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ABSTRACT: Dynamically vulcanized thermoplastic elas-
tomers nanocomposites (TPV nanocomposites) based on
linear low density polyethylene (LLDPE)/reclaimed rub-
ber/organoclay were prepared via one-step melt blending
process. Maleic anhydride grafted polyethylene (PE-g-MA)
was used as a compatibilizing agent. The effects of
reclaimed rubber content (10, 30, and 50 wt %), nanoclay
content (3, 5, and 7 wt %), and PE-g-MA on the micro-
structure, thermal behavior, mechanical properties, and
rheological behavior of the nanocomposites were studied.
The TPV nanocomposites were characterized by X-ray
diffraction, transmission electron microscopy, scanning
electron microscopy (SEM), differential scanning calorime-
ter, mechanical properties, and rheometry in small ampli-
tude oscillatory shear. SEM photomicrographs of the

etched samples showed that the elastomer particles were
dispersed homogeneously throughout the polyethylene
matrix and the size of rubber particles was reduced with
introduction of the organoclay particles and compatibil-
izer. The effects of different nanoclay contents, different
rubber contents, and compatibilizer on mechanical proper-
ties were investigated. Increasing the amount of nanoclay
content and adding the compatibilizer result in an
improvement of the tensile modulus of the TPV
nanocomposite samples. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 124: 4864–4873, 2012
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INTRODUCTION

Thermoplastic elastomers (TPEs) are a new class of
materials that behave like thermoset rubbers, but are
processed and converted via thermoplastic techni-
ques such as injection molding, extrusion, blow
molding, and thermoforming. Thermoplastic vulcan-
ized (TPVs) are a special type of thermoplastic
elastomers, which are produced via crosslinking of
the rubber phase during melt mixing of the rubber
and thermoplastic phase. TPVs exhibit intermediate
cost, good chemical resistance, good dynamic prop-
erties, high weatherability (measured characteristic
that shows how well a product performs during
exposure to outdoor weather conditions), and low
compression set in comparison with simple blends
of thermoplastic elastomers.1 Many commercial
TPVs have been developed for various applications
in seals, wire and cable, food closures, bumpers,
automotive interiors, and medical industries because

of their excellent weatherability, low density, and
relatively low manufacturing cost.2 The TPV blends
are often reinforced by stiff fillers such as glass fiber,
carbon black, talc, and calcium carbonate at a high-
loading level to improve mechanical properties.
These fillers also increase the weight of the TPV
blends, rending them less attractive for automotive
and aerospace applications.2–4

One of the various problems that mankind faces
as it enters into the 21st century is the problem of
disposal management of waste rubbers with devel-
opment of rubber industry.5,6 Recycle of the scrap
rubber in the form of reclaimed rubber is one of the
most desirable approaches to solve the disposal
problem. A more direct environmental and economi-
cal benefit of rubber recovery is the replacement of
the rubber phase of some TPVs with reclaimed
rubber.
The major criteria for the formation of thermoplas-

tic elastomers is that the two components of
thermoplastic elastomer must be thermodynamically
incompatible enough to phase separate, but not so
dissimilar that intimate intermixing can not be
accomplished. To achieve this condition, one or
some compatibilizer agents should be introduced
into the system. Also, compatibilizer can be premade
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and added to the immiscible polymer blends, and the
latter procedure is called reactive compatibilization.7

Several studies have been conducted on the devel-
opment of polyethylene/rubber (PE/rubber) blends
such as PE/natural rubber (PE/NR), PE/ground tire
rubber (PE/GTR), and PE/reclaimed rubber. Ahmad
et al.8 have examined the effects of different fillers
on the mechanical properties of NR/linear low den-
sity polyethylene (NR/LLDPE) blends. The studies
showed that the polymer–filler interactions and
mean agglomerate particle size of dispersed phase
have a significant influence on the mechanical prop-
erties of samples.8 Magaraphan et al.9 have studied
the effects of the maleic anhydride (MA) as a com-
patibilizer on the morphology of LLDPE/NR blends
and showed that the in situ copolymer is capable of
promoting good interfacial adhesion, consequently
enhanced mechanical properties. Moreover, the
copolymer containing fine fibrils and more links
between domains plays a key role in inducing com-
patible blends.9 Abadchi et al.10 have studied the
effect of partial replacement of NR by GTR on the
morphology, rheology, and mechanical properties
of LLDPE/NR/GTR terpolymer composition. The
latter study showed that using MA and dicumyl
peroxide during melt mixing, concluded to a better
dispersion of GTR, formation of a morphology simi-
lar to that of a dynamic vulcanized thermoplastic
elastomers, and also an improvement in the interfa-
cial bonding between phases and dramatically
increase in the mechanical properties.10 Punnarak
et al.11 have considered the effects of different curing
systems on the mechanical properties of high den-
sity polyethylene/reclaimed rubber (HDPE/RR) and
found a better improvement in the mechanical
properties of the blend using sulphur curing system
rather than other curing systems.11 Kumar et al.12

have studied the effects of different cure systems
namely sulphuric, phenolic, and peroxide curing
systems and also different fresh rubbers namely
ethylene propylene diene monomer (EPDM), sty-
rene–butadiene–rubber (SBR), and NR on the
mechanical properties of the LDPE/fresh rubber/
GTR blend. The studies showed that sulphuric and
phenolic-curing agents are most suitable for
dynamic curing. Additionally, the thermoplastic
dynamic vulcanizates with the best mechanical per-
formance contained SBR and EPDM rubbers. The
observed improvements in mechanical performance
were attributed to the chain entanglement and
co-crosslinking in the interphase between the devul-
canized ground tire rubber particles and the sur-
rounding matrix.12 Scaffaro et al.13 have studied the
possibility to produce secondary materials by blend-
ing recycled polyethylene and GTR. The results indi-
cated that the blends showed fairly good mechanical
and rheological properties provided that relatively

low concentrations of GTR and proper thermal con-
ditions are adopted.13

The researches in polymer materials are increas-
ingly focusing on the development of polymer nano-
composites, which have attracted considerable atten-
tion during the last decade. The mechanical
properties of the composites filled with nanopar-
ticles are generally superior to those filled with
micron-sized particles of the same filler, owing to its
extremely high aspect ratio and also due to the
nanometer filler thickness comparable to the scale of
the polymer chain structure.14,15 Also, nanoparticles
bring stronger interfacial interactions between the
dispersed solids and the polymer matrix.2

Nanocomposites have been observed to exhibit
dramatic increase in the physical properties such as
barrier, flammability, thermal stability, and ablation
performance depending on the dispersability of the
organoclay in the matrix and extent of intercalation
of the polymeric chains. Because of the nonpolar
nature of LLDPE and the large surface area of polar
nanoclay particles, it is challenging to achieve good
dispersion of nanoclay in the LLDPE matrix.
Nanocomposites based on LLDPE,16–21 and nano-

composites based on NR,22–24 have been studied
during the recent years. However, to the best of our
knowledge, no studies regarding TPV nanocompo-
sites prepared using LLDPE/reclaimed rubber and
nanoclay have yet been published. In this article, we
studied the effects of reclaimed rubber content,
nanoclay content, and presence of compatibilizer on
the microstructure, mechanical, and thermal behav-
ior of resulting LLDPE/reclaimed rubber TPVs. For
that purpose, we prepared several nanocomposites
with LLDPE thermoplastic, reclaimed rubber, and
Cloisite 20A using a melt-mixing process.

EXPERIMENTAL

Materials

The basic specifications of the reclaimed rubber,
LLDPE, compatabilizer, and nanoclay employed in
this study are reported in Table I. The reclaimed
rubber was supplied by Isatiss Co. (a subsidiary of
Yazd Tire Co., Iran). LLDPE (LL 0220 AA) was a
general purpose film grade of PE, provided by Arak
Petrochimical Co., Iran. MA-modified polyethylene
(PE-g-MA, 1 wt % MA grafted) with sample code
KarabondVR EM2L was obtained by Karangin
Manufactring Co., Iran. The nanoclay used was
CloisiteV

R

20A, which is a natural montmorillonite
modified with dimethyl dihydrogenated tallow
ammonium ions provided by Southern Clay Prod-
ucts. Commercial curing agents and additives
including Sulfur (S), stearic acid, zinc oxide (ZnO),
2-mercaptobenzothiazole (MBT), and tetramethyl
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thiuram disulfide (TMTD) were provided by Bayer
Co. The antioxidant (IrganoxV

R

B225) was supplied
by Ciba Co., USA.

Sample Preparation

The TPV nanocomposite samples based on LLDPE/
RR/Cloisite 20A were prepared by one-step melt-
blending process in a brabender internal mixer for 16
min at 170�C with a rotor speed of 80 rpm. LLDPE,
Cloisite 20A, reclaimed rubber, and the cure additives
were added to the compound during melt blending,
respectively. At first, the mixture of LLDPE and PE-
MA was charged into the mixing chamber and melted
for 2 min before addition of cloisite 20A. After introuc-
ing the nanoclay, blending process was continued for
a further 4 min and then reclaimed rubber, and,
finally, the cure system was added into the mixing
chamber. In all above processes, nearly 0.5 wt % anti-
oxidant was added during mixing. The blend
samples were then compression molded at 170�C and
150 kg cm�2 for 10 min to form sheets with 1 mm
thickness to obtain suitable samples for different tests.
The ratios of LLDPE/RR were 90/10, 70/30, and
50/50 and the nanoclay concentration was 3, 5, and 7
wt %. The ratio of PE-g-MA/nanoclay was kept con-
stant at 3: 1. The blend compositions are listed in
Table II. The vulcanizing system was based on
100 phr reclaimed rubber, 2.5 phr ZnO, 1 phr stearic
acid, 0.5 phr TMTD, 0.4 phr MBT, and 0.75 phr S. For
comparison purposes, unfilled and uncompatibilized
TPVs were also compounded as refrence matrials. In
all instances, nanoclay had been dried at 90�C for 24 h
before processing.

Characterization

To evaluate the dispersion state of the nanoclay
in the polymer matrix, X-ray diffraction (XRD) was

performed at room temperature using an X-ray
diffractomer (Philips X’Pert) in the low angle of 2y.
The X-ray beam was a Cu Ka radiation (k ¼
1.540598 Å) using a 50 kV voltage generator and a
40 mA current. The basal spacing of silicates
was estimated from the position of the plane peak in
the XRD intensity profile using the Bragg’s law,
d ¼ k/(2 sin ymax). The nanostructure of the clay
was observed by a transmission electron microscopy
(TEM, Philips CM-200) with an accelerator voltage
of 200 kV. The surface of the samples first coated
with gold and then a thin section of each specimen
was prepared by using a cryo-microtome equipped
with a diamond knife. To study the morphology of
the TPV nanocomposite samples, the cryogenically
fractuted structures of the samples were etched by
hot xylene to remove LLDPE phase. Treated samples
were then coated with gold to avoid charging
and viewed with a scanning electron microscope
(SEM), Philips XL30. Rheological measurements of

TABLE I
Materials Specification

Materials Commercial name Characteristics

Linear low density polyethylene (LLDPE) LLDPE 0220 AA Density (g/cc): 0.92
MFI (g/10 min): 2.5
Melting Point (�C): 130

Reclaimed rubber (RR) – Density (g/cc): 1.18
Mooney viscosity, ML (1 þ 4) at 100�C: 39.8
Acetone extract (%): 17.5

MA-modified polyethylene (PE-g-MA) KarabondVR EM2L 1 wt % maleic anhydride grafted
Formulization of reclaimed rubber

39% NR, 20% SBR, and BR Oil (%) 5
Rubber (%) 59
Carbon black (%) 25.4
Ash (%) 10.6

Nanoclay Cloisite 20A Density (g/cc): 1.77
CEC, mequiv/100 g clay: 95
X-ray diffraction, d-spacing (Å): 24.2

TABLE II
Samples Codes and Their Compositions (wt %)

Sample codes LLDPE
Reclaim
rubber Compatibilizer Nanoclay

90/10/0 90 10 – –
90/10/3 90 10 9 3
90/10/5 90 10 15 5
90/10/7 90 10 21 7
70/30/0 70 30 – –
70/30/3 70 30 9 3
70/30/5 70 30 15 5
70/30/7 70 30 21 7
50/50/0 50 50 – –
50/50/3 50 50 9 3
50/50/5 50 50 15 5
50/50/7 50 50 21 7
50/50/3-N 50 50 – 3
50/50/5-N 50 50 – 5
50/50/7-N 50 50 – 7

4866 RAZMJOOEI, NADERI, AND BAKHSHANDEH

Journal of Applied Polymer Science DOI 10.1002/app



nanocomposite samples were conducted in parallel
plate geometry with a diameter of 25 mm under
nitrogen atmosphere at 170�C and in the frequency
range of 0.03–100 Hz. The stress–strain properties of
the composites were determined in accordance with
the test procedures set forth in ASTM D 638 at room
temperature with crosshead speed of 50 mm/min
using an Instron model 6025. Crystallization behav-
ior was studied using a Netzsch-DSC 200F3, differ-
ential scanning calorimeter (DSC) under nitrogen
atmosphere. Samples were heated from 25 to 150�C
at a rate of 10�C/min and then were cooled from
150 to 25�C at the same rate after holding at 150�C
for 5 min to erase any thermal history effects.
Melting temperture (Tm,

�C) and melting enthalpy
(DHm, J/g) were obtained from the second heating
run. Shore D type durometer was used to measure
the hardness of the compounds according to ASTM
D-2240.

RESULTS AND DISCUSSION

X-ray diffraction patterns

The X-ray diffraction (XRD) test is the most common
powerful tool to study the dispersion state of orga-
noclay particles inside the polymeric matrix. The
XRD patterns of the pure organoclay (Cloisite 20A)
and TPV nanocomposites prepared with LLDPE and
10, 30, and 50 wt % RR containing 5 wt % organo-
clay are shown in Figure 1. The distinct diffraction
peak is observed for the pure organoclay at 2y ¼
3.44� corresponding to the basal spacing (d001) of
2.56 nm. The d001 peak of the organoclay is also
clearly observed in the samples prepared with the
10, 30, and 50 wt % RR, which has been shifted to
lower angles, indicating an increase in the d-spacing
of organoclay from 2.56 to 3.95 nm (2y ¼ 2.23�),

4.18 nm (2y ¼ 2.11�), and 4.8 nm (2y ¼ 1.85�), for
90/10/5, 70/30/5, and 50/50/5 samples, respectively.
Increasing the basal spacing of organoclay in the nano-
composite samples when compared with pure Cloisite
20A can be attributed to the penetration of polymeric
chains into the silicate layers and development of
an intercalated structure. The d-spacing of various
samples is reported in Table III.
The interlayer distance of the organoclay in the

nanocomposite samples increased as the elastomer
contents increased. Therefore, higher nanoclay inter-
calation was achieved in the TPV nanocomposite
prepared with 50 wt % of RR. The higher nanoclay
intercalation means higher disordering of the lay-
ered silicate structure; consequently, the peak inten-
sity of the clay in this sample was decreased.25 In
other words, the intensity of the XRD peaks in the
TPV nanocomposites decreased, and the XRD peak
shifted toward lower angles with an increase in the
rubber contents as illustrated in Figure 1. The
decrease in the intensity and the shift of XRD peak
toward lower 2y with increasing rubber contents
indicate that the stacks of layered silicates have
become yet more disordered or partially exfoliated.
This means that the dynamic vulcanization of
the rubber phase has increased the viscosity of the
matrix, and hence the shear stress imposed by the
matrix during the mixing is also increased, which in
turn facilitates the break-up process of the nanoclay
agglomerates and the incorporation of the polymer
chains in the silicate galleries.1 These results suggest
that the clay disperses into both the LLDPE and the
reclaimed rubber phases and that the clay concentra-
tion would increase in the rubber phase with
increasing elastomer content. It has been reported
that low torque in processing leads to poor clay
dispersion in polymer nanocomposites.26

Figure 2 presents the torque traces for 90/10/5,
70/30/5, and 50/50/5 nanocomposite samples.
These traces show that the torque enhanced with an
increase in the RR concentration. This might be
attributed to higher shear viscosity of the pure
rubber than that of the pure LLDPE in the mixing
conditions studied.

Figure 1 XRD patterns of (a) Cloisite 20A, (b) 90/10/5,
(c) 70/30/5, and (d) 50/50/5.

TABLE III
Interlayer Spacing for Nanocomposite Samples

Sample codes
(PE/reclaim/clay) 2y (�) d-Spacing (Å)

Cloisite 20A 3.44 d001 ¼ 25.6
90/10/5 2.23 39.5
70/30/3 2.05 43.1
70/30/5 2.11 41.8
70/30/7 2.14 41.2
50/50/5 1.85 48
50/50/5-N 2.20 40
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Figure 3 shows the XRD patterns of the original
nanoclay and the samples containing 3, 5, and 7 wt
% nanoclay contents in binary blends of 70/30
LLDPE/RR. The sample containing 3 wt % nanoclay
shows a shift toward lower angles in the diffraction
peak, which corresponds to a higher intergallery
height in comparison with that of Cloisite 20A. Also,
it can be seen that the diffraction peak of nanoclay
was slightly shifted to higher angles with an
increase in the nanoclay loading. In other words, the
interlayer spacing of silicate galleries slightly
decreases with clay loading. The lower d-spacing
value is at filler loading 7 wt %. Also, the intensity
of XRD peak of nanocomposites enhanced with
increasing the clay content, because of the influence
of the packing density, rending more difficult
the penetration of the polymer chains between the
silicate layers.2

Figure 4 presents the effect of compatibilizer on
the XRD patterns of 50/50 LLDPE/RR blend con-
taining 5 wt % organoclay. It can be seen that the
interlayer distance of organoclay is larger in the
sample with PE-g-MA than that of sample without

PE-g-MA (2y ¼ 2.2�, d001 ¼ 4 nm). The shift in the
diffraction peak toward lower angles may not
always offer evidence for complete exfoliation, but
may offer evidence for more disordered intercala-
tion. This can be attributed to the penetration of
polymeric and compatibilizer chains inside the sili-
cate layers, which confirms the fact that polar func-
tional groups of PE-g-MA cause more compatibility
and development of interaction between nonpolar
matrix with nanoclay and rubber phases to allow
more intercalation. As it has been reported in the
literature, it is very difficult for hydrophobic poly-
mers such as LLDPE to intercalate into the organo-
clay layers, because LLDPE is so hydrophobic and
lacks suitable interactions with the polar aluminosili-
cate surface of the nanoclay.16,27,28 In general, surface
compatibilization is required for low energy poly-
mers such as polyolefines in order to reduce the
large entropy difference between the polymer and
the metallic clay surface to improve interface adhe-
sion.27 The MA-grafted LLDPE (PE-g-MA) has been
used as a compatibilizer in this study, because it has
good miscibility with nonpolar polymers and con-
tains polar functional groups that can interact with
the polar clays. When organoclay particles were later
incorporated, their dispersion would be improved as
a result of interaction between the MA carbonyl and
the clay silanol group, promoting the carbonyl-sila-
nol interface interaction with the formation of hydro-
gen bonds.27 In general, MA is used as a reactive
reagent to enhance the compatibilization of LLDPE
and rubber phase.9 This would reduce the energy
barrier and therefore enhance interphase miscibility.
As it has been shown in Figure 4(b), the d001 peak of
the organoclay in the sample prepared with the
50 wt % rubber without compatibilizer has been
shifted to low angles, which implies an increase
in the d-spacing of organoclay from 2.56 to 4 nm
(2y ¼ 2.2�). Increasing the basal spacing of organoclay

Figure 2 The mixing torque vs. time for (a) 90/10/5, (b)
70/30/5, and (c) 50/50/5

Figure 3 XRD patterns of (a) Cloisite 20A, (b) 70/30/7,
(c) 70/30/5, and (d) 70/30/3

Figure 4 XRD patterns of (a) Cloisite 20A, (b) 50/50/5-N,
and (c) 50/50/5
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in the uncompatibilized nanocomposite samples when
compared with pure cloisite 20A can be attributed to
the proper modification of Na-MMT with dimethyl-
dehydrogenated tallow that gives an intercalated
morphology in the nanocomposites without grafting
of MA.29

Scanning electron microscopy and TEM

Figure 5(a–c) shows the scanning electron micros-
copy (SEM) photomicrographs of cryogenically frac-
tured of 50/50/0, 50/50/5-N, and 50/50/5 samples,
respectively. It can be seen in Figure 5(a) that the
rubber particles are dispersed throughout the
LLDPE matrix in the form of aggregates also the
size of rubber particles is about 14 lm in 50/50/0
sample. This behavior is attributed to the viscoelas-
ticity of the rubber phase, as reported by Wu.30 The
etched fracture surface of 50/50/5-N sample is
shown in Figure 5(b). It can be observed that the
size of rubber particles slightly decreased to 8 lm by
the introduction of the nanoclay. The change in the
size of rubber particles of the TPV nanocomposites
is explained by the modified rheology of the nano-
composites. It is well accepted that the size of the
dispersed rubber phase in unfilled TPV materials
(without nanoclay) depends on the viscosity ratio
and interfacial interactions (tension) between two
phases.2 Therefore, the melt viscosity ratio of the
reclaim dispersed phase to the LLDPE matrix (P ¼
reclaim viscosity/LLDPE viscosity) is known to con-
trol the rubber particle coalescence and break-up
process during shearing. In general, in the TPV
nanocomposites, the organoclay particles play an
important role to determine the morphology of the
nanocomposites. Figure 5(c) shows the micrograph
of the 50/50/5 sample (containing both nanoclay
and compatibilizer). It can be seen that the agglom-
erate formation of rubber particles declined by
the decreased rubber aggregate size resulting from
the introduction of nanoclay and compatibilizer in
the 50/50/5 sample.31 Reclaimed rubber particles

exhibit a reduction in the average size of particles as
a result of nanoclay and compatibilizer loading. The
effect of the nanoclay on the rheology of 50/50/5-N
sample is shown in Figure 6. It can be seen that melt
viscosity of 50/50/0 increased with the introduction
of the nanoclay (50/50/5-N sample) at low fre-
quency region. The change of the viscosity ratio
between the two phases leads to decrease in the size
of the rubber phase.
The effect of nanoclay on the rheology of samples

is shown in Figure 6. The melt viscosity of 50/50/0
increased with the introduction of nanoclay (50/50/
5-N sample). The change in the viscosity ratio
between the two phases leads to a decrease in the
size of the rubber phase. The melt viscosity of
50/50/0 sample strongly increased with the intro-
duction of nanoclay and compatibilizer (50/50/5
sample). The change in the melt viscosity ratio due
to addition of nanoclay and compatibilizer may be
contributed to the reduction of size of dispersed par-
ticles.32 Also, the reduction in the size of particles
implies the reduction in the interfacial tension
or better adhesion between LLDPE matrix and
reclaimed rubber dispersed phase.33 Incidentally, the

Figure 5 (a) Etched SEM photomicrograph of 50/50/0 sample; (b) etched SEM photomicrograph of 50/50/5-N sample;
(c) etched SEM photomicrograph of 50/50/5 sample.

Figure 6 Complex viscosity as a function of frequency
for (a) 50/50/0, (b) 50/50/5-N, and (c) 50/50/5.
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nanoclay platelets and compatibilizer may act as
interfacial agents, reducing the interfacial tension
with a concomitant break up of the reclaim particles
and a reduction in the size of particles in TPV nano-
composite based on 50 wt % reclaimed rubber and
5 wt % nanoclay.32

Figure 7(a) shows the TEM image of the nanocom-
posite prepared by using LLDPE and reclaimed rub-
ber without compatibilizer. The LLDPE phase is
white in color, and silicate layers appear as black
lines in the darker reclaimed rubber phase. For
the uncompatibilized nanocomposite (50/50/5-N) at
5 wt % of nanoclay, large aggregates of the nanoclay
particles can exist as in conventional composites. For
the nanocomposite prepared by LLDPE/reclaim
containing 5 wt % of nanoclay, the number of
clay aggregates is diminished by incorporating the
compatibilizer as shown in Figure 7(b). These results

are in accordance with the intensity of the XRD
patterns observed for the nanocomposites.

Mechanical properties

Table IV presents the mechanical properties of the
TPV nanocomposite samples. It is observed that the
tensile modulus, tensile strength, and hardness of
the TPV nanocomposites decrease when the rubber
content of the TPV samples is increased. This is
explained to be due to the decrease in the concentra-
tion of semicrystalline LLDPE as the continuous
phase. In fact, the decrease in modulus and tensile
strength of TPV samples is because of the lower
modulus and tensile strength of reclaimed rubber
than those of LLDPE matrix, and also it is because
of the decrease in the concentration of semicrystal-
line LLDPE. Table IV also shows that the increase in

Figure 7 (a) TEM image of 50/50/5-N; (b) TEM image of 50/50/5.

TABLE IV
Mechanical Properties of TPV Nanocomposites

Sample codes
LL/Re/Clay

Tensile modulus
(MPa)

Elongation
at break (%)

Tensile strength
(MPa)

Hardness
(ShoreD)

90/10/0 111 6 7.77 85 6 5.1 13 6 0.78 90 6 3.6
90/10/3 127 6 10.16 82 6 6.56 11.5 6 0.57 97 6 2.91
90/10/5 136 6 10.88 80.2 6 5.6 11 6 0.55 98 6 4.9
90/10/7 138 6 11.04 78 6 4.68 10.6 6 0.84 99 6 4.95
70/30/0 67 6 6.03 132 6 11.88 8 6 0.56 71 6 4.26
70/30/3 75 6 5.25 126 6 10.08 7.5 6 0.45 76 6 3.8
70/30/5 87 6 4.35 100 6 6 6.9 6 0.48 78 6 3.12
70/30/7 90 6 5.4 98 6 5.88 6.5 6 0.39 79 6 4.74
50/50/0 43 6 2.58 698 6 55.84 5.6 6 0.44 50.2 6 3.51
50/50/3 53 6 4.24 590 6 53.1 5.6 6 0.5 55.5 6 3.88
50/50/5 55 6 3.85 560 6 39.2 5 6 0.2 57 6 3.42
50/50/7 57 6 3.42 250 6 17.5 5 6 0.25 58 6 1.74
50/50/3-N 29.64 6 2.66 153 6 12.24 5.19 6 0.41 –
50/50/5-N 31.54 6 1.89 148.9 6 13 4.83 6 0.28 –
50/50/7-N 32.89 6 1.31 140 6 8.4 4.63 6 0.27 –
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the rubber contents enhances elongation at break of
samples. This is due to the higher elongation at
break of rubber than that of thermoplastic matrix.

The mechanical properties of the compatibilized
TPV nanocomposites prepared with 50 wt % RR and
different nanoclay contents were compared to simi-
lar but uncompatibilized blends. It is seen that the
mechanical properties are poor in uncompatibilized
samples in comparison with compatibilized samples.
It can be attributed to poor adhesion between inter-
face of dispersed phase and LLDPE matrix that
facilitates the propagation of cracks, and leads to a
significant decline in the mechanical properties.

To improve the adhesion between interface of
reclaimed rubber and polymer matrix, some interac-
tions must be formed at the interface; therefore,
MA-grafted polyethylene (PE-g-MA) is used as a
reactive reagent to reduce the energy barrier and
consequently, enhances interphase miscibility.34 The
improvement in the mechanical properties can be
explained by the good adhesion between RR and
LLDPE related to the addition of the compatibilizer
PE-g-MA. It is also observed in Table IV that the
modulus of compatibilized TPV nanocomposites
based on 50 wt % RR is at range of 73–78% higher
than similar but uncompatibilized samples. More-
over, the elongation at break of samples is at range
of 78–285% higher than similar but uncompatibilized
samples. Also, the tensile strength does not signifi-
cantly change with the addition of compatibilizer
and approximately remains constant. Generally, the
elongation at break of thermoplastic elastomers
increases if there is sufficient adhesion between the
matrix and the rubber, hence efficient stress transfer
from the matrix to the dispersed phase occurred,
resulting in an increase of elongation at break, so
mechanical properties of TPV nanocomposite are
amplified by the compatibilizer.32

It can be seen that the modulus of the nanoclay-
reinforced TPV samples is improved in all composi-
tions compared to similar but unfilled blends. This
was accepted that the exfoliated silicate layers are
mainly a responsible factor for the improvement of
stiffness in nanocomposite materials. The increasing
of the TPV nanocomposites modulus is due to the
presence of polar anhydride group, which enhances
dipole and/or hydrogen bonding between the
organoclay surface and the maleated polyethylene,
causing to improve dispersion, intercalation, and
adhesion of clay in polymer matrix.35 Elongation at
break of LLDPE/RR nanocomposites decreases with
loading of the nanoclay. This behavior is explained
by the formation of the strong interaction between
nanoclay and polymer matrix, which reduces the
molecular mobility of polymer chains.36

The tensile strength of the TPV nanocomposites
slightly decreases with increasing nanofiller contents.

Many researches have shown that tensile strength is
decreased with increasing nanoclay contents.2,37,38 The
improvement in the mechanical properties of a filled
system depended on the filler type and extent is
reported in many studies.1,2,39

Table IV shows the effect of nanoclay contents on
the hardness of LLDPE/RR nanocomposites prepared
with 10, 30, and 50 wt % RR. It can be seen that the
loading of the nanoclay increases the hardness of TPV
nanocomposite samples, whereas the increasing the
reclaimed rubber content reduces the hardness. The

Figure 8 A: DSC thermograms of (a) 90/10/0 and (b)
50/50/0; B: DSC thermograms of (a) 90/10/7 and (b) 50/
50/7; C: DSC thermograms of (a) 50/50/0, (b) 50/50/5,
and (c) 50/50/7.
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reduction in hardness is due to the lower hardness of
the RR than that of LLDPE. In the presence of the
reinforcing nanoclay, the higher hardness degree is
achieved due to the polymer–nanoclay interaction.40

Thermal and crystallization characteristics by
differential scanning calorimetry

The thermal characteristics of TPV nanocomposites
of LLDPE/RR were studied using DSC cycle of
melting-crystallization-melting. The melting behavior
of a polymer depends on several factors such as
thermal history and the heating rate selected during
the measurement. For the thermal studies, the pres-
ent work focused on the effects of rubber and nano-
clay contents on the thermal behavior of the TPV
nanocomposites.

Figure 8(a,b) shows the DSC curves of cooling and
heating scan for unfilled and filled TPV samples
(7 wt % nanoclay) containing 10 and 50 wt % RR.
As it can be seen in Figure 8(a,b), the crystallization
temperature (TC) and melting temperature (Tm)
slightly decreased when the rubber content was
increased from 10 to 50 wt % for unfilled and filled
samples containing 7 wt % nanoclay (Table V pro-
vides more touchable data). The changes in Tm and
TC reflect the interference during the formation of
the crystalline part of LLDPE. It would be attributed
to the presence of reclaimed rubber that would inter-
fere with the crystallization of polyethylene. It may
mean that some crystalline regions of LLDPE are
destroyed due to the interference in the form of
reclaim molecular incorporation into the LLDPE part
and Tm and TC decreased with an increasing of
reclaimed content.9 It is well known that the
decrease in Tm is caused by the formation of imper-
fect crystallites or by crystallites having smaller
size.41 Table V summarizes the thermal characteris-
tics of various TPV nanocomposite samples. It can
be seen that the melting enthalpy (DHm) and crystal-
lization enthalpy (DHC) decreased with increasing
rubber contents.

Figure 8(c) shows the DSC result of TPV nano-
composites (5 and 7 wt % nanoclay) and unfilled
samples based on 50 wt % RR. Figure 8(c) indicates
that the TC and Tm slightly increased by increasing
of nanoclay contents reflecting the effect that the

filler has on the crystal nucleation. In the field of
TPV nanocomposites, an increase in the TC is gener-
ally expected to accrue, due to the promotion of a
heterogeneous nucleation by the nanoparticles,17 and
formation of smaller crystals, which could result
from a nucleation effect of nano particles. The
increase in Tm could be resulted from the fact that
the dispersed platelets in the matrix may shield the
conduction of heat to crystallites to some extent until
at higher temperatures that heat flow is enough to
melt down the crystallites.42 However, enthalpy of
melting of polyethylene followed an opposite trend
indicating decrease in crystallinity content is shown
in Table V. It seems that exfoliated/intercalated
organoclay platelets may reduce the growth of poly-
ethylene spherulites and disrupt the crystallization
process.42

CONCLUSIONS

In this work, we examined morphological, thermal,
and mechanical properties of the nanoclay-rein-
forced dynamically vulcanized TPE nanocomposites
based on LLDPE/reclaimed rubber containing 10,
30, and 50 wt % RR additionally 3, 5, and 7 wt %
nanoclay. The compounding process itself was
found to be instrumental in the final dispersion state
of the silicate layers. The interlayer distance is first
increased by the incorporation of the filler in the
LLDPE to obtain LLDPE nanocomposites. In this
stage, we used PE-g-MA that acts as a compatibilizer
for the nonpoplar LLDPE. Finally, intercalation and
partial exfoliation are achieved by the shear stress
developed during process of the mixing with RR
and the vulcanization of rubber phase that increase
viscosity. X-ray results showed that intercalated
structure in the TPV nanocomposites was developed.
The degree of intercalation of the nanoclay
improved with the introduction of PE-g-MA in the
TPV nanocomposites and the silicate layer aggre-
gates considerably decreased with increasing of the
rubber content. The TEM images showed that the
nanolayers of clay platelets are dispersed randomly
in the polymer matrix in compatibilized TPV nano-
composite. This result is supported by XRD data.
The results of the SEM photomicrographs of

etched sample showed that the size of rubber

TABLE V
Thermal Properties of the Samples

Sample codes TC (�C) DHC (J/g) Tm (�C) DHm (J/g) TC onset (�C)

90/10/0 109.4 85.56 126.1 98.53 119
90/10/7 112.1 82.97 127.4 76.51 118
50/50/0 108.4 47.94 125.7 52.95 117
50/50/5 109.9 42.86 126.4 43.3 117
50/50/7 110.6 39.16 126.5 39.59 115
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particles was reduced with the introduction of the
nanoclay particles and compatibilizer.

The intercalated structure results an increase in the
crystallization temperature, because the dispersed sili-
cates acted as nucleating agents and may lead to the
formation of smaller crystals. The DSC results showed
that the TC and Tm slightly increased by nanoclay
loading; however, DHm decreased when nanoclay con-
centration increased in TPV nanocomposites.

Moreover, the modulus and hardness of the TPV
nanocomposite samples increased in comparison with
the pristine TPVs; however, the elongation at break
and tensile strength values continuously decreased as
clay concentration increased in samples.
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