

_A._.._—-\

Fig. 7: Fractured DENT samples under EWF test. a) un-vulcanized PP/EPDM, b) vulcanized PP/EPDM, c) un-
vulcanized PP/EPDM/PP-g-MA, d) vulcanized PP/EPDM/PP-g-MA, e) un-vulcanized PP/EPDM/MWCNT, f)
vulcanized PP/EPDM/MWCNT, g) un-vulcanized PP/EPDM/PP-g-MA/MWCN and h) vulcanized PP/EPDM/PP-g-
MA/MWCNT.
252x201mm (300 x 300 DPI)
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Fig. 8: SEM micrographs of the fracture surface of EWF-test specimens. a) PP, b) PP/PP-g-MA, ¢)
PP/MWCNT and d) PP/MWCNT /PP-g-MA.
236x164mm (300 x 300 DPI)
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Fig. 9: Optical photomicrograph of PP/MWCNT, a) MWCNT aggregate act as craze initiation site, b) MWCNT
aggregate act as crack patch hindering. The black arrows in (b) show crack path.
213x92mm (300 x 300 DPI)
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Fig. 10: Optical microscopy images of deformation zones that developed ahead of the arrested crack tip. a)
PP, b) un-vulcanized PP/EPDM and c) vulcanized PP/EPDM.
117x271mm (300 x 300 DPI)
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Fig. 11: Optical microscopy images of sub-surface damaged zones for un-notched films (a, ¢) and SEM
micrographs taken from sub-surface region of EWF-test specimen (b, d). Un-vulcanized PP/EPDM (a, b) and
vulcanized PP/EPDM (c, d).
254x169mm (300 x 300 DPI)
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Fig. 12: SEM micrographs of the fracture surface of EWF-test specimens. a, a’) un-vulcanized PP/EPDM, b,
b”) vulcanized PP/EPDM and c, c’) un-vulcanized PP/EPDM/PP-g-MA and d, d’) vulcanized PP/EPDM/PP-g-MA
under EWF test at two magnifications.
209x272mm (300 x 300 DPI)
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Fig. 13: Optical microscopy images of deformation zones that developed ahead of the arrested crack tip. a)
un-vulcanized PP/EPDM/MWCNT and b) vulcanized PP/EPDM/MWCNT.
130x180mm (300 x 300 DPI)
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Fig. 14: SEM micrographs of the fracture surface of EWF-test specimens. a, b) un-vulcanized
PP/EPDM/MWCNT, c, d) vulcanized PP/EPDM/MWCNT and e, f) un-vulcanized PP/EPDM/MWCNT/PP-g-MA and
g, h) vulcanized PP/EPDM/MWCNT/PP-g-MA under EWF test at two magnifications.
167x215mm (300 x 300 DPI)
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Fig. 15: SEM micrographs of the fracture surface of EWF-test specimens. a) un-vulcanized PP/EPDM/MWCNT
and b, ¢) vulcanized PP/EPDM/MWCNT. Individual MWCNTs are shown by arrows and MWCNT aggregate is
marked by dotted circle in (a).
178x355mm (300 x 300 DPI)



Page 37 of 39 RSC Advances

Fig. 16: SEM micrographs taken from sub-surface region of EWF-test specimen for un-vulcanized
PP/EPDM/MWCNT with different magnifications.
194x260mm (300 x 300 DPI)
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Table I: The essential (w,) and non-essential ( Sw,) work of fracture for PP, PP/PP-g-MA and

related nanocomposites (R? for all the samples are higher than 0.93).

w, pw,
Samples
N/ mm N/mm?
PP 4.610.2 0.61+0.06
PP/PP-g-MA 4.5+0.2 0.51+0.05
PP/MWCNT 5.03+0.2 0.81+0.07

PP/MWCNT/PP-g-MA 5.240.2 0.85+0.06
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Table II: The results of essential and nonessential work of fracture and splitting the
essential and non-essential work of fracture into yielding and necking and tearing for all
the blends and blend-nanocomposites (R* for all the samples are higher than 0.97).

w p.w
€ ﬂwﬁ We,y ﬂyWP»}’ We,n nop
Samples 2 2
N/mm N/mm N/mm N/mm* N/mm N/ mm?
PP/EPDM 9.7+0.5 2.3+0.15 1.28+0.1 0.28+0.03 8.47+0.5 2.08+0.15
©
2 PP/EPDM/PP-g-MA 18.7+1 3+0.12 1.42+0.1 0.4110.0.3 17.3+1 2.52+0.15
c
©
L
g PP/EPDM/MWCNT 7.8+0.6 2.840.2 2.240.12 0.60.05 5.610.3 2.2+0.18
c
=
PP/EPDM/MWCNT/PP-g-MA 13.2+0.6 3.320.2 3.610.12 0.8+0.05 9.60.5 2.5%0.2
PP/EPDM 47.3%2 5+0.2 3.840.2 0.8940.05 43.5+2 4.1+0.25
©
2 PP/EPDM/PP-g-MA 50.8+2 5.2+0.25 4.2+0.23 0.9810.05 46.612 4.2+0.25
‘c
3
S PP/EPDM/MWCNT 30.5+2 5.4+0.3 4.8+0.25 1.140.06 25.7 +2 4.310.3
>

PP/EPDM/MWCNT/PP-g-MA 32.5%2.5 5.610.3 5.89+0.3 1.240.06 26.6 £2.5 4.4+0.3




