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ABSTRACT: Compatibilized and noncompatibilized
nanocomposites based on polypropylene (PP)/ethylene–
vinyl acetate copolymer (EVA) blends, having 75/25
(wt %/wt %) PP/EVA ratio, with different contents of
organoclay (OMMT) and maleated polypropylene as
compatibilizer were made through a melt-mixing process
with a twin-screw microcompounder, and their properties
were investigated. X-ray analysis revealed mainly interca-
lated/partially exfoliated structures for the blend-based
nanocomposites. Through a thermodynamic theoretical
approach and transmission electron microscopy investiga-
tion, it was shown that the OMMT nanoparticles were
mainly placed at the EVA phase of the nanocomposites.
Also, scanning electron microscopy analysis showed that
OMMT acted like a compatibilizer and reduced the
average size of the EVA dispersed phase by preventing
coalescence. Dynamic mechanical analysis revealed that

the addition of OMMT in the presence of the compatibil-
izer increased both the storage modulus and damping
factor of the corresponding blends. The critical interpar-
ticle distance of the EVA domains for achieving
supertoughening behavior was obtained at about 100 nm.
The addition of OMMT led to a significant improvement
in the thermal stability of the blends, especially in the
presence of the compatibilizer. A correlation between
the morphological, dynamic mechanical, and thermal
properties was established to determine the best perform-
ing composition, in which desirable damping and stiffness
and good thermal stability could be achieved. VC 2011
Wiley Periodicals, Inc. J Appl Polym Sci 125: 922–934,
2012
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INTRODUCTION

In semicrystalline polymers having relatively high
crystalline contents, the viscous part of the visco-
elastic behavior is insignificant, especially at low
temperatures. Efforts to improve the damping behav-
ior of semicrystalline materials have been carried out
since half a century ago. A conventional method to
increase the damping is blending with elastomers
such as nitrile rubbers,1 styrene–butadiene rubber,2

styrene–butadiene–styrene,3 and ethylene–propylene–
diene monomer.4 Although the introduction of
rubbers improves the toughening behavior of such
materials to some extent, it has some drawbacks,
such as reductions in the tensile strength and tensile
modulus. These are attributed to the inherently low

mechanical characteristics of elastomers and a weak
interfacial adhesion between the matrix and disperse
phases.5,6 To compensate for these drawbacks,
recently ternary composites having thermoplastic
and elastomeric components reinforced with an inor-
ganic filler were developed.7 In this type of compos-
ite, the resulting morphology has an important effect
on the toughening behavior. Many investigations
have been done to elucidate the effect of the particle
size of the incorporated filler on the toughening
behavior of polypropylene (PP).8,9 Lim et al.10 used a
relatively new type of toughening agent, that is,
poly(ethylene-co-octene) copolymer, to overcome the
low impact resistance of PP, and by adding small
amounts of silica nanoparticles to this blend, they
increased the modulus, too. Yu et al.11 studied the
effect of organically modified montmorillonite
(OMMT) on poly(L-lactide)/poly(e-caprolactone)
nanocomposites and observed a significant improve-
ment in the tensile and dynamic mechanical proper-
ties. Recently, many researchers have independently
reported the role of OMMT in the decreasing
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dispersed-phase domain size in polymer blends.12–15

The majority of them interpreted such a role as a
physical barrier that stops the coarsening phenom-
enon.12 Also, they reported that a good state of dis-
persion of OMMT nanoparticles strengthens the
pinning effect with increasing viscosity which has a
significant effect on the minor-phase domain size.
Lipatov and coworkers13,14 demonstrated that the
introduction of fillers into a binary polymeric mix-
ture may increase the compatibility. They reported
that the total free energy of a blend system should
include an interaction parameter of the phases and
the filler. Jang et al.15 investigated the effect of the
polarity on the morphology of polymer/clay nano-
composites. They reported that in nanocomposites
with a nonpolar matrix, an intercalated structure was
not obtained, whereas in the case of a matrix with
adequate polarity, an intercalated/partially exfoliated
structure was achieved. In PP/OMMT nanocompo-
sites without a compatibilizer [maleated polypropyl-
ene (PP-g-MA)], an intercalated/exfoliated structure
is not attained because nonpolar chains of PP cannot
interact with OMMT platelets and, therefore, do not
have a tendency to penetrate into OMMT gal-
leries.16,17 Also, it was reported that in ethylene–vinyl
acetate copolymer (EVA)/OMMT nanocomposite
systems, the intercalation of OMMT nanoparticles
was due to adequate polarity of EVA, which pro-
vided good interaction with OMMT.18 PP is one of
the most used commodity plastics because of its
good combination of properties, recyclability, and
low cost. However, some disadvantages may limit its
use, namely, its poor low-temperature impact
strength and surface crazing upon repeated flexing.
Among the rubbers being used to compensate for its
drawbacks, saturated ones, such as EVA, have
gained great attention because of their excellent re-
sistance against thermal, thermooxidation, and UV
degradations. More recently, inorganic nanoparticles,
such as OMMT, have been used as additives to
enhance the stiffness of polymer-blend-based
nanocomposites.19,20

Mehta et al.’s21 studies of thermoplastic olefin/
clay nanocomposites revealed the clay’s role in the
segregation of the minor phase, which could
increase the impact strength. However, the simulta-
neous enhancement of the stiffness and toughness in
a rubber-toughened system seems to be more valua-
ble from a practical point of view. Considering the
clay role in increasing toughness and stiffness, one
can anticipate that such an interesting goal can be
realized by incorporating clay into a rubber-tough-
ened system. In this study, we examined such a role
in a more systematic manner in another rubber-
toughed system, namely, PP/EVA, which has a po-
lar rubber component. The polar nature of EVA and
its interaction with clay may lead to a better syner-

gism of properties. We also tried to determine what
the critical interparticle distance (CID) of the EVA
domains was for achieving a supertoughening
behavior in the presence of the clay particles. In our
earlier articles on this system, we reported the
nonisothermal crystallization behavior and thermal/
thermooxidative degradation of a series of melt-
processed PP/EVA/OMMT nanocomposites.22,23

These series of nanocomposites showed some inter-
esting crystallization and thermal degradation
behaviors. Although the OMMT nanoparticles acted
as a barrier for PP macromolecular motion, interest-
ingly they increased the overall crystallization rate
and shielding degradation. In this study, the role of
OMMT and the OMMT/compatibilizer ratio (O/C)
on the tailoring of the morphology and their ulti-
mate effects on the dynamic mechanical parameters,
such as damping, toughness, and stiffness, and also
on the thermal stability of the PP/EVA/OMMT
nanocomposites were explored. An attempt was also
made to establish correlations among the morpho-
logical, dynamic mechanical, and thermal properties.

EXPERIMENTAL

Materials

PP (grade Novolen 1100r) was supplied by Targor
Co. (BASF, Ludwigshafen, Germany). EVA (grade
Escorene Ultra UL00218CC3, 18 wt % vinyl acetate)
was obtained from ExxonMobil Chemical Co., Hous-
ton, TX. PP-g-MA (grade Polybond 3200) as the com-
patibilizer was procured from Chemtura Co., Phila-
delphia, PA. The OMMT used was Nanomer I.44
(Nanocor, Inc., Arlington Heights, IL) modified with
the ammonium salt dimethyldialkylammonium ha-
lide (70% C18, 26% C16, and 4% C14).24

Sample preparation

The blends and blend-based nanocomposites were
prepared via a one-step process in a conical twin-
screw DACA microcompounder. Before the melt-
mixing process, all of the components of the blends
or blend-based nanocomposites were dry-premixed
at a specified ratio and then fed into the micro-
compounder. PP/EVA (75/25 w/w) blend-based
nanocomposites with 0–7 wt % OMMT and 15 and
7 wt % PP-g-MA were made. In addition, the neat
components (PP and EVA) were melt-mixed sepa-
rately with 5 wt % OMMT under similar processing
conditions. A processing temperature of 210�C, a
screw speed of 150 rpm, and a mixing time of 5 min
were used for the preparation of all of the blends
and blend-based nanocomposites. The extruded
strands, with a length of 2 cm and a diameter of
2 mm, were cooled on an aluminum tray in air. For
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dynamic mechanical analysis (DMA) studies, the
extruded strands were compression-molded into rec-
tangular sheets 0.5 mm thick and with dimensions
of 20 � 10 mm2. The molding was performed at a
temperature of 210�C and a pressure of 10 MPa. The
compositions of the prepared samples are presented
in Table I.

Characterization

Wide-angle X-ray diffraction (WAXS) analysis was
done with an X-ray diffractometer P4 with an area
detection system (GADDS, Siemens AG Karlsruhe,
now BRUKER axs Karlsruhe, Germany) operating at
40 kV and 30 mA for Cu Ka radiation (k ¼ 0.154
nm). The samples were investigated in transmission
with the primary beam perpendicular to the plane of
the extruded stands. The scattering range was 2y ¼
1.8–10�. Intensity (2y) plots were obtained by sectoral
integration (630� in relation to the extrusion direc-
tion) with steps of D2y ¼ 0.1� (mean measuring time
¼ 1200 s). The dispersion of the OMMT platelets in
the blend was studied by means of transmission elec-
tron microscopy (TEM). Ultrathin sections of the
extruded samples (ca. 80 nm thick) were obtained
under cryogenic conditions at �120�C with an EM
UC/FC6 ultramicrotome (Leica) equipped with a dia-
mond knife. These ultrathin sections were collected
on 300-mesh copper TEM grids, and they were inves-
tigated by means of a LEO 910 TEM instrument (Carl
Zeiss) at an accelerated voltage of 120 kV. The sec-
tions were not stained because the EVA phase would
then become too dark for the identification of clay
nanoparticles in a descriptive way. The chance to see
a good difference between PP, EVA, and the OMMT
nanoparticles without staining was very high.

Scanning electron microscopy (SEM) was used to
characterize the morphology of the blends and
blend-based nanocomposites. An extruded polymer
strand was immersed in liquid nitrogen for some

time, and a brittle fracture was performed. The frac-
tured surface was etched in 1,2-dichloroethane for
1.5 h to remove the EVA phase of the samples.
The etched surfaces after proper drying were gold-
sputtered and observed under a Philips CM200 SEM
instrument. With image analysis software of the
SEM instrument, the number-average particle size
(Dn), weight-average particle size (Dw), volume-
average particle size (Dv), standard deviation (Sn),
and dispersed particle density (kn) were calculated
by means of the following equations:

Dn ¼
X

NiDi

.X
Ni (1)

Dw ¼
X

NiD
2
i

.X
NiDi (2)

Dv ¼
X

NiD
3
i

.X
NiD

2
i (3)

Sn ¼ 1

n

X
Di �Dnð Þ2

� �0:5
(4)

kn ¼ n

A

� �
� 106 (5)

where Ni is the number of domains in a determined
range of diameters, Di is the diameter of domains, n
is the total number of domains, and A is the scanned
area. The ratio of the interlayer area (A3D) to the unit
volume of the dispersed phase (V3D) could be calcu-
lated from the total domains perimeter (P2D) divided
by total domains area (A2D) obtained from the SEM
images with the following equation:

Ai lm
2
�
lm3

� � ¼ P2D=A2D ¼ A3D=V3D (6)

The interparticle distance (f) in the continuous
phase was calculated on the basis of Wu’s25

equation:

1 ¼ Dn
p

6/d

� 	� �1=3
�1

( )
(7)

where /d is the volume fraction of the domain
phase. DMA was performed by means of a
DMA2980 (TA Instruments) into bending mode with
a single-cantilever clamp with frequency of 10 Hz, a
temperature range of �150 to 150�C, and a heating
rate of 3 K/min on the compression-molded samples
with dimensions of 20 � 10 � 0.5 mm3. Thermal
degradation was investigated with a Q500 thermog-
ravimetric analyzer (TA Instruments). The analysis
was performed under an air atmosphere with a
flow rate of 60 mL/min and within the temperature
of range 30–700�C with a programmed heating rate
of 10 K/min.
Most of the analyses were done on the extruded

strands, whereas the DMA test was performed on

TABLE I
Composition of the Samples

Sample code
PP

(wt %)
EVA
(wt %)

Compatibilizer
(PP-g-MA; wt %) OMMT

P100 100 0 0 0
E100 0 100 0 0
P95O5 95 0 0 5
E95O5 0 95 0 5
P75E25 75 25 0 0
P75E25C5 75 25 5 0
P75E25O5 75 25 0 5
P75E25C1O5 75 25 1 5
P75E25C5O5 75 25 5 5
P75E25C7O5 75 25 7 5
P75E25C5O1 75 25 5 1
P75E25C5O7 75 25 5 7
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the molded samples because samples with exact
dimensions were needed for the DMA test. Our hy-
pothesis is that the morphology remained stable
because, during the compression-molding process,
the samples did not experience rigorous shearing or
elongational melt flow as of the extrusion process.

RESULTS AND DISCUSSION

WAXS analysis

The WAXS patterns of the neat OMMT, PP/OMMT,
95/5 wt/wt (P95O5), and EVA/OMMT, 95/5 wt/wt
(E95O5), as reference materials, in terms of intensity
versus 2y are presented in Figure 1(A), whereas the
related WAXS patterns of the nanocomposites, in
terms of intensity versus d-spacing (nm), are shown
in Figure 1(B). Because our aim was to clearly show
the influence of each component on the nanocompo-
site microstructure, the X-ray diffraction patterns of
the main systems are presented in terms of the in-
tensity versus d-spacing. In this way, small changes
in the d-spacing can be traced in a clearer way.
These patterns were analyzed quantitatively, and the
d-spacing values are presented in Table II. From this
table, one can see that the P95O5 sample has the
minimum interlayer spacing. This is attributed to an
exerted repulsive force between the PP chains and
OMMT layers due to the difference in their polar-
ities. This force reduces the OMMT interlayer spac-
ing. Therefore, the PP chains could not diffuse into
the gap between the OMMT platelets.26 For the
EVA/OMMT sample, the interlayer spacing
increased and resulted in an intercalated structure.
This indicated a better interaction between the EVA
matrix and OMMT nanoparticles, probably due to
the higher polarity of EVA, which had polar side
groups, compared to PP. The greater interlayer spac-
ing of P75E25O5 compared to that of P95O5 was

more evidence for a better diffusion of EVA chains
into the clay galleries.
The highest d001-spacing was observed for the

P75E25C5O1 sample. The addition of PP-g-MA
decreased the interfacial tension between PP and
EVA and increased the chances of the interaction of
PP and EVA macromolecules with OMMT platelets
and facilitated the diffusion of PP and EVA chains
into the OMMT galleries.27,28

The data shown in Figure 1 and Table II demon-
strated that the interlayer spacing of the OMMT
denoted as P95O5 for the different blend-based nano-
composites was highly dependent on O/C. With
decreasing of this ratio, the d-spacing increased; this
implied that the compatibilizer played an important
role in the intercalation process.

Morphological analysis

The balanced situation of OMMT nanoparticles in
blend-based system was determined by the thermo-
dynamics of the system. The dispersion state of
OMMT nanoparticles in a polymer matrix is gener-
ally in two forms: (1) the particles are dispersed uni-
formly in one of the phases, or (2) the particles are
placed at the interface of the two phases. The

Figure 1 WAXS patterns of the (A) reference materials in terms of intensity versus 2y and (B) PP/EVA/compatibilizer/
OMMT nanocomposites in terms of intensity versus d-spacing. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

TABLE II
Data Obtained from X-Ray Diffraction Analysis

for Various Samples

d001 (nm) Sample

3.07 OMMT
2.42 P95O5
4.32 E95O5
4.54 P75E25O5
5.07 P75E25C5O5
5.73 P75E25C5O1
4.91 P75E25C5O7
4.41 P75E25C7O5
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occurrence of either of these states depends on the
surface energy of the individual components. To
determine the state of OMMT localization in a
blend-based nanocomposite system, the following
theoretical approach based on the wetting parameter
(Di) can be used:29

Di ¼
cClay�2 � cClay�1

c12
(8)

where cClay�i is the interfacial tension between the
OMMT layers and polymer component i and c12 is
the interfacial tension between the two polymer
components. According to eq. (8), when Di > 1, the
OMMT layers are only in the polymeric phase 1,
and when Di < �1, the OMMT nanoparticles are
only in polymeric phase 2. If the value is between
�1 and 1, the OMMT layers are at the interface. c12
can be calculated on the basis of Wu’s30 equation:

c12 ¼ c1 þ c2 �
4cd1c

d
2

cd1 þ cd2
� 4cd1c

d
2

cd1 þ cd2
(9)

where ci is the surface energy of a material, and the
superscripts p and d represent the polar and disper-
sive contributions of the surface energy, respectively.

The surface energy at a desired temperature [T
(K)] can be calculated with the relative Guggen-
heim31 equation:

cx
cy

¼ TCr � Tx

TCr � Ty

� 	11
9

(10)

where cx and cy are the surface energies at tempera-
tures Tx and Ty, respectively, and TCr is the critical
temperature. TCr is defined as the temperature at
which the interfacial surface between a liquid and
gas is eliminated. In these calculations, it is assumed
that all of the components have the same depend-
ency on temperature.

The surface energies of PP, EVA, and OMMT and
the value of TCr (1000 K) were obtained from the lit-
erature32,33 and then shifted to 210�C with eq. (10).
These values are presented in Table III. Using these
data and on the basis of eq. (9), we calculated the
values of interfacial tension at 210�C for PP/EVA,

PP/OMMT, and EVA/OMMT to be 0.90, 6.66, and
3.64 mJ/m2, respectively. When we considered these
data and used eq. (8), the Di for PP/EVA/OMMT
system became Di ¼ 3.34, which indicated that the
OMMT nanoparticles were localized in the EVA
phase.
The work of adhesion (WAB) can be calculated

according to the following equation:34

WAB ¼ 2 cd1c
d
2

� �1=2 þ 2 cp1c
p
2

� �1=2
(11)

Using this equation, we found the values of WAB

for PP/EVA, PP/OMMT, and EVA/OMMT to be
45.78, 47.04, and 53.87 mJ/m2, respectively. The high
interfacial tension, along with the low value of WAB,
obtained for PP/OMMT was an indication of incom-
patibility between PP and OMMT.

TEM and SEM analysis

The cryofractured surface morphologies of the
P75E25, P75E25C5, and P75E25O5 samples are
shown in Figure 2(A–C). In these SEM images, the
etched EVA phase appears as dark domains. Gener-
ally, the incorporation of the compatibilizer and

TABLE III
Surface Energy Data for the Reference Materials

Sample

Surface tension at
25�C (mN/m)

Polarity
(cp/c)

Surface tension
at 210�C (mN/m)

Polarity
(cp/c)c cd cp c cd cp

PP 30.0 26.0 4.0 0.13 20.6 17.9 2.8 0.13
EVA 37.2 29.7 7.5 0.20 25.6 20.44 5.16 0.20
OMMT 48.4 27.6 20.8 0.43 30.2 17.2 13.0 0.43

Figure 2 SEM photomicrographs of (A) P75E25, (B)
P75E25C5, and (C) P75E25O5.
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OMMT decreased the average size of EVA domains
and also the roughness at the interface of polymer
pairs; this indicated an enhancement in the interfa-
cial adhesion and an improvement in the compatibil-
ity.35 This implied that the OMMT nanoparticles,
with their highly active surface, acted as an effective
barrier against coalescence in this system. As shown
in Figure 3(A), the incorporation of a higher amount
of OMMT (5 wt %) into the compatibilized PP/EVA
system with 5 wt % compatibilizer slightly reduced
the average EVA domain size [cf. Fig. 3(A) with
Fig. 3(B)]; also, this reduction was more pronounced
in the presence of a higher amount (7 wt %) of com-
patibilizer [cf. Fig. 3(A) with Fig. 3(C)].

Quantitative analyses of these SEM images were
done, and the results are presented in Table IV.
From the obtained data, we observed that the incor-
poration of OMMT decreased the EVA domain size.
This could be attributed to the tendency of OMMT
toward being localized in the EVA phase. This
increased viscosity of the EVA phase, in turn,
impeded the coalescence phenomenon.22,23 Also, the
addition of OMMT increased the number density of

EVA domains; this, in turn, decreased the average
distance between the EVA domains. The histograms
showing the particle size distributions are shown in
Figure 4. The histograms illustrate the EVA domain
size distribution in the PP matrix. Generally, the
addition of OMMT and the compatibilizer decreased
the EVA domain size and provided a uniform do-
main size distribution. Also, the number of EVA
domains increased as a result of the decreased do-
main size. From these histograms, it was clear that
the P75E25C5O5 sample had the narrowest EVA do-
main size distribution in the PP matrix. This showed
that the proper balance between the OMMT and
compatibilizer contents could lead to the develop-
ment of nanocomposite systems with desired mor-
phologies. This effect of O/C on the properties of
the nanocomposites is discussed in the subsequent
section.
TEM images of the PP/EVA blend-based nano-

composites are shown in Figure 5(A–C). The dark
regions represent EVA irregular domains dispersed
in the light PP matrix. In the case of the
P75E25C5O1 sample [Fig. 5(A)], which had a low
OMMT content, the OMMT nanoparticles were
mainly seen within the EVA phase, and in some
cases, they were on the surface of the EVA
domains. They had an intercalated/partially exfoli-
ated state of dispersion. This higher tendency of
OMMT toward the EVA phase was due to the rela-
tively higher polarity of EVA compared to that of
PP. Figure 5(B,C) shows the dispersion state of
OMMT in the presence of high amounts of compa-
tibilizer and OMMT. With the addition of the com-
patibilizer, the OMMT nanoparticles tended to be
localized at the interface, showing an intercalated
structure [Fig. 5(B)]. However, when, in the same
system, the compatibilizer content was reduced,
they again showed some tendency toward EVA
domains [Fig. 5(C)]. The introduction of the compa-
tibilizer to the system not only increased the com-
patibility of the PP and EVA phases, but it also
increased the interaction between the OMMT and
PP phase. Thus, in the absence of compatibilizer,
the OMMT nanoparticles did not show good

Figure 3 SEM photomicrographs of (A) P75E25C5O1, (B)
P75E25C5O5, and (C) P75E25C7O5.

TABLE IV
Data Obtained from SEM Analysis

Sample Dn (lm) Dw (lm) Dv (lm) A (lm2/lm3) Si (lm) kn (lm)�2 f (lm)

P75E25 1.2 1.3 1.6 0.3 0.30 0.03 0.3
P75E25C5 0.7 1.2 1.4 3.7 0.26 0.06 0.2
P75E25O5 1.1 1.3 1.5 4.1 0.18 0.08 0.3
P75E25C5O5 0.3 0.5 0.5 14.4 0.06 0.06 0.1
P75E25C1O5 1.1 1.2 1.2 5.1 0.16 0.06 0.3
P75E25C7O5 0.3 0.4 0.5 15.3 0.04 0.07 0.1
P75E25C5O1 0.6 0.7 0.7 8.3 0.06 0.05 0.2
P75E25C5O7 0.4 0.5 0.5 15.2 0.15 0.07 0.1
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interaction with the PP chains and, hence, were
localized in the EVA phase.

The role of OMMT in the prevention of coales-
cence in the immiscible polymer blend and the
reduction of the dispersed-phase domain size was
attributed mainly to the OMMT localization at the
polymer/polymer interface; this could have a role
very similar to a block copolymer. The reduction of
the interfacial tension due to the distribution of the
OMMT platelets at the polymer/polymer interface
could be a reasonable explanation for the compati-
bilization. The modification of the interfacial ten-
sion affected the breakup/coalescence equilibrium
in favor of the breakup; this could have led to
smaller drops. On the other hand, the refinement

of the morphology due to the localization of
OMMT in a more polar blend component, which
formed the dispersed phase, could be attributed to
changes in the rheological characteristics of the sys-
tem, such as the elasticity and viscosity ratio, that
could control the morphological evolution. One
should not forget that there was also a relatively
rare possibility for OMMT to increase the dis-
persed-phase domain size during blending by a
combination of changes in the interfacial and rheo-
logical effects. In such cases, the breakup/coales-
cence equilibrium is more in favor of coalescence.
Recently, different mechanisms for changes in the
interfacial tension due to the dispersion of OMMT
layers in immiscible polymer blends have been

Figure 4 Histograms demonstrating the EVA domain size distributions in different PP/EVA blend-based
nanocomposites.
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discussed extensively by Fenouillot et al.36 and Liu
et al.37

DMA

Figure 6(A) depicts the changes in the storage mod-
ulus of different samples against temperature. All of
the samples showed the maximum modulus in the
glassy region. The addition of EVA to PP decreased
the modulus compared to that of neat PP. This
decrease in the modulus was attributed to the pres-
ence of a low-modulus EVA phase, which had some
hindering effect on the crystallization of PP, too. In
our previous study,22 we observed that when EVA
was incorporated into the PP matrix, the final degree
of crystallinity of PP dropped by nearly 15%; how-
ever, EVA had almost no effect on the crystalline
structure of PP, and hence, PP crystallized in its
original a-crystalline form. The incorporation of
5 wt % PP-g-MA did not change the storage modu-
lus significantly, whereas with the introduction of
5 wt % OMMT, the storage modulus increased to
some extent. When 5 wt % OMMT was added in the
presence of 5 wt % PP-g-MA, a stronger influence
was seen on the storage modulus. This confirmed
the synergistic role of the OMMT layers in strength-

ening the interface when combined with the compa-
tibilizer. Increasing the compatibilizer loading to
7 wt % increased the storage modulus even further.
The highest storage modulus was observed in the
sample loaded with 7 wt % OMMT in the presence
of 5 wt % compatibilizer. Interestingly, the highest
refinement of morphology was observed for this
sample, too. Almost the same trend of variation in
the storage modulus was seen above the glass-transi-
tion temperature of PP (� 20�C), but the differences
between samples became much less. The improve-
ment in the storage modulus in the presence of
OMMT layers was due to their large aspect ratio.
These nanoparticles impeded the segmental motion
of the polymeric chains and, thus, increased the
chain stiffness. Figure 6(B) shows the loss factor (tan
d) versus temperature curves for different samples.
Four relaxation peaks were distinguishable. The
presence of individual b transitions, which were
related to the glass-transition temperature of each
polymer pair, showed that the PP/EVA blends were
immiscible. The introduction of OMMT and compa-
tibilizer shifted the relaxation peaks and altered the
viscoelastic behavior of the samples. The results of a
quantitative analysis on these tan d curves are sum-
marized in Table V. The addition of OMMT and

Figure 5 TEM images of the PP/EVA blend-based nanocomposites: (A) P75E25C5O1, (B) P75E25C5O5, and (C)
P75E25C7O5. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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compatibilizer to the blend did not show a signifi-
cant and systematic effect on the b transition of the
PP phase. However, it reduced the a-transition tem-
perature to some extent. In the case of the EVA
phase, the inclusion of OMMT nanoparticles and
compatibilizer resulted in the dislocation of the b

transition to lower temperatures but did not show a
significant effect on the c transition. Such an effect
was reported previously by Feng et al.38 in a PP/
PA6 blend-based nanocomposite system. A correla-
tion between f of the EVA domains in the PP matrix
(see Table IV) and the total loss peak area (as an

Figure 6 DMA curves for the PP/EVA blend-based nanocomposites: (A) storage modulus and (B) tan d. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE V
DMA Data of the Prepared Samples

Sample

Transition
temperature of PP

(�C)

Transition
temperature of

EVA (�C)
Loss peak area
(arbitrary units)

Total loss
peak area

(arbitrary units)Tb Ta Tc Tb

PP 11 110 — — — 7.45
P75E25 10 103 �129 �21 5.97 8.00
P75E25C5 10.7 102 �131 �20 6.02 8.04
P75E25O5 12 98 �130 �22 6.25 8.10
P75E25C5O5 10 93 �128 �18 6.56 8.60
P75E25C1O5 10.2 105 �130 �19 6.62 8.08
P75E25C7O5 11 98 �128 �18.5 7.02 9.19
P75E25C5O1 10 91 �131 �20 6.20 8.17
P75E25C5O7 12 92 �130 �17 6.83 9.10

Ta is a transition temperature.
Tb is b transition temperature.
Tc is c transition temperature.
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assessment of the viscoelastic properties; Table V),
as well as differences between the storage modulus
of PP and those of other samples at 25�C, is pre-
sented in Figure 7. The observed trend was similar
to that of the notched Izod impact strength versus f
of rubber particles, which is employed to obtain
CID.39 This critical value is used to probe super-
toughening phenomenon.40 On the other hand, the
area under the peak of tan d can be used to judge
the impact strength.41 As shown in Figure 7, the CID
in this case was about 100 nm. f beyond this value
resulted in a decrease of ductility and toughness.
Also, a large modulus difference between PP and
other nanocomposite samples was observed at the

CID. It was interesting that there were simultaneous
increases in the toughness and modulus, regardless
of OMMT dispersion, in the PP/EVA/clay nano-
composite systems. This could be explained on the
basis of the fact that the particle size, rubber f, rub-
ber-to-matrix modulus ratio, and Poisson’s ratio are
known to be effective parameters on the toughness
of rubber-toughened polymer blends.39 In the stud-
ied systems, we observed that the average EVA do-
main size and EVA f were reduced; this could have
affected the toughness. On the other hand, the local-
ization of relatively stiff OMMT platelets in the EVA
phase increased its modulus. Therefore, enhance-
ments in both the stiffness and toughness were
observed. A similar phenomenon was also reported
in the toughening of unsaturated polyester resins, in
which its stiffness increased simultaneously.42 Super-
toughness behavior was observed in a PP/PP-g-
MA/poly(ethylene-co-octene)/montmorillonite sys-
tem by Lee et al.43 They explained this interesting
behavior by the morphological change in the pres-
ence of the filler, which reduced the size of the elas-
tomer domains to less than 1 lm.
Figure 8(A) illustrates a correlation among a rela-

tive factor used for the evaluation of the extent of
chain mobility in the presence and absence of a filler
(Cb; %), total loss peak area, and O/C. The relative
extent of chain mobility for each phase in the PP/
EVA system loaded with both OMMT and compati-
bilizer with respect to the neat blend could be
expressed as follows:

Cbð%Þ ¼ tan d0b � tan db
tan db

 !
� 100 (12)

where tan db is the loss factor of each component
in the neat blend and tan d0b is the corresponding
loss factor value in the nanocomposite system. As

Figure 7 Interrelation between f of the EVA domains,
total loss peak area, and different storage moduli between
PP and the PP/EVA blend-based nanocomposites. Epp and
Enanocomposite are modulues of neat and nanocomposite,
respectively. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 8 Interrelation between (A) Cb (%) and (B) d-spacing with total loss peak area and O/C in the PP/EVA blend-
based nanocomposites. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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shown in Figure 8(A), primarily, an increase in
the O/C ratio to some level facilitated the mobility
of both PP and the EVA chains in the nanocompo-
sites in comparison to the P75E25 blend. This effect
was more pronounced for PP compared to the EVA
phase. This was attributed to the higher tendency of
OMMT nanoparticles to move toward the EVA
phase than toward PP. Above a certain level of O/
C, the chain mobility was hindered. The hindrance
effect at high O/C ratios was possibly due to the
network formation of OMMT species analogous to a
physically crosslinked network. According to Kade
and Padden’s theory,44 a high inclusion of OMMT
results in a pronounced defect in crystalline struc-
tures. This accordingly increased the amorphous
regions and resulted in an increase in damping. As
shown in Figure 8(B), the highest d-spacing corre-
sponded to the lowest toughness because a higher
amount of macromolecular chains were engaged in
the gaps between the OMMT layers. On the other
hand, increasing the OMMT content at constant
compatibilizer inclusion impeded the diffusion of
polymer chains into the gallery spacing. Hence, d-
spacing decreased, and the polymer chain mobility

did not decrease. Using the data presented in Figure
8(B), we established a relationship by applying non-
linear regression between the gallery spacing of
OMMT in the blend-based nanocomposites and O/
C as follows:

d
001

ð Þnanocomposite

d
001

ð ÞOMMT

¼ 1:65
wt%ð ÞOMMT

wt%ð Þcompatibilizer

" #�0:077

(13)

Also, the addition of OMMT probably promoted
the development of defects within the crystalline
regions and, hence, increased the amorphous
regions. This resulted in an increase in the toughness
of the system.

Thermogravimetric analysis (TGA)

Using OMMT nanoparticles in polymer matrices,
according to two main mechanisms of barrier and
free-radical trapping, improved the thermal stability
of the blend-based nanocomposites.23,45 The TGA
thermograms of the PP/EVA blend-based nanocom-
posites and the neat components are shown in

Figure 9 TGA and DTG thermograms of the PP/EVA blend-based nanocomposites. dm/dt is the rate of mass change
with time. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

932 GOODARZI ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



Figure 9, and related data are presented in Table VI.
A more thermally stable EVA phase increased the
thermal stability of PP significantly. The addition of
OMMT to this blend system increased the stability
further. The onset of degradation temperature
(T5wt%) for all of the samples containing OMMT was
nearly 50�C higher than that of the neat PP. This
indicated a strong shielding effect of OMMT in pre-
vention of the degradation. The compatibilizer/
OMMT (C/O) ratio played a role in the improve-
ment of the thermal stability, too. A comparison
between the P75E25C5O1 and P75E25C5O7 samples
showed that an increase in C/O enhanced the ther-
mal characteristics of the nanocomposites. Figure 10
illustrates the correlations among the morphology,
tan d, and TGA results. As shown, the average parti-
cle size of the dispersed phase had a significant
influence on the total loss peak area and the thermal
stability of the system; the lower the average particle

size was, the higher the thermal stability was, and
the higher the loss peak area was.23 The decrease in
the EVA average particle size increased the interfa-
cial area and also the number of dispersed particles
in the matrix. With the higher thermal stability of
EVA compared to PP and the fact that OMMT par-
ticles were mainly in the EVA phase, as discussed
earlier, the improvement in the thermal stability of
the blend-based nanocomposites could be explained.

CONCLUSIONS

In this study, the effects of the introduction of
OMMT on the morphological, dynamic mechanical,
and thermal properties of the PP/EVA blends were
investigated. WAXS analysis showed that OMMT
particles were mainly in an intercalated state in the
blend-based nanocomposites. An analytical investi-
gation with the TEM results and the calculated val-
ues of the interfacial tension and Di showed that the
OMMT nanoparticles were mainly localized in the
EVA dispersed phase. SEM analysis revealed a sig-
nificant reduction in the size and size distribution of
the EVA domains with the introduction of OMMT
nanoparticles. This refinement of domains was more
pronounced in the presence of both OMMT and
compatibilizer. DMA indicated that the incorpora-
tion of OMMT had a greater influence on the EVA
phase than on PP. This was attributed to the selec-
tive localization of OMMT in the EVA phase. Inves-
tigation of loss peak area and storage modulus of
the samples in terms of the O/C ratio revealed
simultaneous enhancements in both the damping
and storage modules with the incorporation of bal-
anced amounts of OMMT and compatibilizer. The
higher CID of the EVA domains was, the less
obvious the supertoughening behavior was. The
TGA results demonstrated that the addition of EVA
to PP improved its thermal stability; this was more
pronounced with the incorporation of OMMT. Also,
the addition of PP-g-MA as a compatibilizer further
enhanced the thermal stability because of its

TABLE VI
TGA Data of the Prepared Samples

Sample T5wt% (�C) T10wt% (�C) T50wt% (�C) Tmax (�C) Char yield at 400�C Char residue (%)

PP 249 257 288 284 2.37 0.02
P75E25 275 299 368 389 21.7 0.66
P75E25C5 279 301 368 362 23.6 0.72
P75E25O5 299 321 397 430 47.4 2.73
P75E25C1O5 288 312 387 419 37.2 2.81
P75E25C5O5 298 319 399 431 50.7 2.96
P75E25C7O5 300 322 407 440 56.0 3.26
P75E25C5O1 291 318 391 391 44.4 1.01
P75E25C5O7 308 324 410 441 58.0 4.23

*T10wt% and T50wt% are temperatures at 10 wt% and 50 wt% weight loss, respectively. Tmax is the temperature at
which the maximum rate of degradation are seen.

Figure 10 Interrelation of the morphological data with
tan d and TGA results for the PP/EVA blend-based nano-
composites. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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compatibilization effect on the blend components
and the induction of a better interaction between the
OMMT platelets and the polymer pairs. The latter
itself improved the dispersion state of the OMMT
nanoparticles and intensified the char formation
phenomenon. The correlation between the morphol-
ogy, DMA, and TGA results showed that reduction
of the EVA average domain size in the PP matrix
enhanced both the thermal stability and toughness
of the nanocomposites.

The authors thank Seyed Ali Monemian and Massude Kha-
baziyan for their helpful cooperation.
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