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ABSTRACT: A thermoplastic elastomer (TPE) nanocom-
posite based on polypropylene (PP), acrylonitrile-butadi-
ene rubber (NBR), and a nanoclay (NC) was prepared in a
laboratory mixer with a 54/40/6 weight ratio. The effects
of NC on the thermal properties, crystalline structure, and
phase morphology of the TPE nanocomposite were stud-
ied in this work. The results obtained from the nonisother-
mal crystallization of PP, PP/NBR, and PP/NBR/NC,
which was carried out with differential scanning calorime-
try, revealed that the overall rate of crystallization of PP
decreased with the addition of NBR to PP and increased
when NC was incorporated into the nanocomposite. In
addition, the crystallite size distribution was more uniform
for the PP phase crystallized in the nanocomposite versus
the PP itself. Also, although the PP in the reference blend
(PP/NBR) crystallized only in the o form, the crystalline
structure of the PP incorporated into the nanocomposite

was a mixture of a- and y-crystalline forms. The effects of
NC on the phase morphology of PP/NBR blends prepared
with three different cooling methods (quenching in liquid
nitrogen, cooling between two metal plates at room
temperature, and molding at a high temperature in a hot
press) were studied. For the samples quenched in liquid
nitrogen or cooled between metal plates, a particulate-
cocontinuous morphology formed. However, for the
samples prepared under a hot press, a laminar-like mor-
phology was observed. In all three cases, a similar particu-
late—cocontinuous morphology formed for the reference
blend, but the rubber inclusions were always smaller than
those of the TPE nanocomposite. © 2011 Wiley Periodicals,
Inc. ] Appl Polym Sci 121: 1365-1371, 2011
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INTRODUCTION

Polymer nanocomposites can be regarded as a new
category of materials in which nanosized fillers, that
is, particles with at least one dimension in the
nanometer range [e.g., a nanoclay (NC) or a layered
silicate and carbon nanotube], are dispersed into a
polymer. The dispersion of NC particles into many
polymers is not easily achieved because not only do
the particles prefer to stack as agglomerated tactoids
but also there is no compatibility between hydropho-
bic plastics and hydrophilic particles. There are
several methods (in situ polymerization and solution
and melt mixing) for the incorporation of NC into
different polymers.'~

Thermoplastic elastomers (TPEs) have received
enormous attention for their use in many areas, such
as the electrical and automotive industries and med-
icine, during the past few decades. These materials
can be simply processed as thermoplastics materials,
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but many of their properties are similar to those of
rubbers.” TPEs are rubber blends with a crystalliz-
able thermoplastic polymer or a synthesized block
copolymer.” The mechanical properties of TPEs
depend both on the properties of the constituents
and the phase morphology of the resultant blends.
The final morphology of the blends is mainly con-
trolled by several factors, such as the concentration
of each polymer, the viscosity ratio, the processing
conditions, the elasticity ratio, and the interfacial
tension between the components.®’
Acrylonitrile-butadiene rubber (NBR) is a good, oil-
resistant elastomer, but its electrical-insulation proper-
ties and especially its ozone resistance are relatively
low. To improve the overall properties of NBR, it can
be blended with plastics such as polypropylene (PP).
PP belongs to the polyolefin family of polymers and
has relatively well-balanced physical and mechanical
properties as well as excellent processability and a low
cost. Therefore, the combination of these two polymers
should provide a material with good flexibility, excel-
lent oil resistance, and easy processability. However,
these materials are incompatible in nature, and the
physical and chemical interactions of these two poly-
mers are poor at the interphases of the polymers in
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their blends. Therefore, a compatibilizer is rec%uired to
improve the properties of PP/NBR blends.®>'! Coran
and Patel'>'* conducted many studies on the produc-
tion of PP-NBR block copolymers and the manufac-
ture of suitable block copolymers in internal mixers
during melt blending.

Chung and Coran'” also studied the morphology of
several plastic/rubber blends with different polarities
during molten-state mixing, compression molding,
and cold pressing. For a 60/40 PP/ethylene-propyl-
ene—diene monomer (EPDM) blend, they found that
after 4 min of molten-state mixing, it had a mixed, par-
ticulate—cocontinuous morphology. This morphology
changed to a laminar structure after cold pressing and
became random and cocontinuous because of coales-
cence after compression molding. In addition, a finer
phase morphology was formed when the polarities
of the components were nearly matched; however,
when the polarities were mismatched, the morphology
with the greatest amount of coarsening was formed
during compression molding. Moreover, they found
that the effect of the interfacial tension or polarity match
on the particle size of the polymer blends was more
dominant than the viscosity ratio of the polymers.

In this article, we report on the influence of an NC
on the crystallization and phase morphology of
uncompatibilized PP/NBR blends prepared with
three different cooling methods. Because our purpose
was to observe only the effects of NC on the blend
morphology, we did not add any material as a compa-
tibilizer to the blends. This, of course, will be studied
in our future work.

EXPERIMENTAL
Materials

Isotactic PP (PP 500P) (Yanbu, Saudi Arabia) was sup-
plied by Sabic Co. (Saudi Arabia) with a melt flow
index of 3 g/10 min (190°C and 2.160 kg) and a den-
sity of 900 kg/m>. NBR (Europrene N 3345) with an
acrylonitrile content of 33%, a density of 990 kg/ m°,
and a Mooney viscosity of 45 [ML(1 + 4) at 100°C]
was supplied by Polimeri Europa Co. (Ferrara, Italy).
NC (Cloisite 15A) was obtained from Southern Clay
Products (Gonzales, Texas, United States) with
a specific gravity of 1.66; it was a natural montmo-
rillonite modified with dimethyl dehydrogenated
tallow quaternary ammonium with a cation-exchange
capacity of 125 mequiv/100 g.

Blend preparation

NC was dried at 100°C for 24 h in a vacuum oven
before it was mixed with other ingredients. For the
preparation of the TPE nanocomposites, a two-step
mixing procedure was employed. To prepare a master
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batch of PP and Cloisite 15A, the two components
were first melt-blended in an internal mixer (HBI
SYS 90 Rheomix, Haake) (Karlsruhe, Germany)
equipped with a pair of roller blades at 190°C and 100
rpm for 10 min. The prepared master batch was then
chopped into small pieces and introduced into the
same mixer at the same temperature and rotor speed.
After 2 min, when the PP was completely melted and
the torque had leveled off, the appropriate weight of
NBR was added, and mixing was continued for
another 5 min to produce a PP/NBR/NC TPE nano-
composite (54/40/6 by weight). For comparison, a ref-
erence PP/NBR blend with a weight ratio of 60/40
was also prepared. For the scanning electron micros-
copy (SEM) examination of the nanocomposite and
the PP/NBR blend, the hot blends were immediately
cooled in different ways after their removal from the
mixer. The mixtures were quenched in liquid nitrogen,
were pressed between two metal plates at room
temperature, or were placed between two plates of a
Toyoseiki mini test hydraulic press (Tokyo, Japan)
under pressure at 190°C for 6 min and then cooled
with water while they remained under the press.

Transmission electron microscopy (TEM)

Ultrathin sections of the TPE nanocomposite were
prepared: the specimen was mounted in an epoxy
(Araldite) resin and cut with a diamond knife
at —50°C with a Reichert OMUw ultramicrotome
(Vienna, Austria). The thickness of the sample was
approximately 80 nm. Then, the ultrathin sections
were examined with a Philips CM-200 transmission
electron microscope (Eindhoven, The Netherlands)
operated at an accelerating voltage of 120 kV.

Differential scanning calorimetry (DSC)

Thermal analysis was carried out with a PerkinElmer
Pyris I differential scanning calorimeter (Waltham,
Massachusetts, United States) interfaced to a personal
computer. The temperature scale of the calorimeter
was calibrated with indium. All samples were
weighed (5 = 0.2 mg) and enclosed in an aluminum
pan. An empty aluminum pan was also used as a ref-
erence. The samples were first heated to 200°C and
kept at this temperature for 5 min. After this period,
each sample was cooled at the cooling rate of 10 K/
min to 25°C. The samples were kept at this tempera-
ture for another 5 min and heated again to 200°C at
the heating rate of 10 K/min. All the thermal experi-
ments were carried out under a constant flow of
nitrogen to prevent any possible degradation.

X-ray diffractometry

The X-ray diffraction patterns of the NC and the
nanocomposite were obtained at a low 20 angle with
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Figure 1 X-ray diffraction patterns of Cloisite 15A and
the TPE nanocomposite.

a Philips X'Pert instrument operated with Cu Ka
radiation (wavelength = 1.54 A) at 40 kV and 40
mA. The crystalline structures of PP in the reference
blend and the TPE nanocomposite were also studied
with the same instrument, but the 20 values ranged
from 10 to 30° in steps of 1°/min, and the count
time was 1 s/step. All the samples except for NC
were cut from 2-mm-thick compression-molded
sheets.

SEM

A Vega II XMU scanning electron microscope (Brno,
Czech Republic) was used to observe the fracture
surfaces of the materials prepared under different
cooling conditions. The samples were first fractured
in half at the temperature of liquid nitrogen, and the
fracture surfaces were then treated with acetone to
etch out the rubber component. The treated samples
were mounted onto a metal stub, and the fracture
surfaces were sputtered with gold.

RESULTS AND DISCUSSION
X-ray diffraction pattern analysis

The X-ray diffraction patterns of the NC and the
TPE nanocomposite are shown in Figure 1. The
reflection corresponding to the (001) plane of Cloisite
15A can be observed at 20 = 2.91° before its mixing
with PP and NBR. This is equal to the distance of
30.32 A between the adjacent planes. However, for
NC incorporated into the 54/40/6 nanocomposite,
the reflection can be seen at 20 = 2.43°, V\ihiCh corre-
sponds to an interlayer spacing of 36.31 A. The shift
of the (001) plane of NC to lower 20 values after its
mixing with PP and NBR agrees with the fact that

Cloisite 15A should have an intercalated structure in
the TPE nanocomposite.

PP has three main well-defined crystallographic
phases: a monoclinic (o) form, a hexagonal () form,
and a triclinic (y) form.'*' The X-ray patterns of
the PP/NBR blend and the PP/NBR/NC nanocom-
posite are shown in Figure 2. Both patterns have
several sharp diffraction lines superimposed on a
broad, amorphous background. o-PP reflections are
present at 20 values of 14.15, 16.90, 18.56, 21.18, and
21.85°. These lines are related to the (110), (040),
(130), (111), (131), and (041) lattice planes. The
diffraction line at 21.85° corresponds to both the
(131) and (041) planes.?® The diffraction lines attrib-
uted to the B and y forms appear at 20 values of
approximately 15-16 and 20°, respectively. As Figure
2 shows, although PP in the PP/NBR blend was
crystallized only in the o form, a mixture of a- and
y-crystalline structures was present for the PP
crystallized in the PP/NBR/NC nanocomposite.
This shows that the incorporation of NC into PP
facilitated the production of the y-form structure,
which was less stable than the o form. The fractional
amount of the y-crystalline form was estimated with
L/, + I,) "1, is the intensity of o-phase at
26=18.6° and “ly” is the intensity of y-phase at
20=20° (see Figure 2).*! Approximately 8% of the
total crystalline structure was the y-crystalline form.

TEM images of the nanocomposite

TEM images of the nanocomposite were taken to
obtain better insight into the NC dispersion into the
matrix, as shown in Figure 3. The three materials are
shown with different arrows. Because the density of
PP is lower than that of NBR, it appears in a
brighter color than the NBR phase. The silicate
layers can also be seen as black lines. Moreover, the
silicate layers were mainly dispersed in the PP
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PP/NBR

T T T T T T T
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Figure 2 Wide-angle X-ray diffraction spectra of the PP/
NBR blend and the PP/NBR/NC nanocomposite.
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Figure 3 TEM image of the TPE nanocomposite.

matrix, but a small amount of NC penetrated the
NBR phase as well. It is also clear from the figure
that a significant fraction of the silicate layers were
either intercalated or exfoliated in the two phases,
whereas a small amount remained in the form of a
more clustered state.

Thermal analysis

The DSC crystallization exotherms of PP, NBR/PP,
and NBR/PP/NC from the molten state at the
cooling rate of 10 K/min are depicted in Figure 4.
Some useful parameters were obtained from Figure
4. Their definitions are as follows.?? Toneet is the
high-temperature side of the exotherm and the tem-
perature at the intercept of the tangents at the base-
line. T, is the peak temperature of the crystallization

PP
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Figure 4 DSC nonisothermal crystallization exotherms of
PP, PP/NBR, and the PP/NBR/NC nanocomposite.
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Figure 5 Melting endotherms of PP, PP/NBR, and the
PP/NBR/NC nanocomposite.

exotherm, and Tonset — T, is inversely related to the
general rate of crystallization. Aw, is the width at
half-height of the crystallization peak and is directly
related to the crystallite size distribution. S; is the
slope of the initial linear section of the exotherm,
which is associated with the rate of nucleation. The
enthalpy of melting (AHy), the melting temperature
at the peak (T,,), and the width at half-height of the
melting peak (Aw,,) were all determined from the
DSC melting endotherms (Fig. 5). The degree of
crystallinity (X.) was also calculated with the follow-
ing equation®:

AH;

X = A= g)am

)

where AHf is the theoretical enthalpy of 100% crys-
talline PP (considered to be 209 J/g) and 1 — ¢ is
the weight fraction of PP.** All the calculated noni-
sothermal parameters are summarized in Table I.
The Tonset and T), values for the PP/NBR blend were
lower than those for PP. This could be attributed to
NBR, which prevented PP crystallization by shifting
Tonset and T), to lower temperatures. However, both
temperatures were higher for the TPE nanocompo-
site versus PP. This could be related to the heteroge-
neous nucleation effect of the NC particles, which
made the crystallization of PP much easier when it
was cooled from a temperature higher than its melt-
ing temperature. T,, — T, can be a measure used for
the evaluation of the crystallization behavior of poly-
mers. This value was lower for the nanocomposite
versus PP, and this showed that the induction time
for the crystallization of PP for the PP/NBR/NC
TPE was lower than that for the pristine polymer.
The decrease in the value of Tonser — T, was
also consistent with the accelerated rate of crystalli-
zation of the polymer.”?® Therefore, the increase
and decrease of these two parameters for the PP/
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TABLE I
Various Parameters Determined from Nonisothermal Crystallization Exotherms and Melting Endotherms of PP,
PP/NBR, and PP/NBR/NC

Sample Tp (OC) AI_If (]/g) Xc ([y") Tonset (OC) Tonset - Tp (OC) ch Si Tm (OC) Tm - Tp (OC) Awm
pr 111.6 77.2 37 117.7 6.1 7.8 49 165.7 54.1 12.3
PP/NBR 108.0 48.9 39 114.4 6.4 7.3 3.3 166.9 58.9 11.1
PP/NBR/NC 113.1 44.6 40 118.5 5.4 5.8 4.4 163.8 50.7 9.6

NBR blend and the PP/NBR/NC nanocomposite,
respectively, indicated that the overall rate of crys-
tallization of PP decreased when NBR was added to
PP and increased when NC was introduced into the
PP phase of the nanocomposite. It was also observed
that S; for the nanocomposite was slightly lower
than S; for PP but was higher than that for the PP/
NBR blend. It could be inferred that the rate of
nucleation was highest for the pristine polymer and
lowest for the reference blend. Both Aw, and Aw,,
were lowest for the nanocomposite versus PP and
the PP/NBR blend. This implied that the crystallite
size distribution was more uniform for the PP incor-
porated into the nanocomposite than for the pristine
polymer. The results also showed that the degree of
crystallization only slightly changed for PP/NBR
and PP/NBR/NC in comparison with PP itself.

Morphology

Figure 6(a,b) shows SEM micrographs of the PP/
NBR blend and the PP/NBR/NC nanocomposite,
respectively, after they were quenched in liquid
nitrogen. The rubber particles, which were removed
by selective etching of the materials in acetone, can
be observed as dark holes. In both cases, the
tendency was toward the formation of a mixed
particulate—cocontinuous morphology. A comparison
of Figure 6(a,b) reveals that the size of the rubber
droplets increased with the addition of NC to the
nanocomposite.

The SEM micrographs of the PP/NBR blend and
the PP/NBR/NC nanocomposite that were cooled
by pressing between two metal plates at room
temperature are shown in Figure 7(a,b), respectively.
As can be seen in Figure 7(a), the rubber droplets
were generally larger and more elongated than those
appearing in Figure 6(a). As can be seen in Figure
7(b), the incorporation of NC into the nanocomposite
changed the morphology toward a laminar-like
morphology with the presence of highly elongated
rubber inclusions. This was similar to what Chung
and Coran'® reported for an EPDM/PP blend with
no other ingredients.

Figure 8(a,b) shows the SEM micrographs of the
PP/NBR blend and the PP/NBR/NC nanocomposite,
respectively, after they were compression-molded in
a hot press. Figure 8(a) shows that the rubber droplets

were larger than those of the PP/NBR blend
quenched in liquid nitrogen [Fig. 6(a)] or cooled
between two plates [Fig. 7(a)] because of the

\
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Figure 6 SEM micrographs of (a) the PP/NBR blend and
(b) the PP/NBR/NC nanocomposite after they were
quenched in liquid nitrogen.
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Figure 7 SEM micrographs of (a) the PP/NBR blend and
(b) the PP/NBR/NC nanocomposite after they were
cooled between two metal plates at room temperature.

coalescence of the particles at a high temperature. In
this situation, molding at 190°C helped the polymers
to coalescence and form larger inclusions. Figure 8(b)
also reveals that the morphology was again similar to
a mixed particulate—cocontinuous morphology, and
the addition of NC made the rubber droplets larger in
the nanocomposite than the reference blend.

Naderi et al.*” studied the effect of NC on the par-
ticle size of vulcanized rubber dispersed throughout
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the matrix in thermoplastic, vulcanized PP/EPDM
nanocomposites. They found that NC could play an
important role in determining the sample morphol-
ogy, and the size of the vulcanized rubber particles
dispersed throughout the PP matrix increased with
the incorporation of NC in comparison with the
particles without NC. This was attributed to the
effect of tetramethyl thiuram disulfide, which made

o — y ) r 7
DET: SE Detector TSIV TS |

DATE: 03/03/08 50 pym Vega @Tescan
Device: VG2080573IR RAZI

HY: 15.00 kv
VAC: HiVac
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HV: 15.00 kv DATE: 03/03/08 50 pm Vega @Tescan
VAC: HiVac Device: VG2080573IR RAZI

Figure 8 SEM micrographs of (a) the PP/NBR blend and
(b) the PP/NBR/NC nanocomposite after they were
melted and cooled under a press.
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the rubber phase more polar and, therefore, caused
some of the NC particles to immigrate into the rub-
ber phase before the curing cycle was completed.
This could change the viscosity ratio of the two
materials, so the size of the rubber phase increased.
Yoo et al.?® investigated the effect of NC on the
morphology of an amorphous polyamide/ethylene
1-octene (EOR) copolymer nanocomposite prepared
via melt processing. They found that the EOR par-
ticles were well dispersed throughout the matrix
with a much smaller size, and the shape of the EOR
phase was also more irregular in comparison with
that of an amorphous polyamide/EOR blend. These
two changes in the size and regularity of the EOR
phase were related to two competing effects of the
viscosity buildup of the matrix due to the incorpora-
tion of NC and also to barrier effects of NC on the
coalescence of rubber particles. They reported that
the barrier effect was the more effective mechanism
in reducing the size of EOR particles.

We have inferred from our results that the effect
of the viscosity ratio on the studied nanocomposite
is more dominant than the barrier effect in the
development of the morphology. This is similar to
what Naderi et al.”’ earlier reported for a vulcanized
PP/EPDM system.

CONCLUSIONS

The influence of NC on the thermal and crystalline
structure as well as the phase morphology of the
PP/NBR/NC nanocomposite was compared with its
influence on the PP/NBR blend. The results of
nonisothermal crystallization studies showed that
the overall rate of crystallization was highest and
the crystallite size distribution was narrowest for PP
incorporated into the nanocomposite in comparison
with the other studied materials. It was also found
that the rate of nucleation decreased when NBR was
added to PP and increased again when NC was
incorporated into PP in the nanocomposite, but
it still remained less than that of PP itself. An in-
vestigation of the effect of NC on the phase mor-
phology of PP/NBR blends prepared with three
different methods revealed that although a particu-
late—cocontinuous morphology formed for the sam-
ples quenched in liquid nitrogen or prepared under
a hot press, a laminar-like morphology with elon-
gated rubber inclusions was observed for the sam-
ples cooled between metal plates. The morphology
of the reference blend remained particulate—cocon-
tinuous; the rubber droplets were always smaller

than those of the samples containing NC with all the
preparation methods employed. This could imply
that for the studied nanocomposite, the change in
the viscosity ratio due to the incorporation of NC in
both phases was a more powerful factor in changing
the morphology than the barrier effect.
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