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ABSTRACT: Polypropylene (PP)/clay nanocomposites
prepared by melt blending technique using different per-
centages of clay with and without maleic anhydride
grafted PP (MA-PP) were studied. The intercalated and
exfoliated structure of nanocomposites was characterized
by X-Ray Diffraction (XRD) and transmission electron mi-
croscopy (TEM). Because of the typical intercalated and
exfoliated structure, the tensile modulus of the nanocom-
posites were improved significantly as compared to virgin
PP. The viscoelastic behavior of the nanocomposites was
studied by dynamical mechanical analysis (DMA) and the

results showed that with the addition of treated clay to PP
there was substantial improvement in storage modulus
increases. The thermal stability and crystallization of the
PP nanocomposites as studied by differential scanning cal-
orimeter (DSC) and thermo gravimetric analysis (TGA)
were also improved significantly compared to PP. VVC 2009
Wiley Periodicals, Inc. J Appl Polym Sci 115: 3463–3473, 2010
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INTRODUCTION

Polypropylene is a commodity polymer, which
offers best performance characteristics among all
thermoplastics. It can be modified with fiber and its
fiber reinforced composite compete even with engi-
neering polymers.1 In such cases, the polymer clay
nanocomposites have received research interest
because of the significant macroscopic material prop-
erty enhancements.2–5 The most interesting aspect of
the use of nanofiller is very low amount of filler that
has to be added to polymer to the effective enhance-
ment in the properties and they offer attractive
potential diversification and application.6–9 The well
ordered intercalated polypropylene/clay nanocom-
posites can be prepared by direct intercalation in an
extrusion process, where the layered clay particles
were dispersed homogeneously in polypropylene
matrix and intercalated by extended polypropylene
chains.10,11 The most widely used nanoclay is
derived from the Na-montmorillonite (MMT), whose
2 : 1 layered silicate structure consists of several
stacked layers separated by a charged intergal-
lery.12–16 Each silicate layer is 0.98 nm thick with lat-

eral dimensions of 400–1000 nm. The sum of the
intergallery spacing and an individual silicate layer
thickness is referred to as basal spacing, which is
� 11.7 Å for Na-MMT.5 To enhance the compatibil-
ity between polymers and MMT, cation exchange
reaction is frequently performed.10 The properties of
the composites are strongly dependent on the nature
of the filler-matrix interface. The control and modifi-
cation of surface properties of nanoparticles are,
therefore, very important. For polyolefins, due to
their non-polar nature, it is difficult to make layered
silicates delaminate in the polymer matrix. To
improve the mechanical properties and other prop-
erties, there are many efforts to enhance dispersabil-
ity of montmorillonite in polyolefin matrix. As the
hydrophilic clay is incompatible with polypropylene,
compatibilization between the clay and polypropyl-
ene is necessary to form stable polypropylene nano-
composites, therefore, the low molecular weight
copolymer of polypropylene grafted maleic anhy-
dride (PP-g-MA) is often added as a compatibilizer
to facilitate intercalation and exfoliation of the orga-
noclay and maximize its interfacial contact with the
polymer matrix polymer.17–25 This systematic study
on the effect of clay loading on mechanical and ther-
mal properties of the nanocomposites on film grade
of polypropylene was done. The dispersion charac-
teristics of the clay in polypropylene were deter-
mined by XRD and TEM. The melting temperature
and thermal stability of the nanocomposites were
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studied by DSC and TGA, respectively, and to study
the viscoelastics behavior of the nanocomposites, the
DMA was performed.

EXPERIMENTAL

Materials

Commercial grade H030SG PP was obtained from
M/s Reliance Industries (India), with MFI 3 g/10 min
and specific gravity 0.920 g/cc. The PP-g-MA used in
this study is maleic anhydride modified polypropyl-
ene (PP-g-MA), grade Exxelor P01015, obtained from
ExxonMobil Chemical (India), with MFI 150 g/10 min
at 230�C. The MA level was typically in the range of
0.25–0.50 wt %. The untreated nanoclay Cloisite Na-
MMT with specific gravity 2.86 g/cc & gallery spac-
ing 11.7 Å, Cloisite 20A, Cloisite 30B nanoclay with
specific gravity 1.77 and 1.98 g/cc and gallery spacing
24.2 and 18.5 Å, respectively, were obtained from
M/s Southern Clay (USA). Closite 20A modified with
dimethyl, dehydrogenated tallow, quaternary ammo-
nium and has CEC of 95 meq/100 g clay and Closite
30B modified with methyl, tallow, bis-2-hydroxyethyl,
quaternary ammonium as surfactant and has CEC of
90 meq/100 g clay.

Preparation of PP nanocomposites by melt
blending technique

All nanocomposites were prepared by melt com-
pounding technique using twin screw extruder
Berstoff, ZE25 (Germany), equipped with a co-rotat-
ing twin screw as the mixing element. The nanoclay
dried at 80�C for 4 h in air-circulated oven prior to
compounding to remove moisture. The PP layered
silicate nanocomposites were prepared by melt mix-
ing of pre-weighed quantities of polypropylene and
montmorillonite nanoclay (untreated and treated)
with and without PP-g-MA. Initially, optimization of
screw speed was done with untreated nanoclay to
get the maximum shear effect for exfoliated nano-
composites. The high shear and low output will give
more residence time for mixing and high shear rate
will increase the intergallery spacing between the
clay platelets and polymer facilitate to enter in to the
galleries of nanoclay. The screw speed was kept con-
stant at 100 rpm and temperature was kept constant
at 180–240�C and extruded strands of the molten
composites were then water quenched and pallet-
ized for all the composition. The test specimens
were prepared by template cutting from the film for
measurement of mechanical properties. Three differ-
ent compositions have been prepared with untreated
and treated nanoclay with varying percentage of
nanoclay from 3, 5, and 7 wt % without PP-g-MA
with the optimized rotation speed of twin screw ex-

truder. After optimization of the properties without
compatibilizer, PP-g-MA was used as compatibilizer
for treated nanoclay to visualize the effect of PP-g-
MA in the range of 5, 10, 15, and 20%.

Preparation of PP nanocomposites film

After blending with untreated and treated nanoclay
with and without PP-g-MA, the PP nanocomposites
film was prepared using Dr. Collins multilayer film
extruder. The 50 � 5 micron thickness film was pre-
pared for all the composition. The temperature was
constant at 180–240�C for all the composition.
Because of the high shear at the time of film prepa-
ration, resultant increase in intergallery spacing
between the nanoclay and polymer may enter into
the galleries nanoclay.

Specific gravity

An analytical balance with a stationary support for
an immersion vessel above or below the balance pan
was used for specific gravity measurement as per
ASTM D 792. The specific gravity of the specimen
was calculated as follows.

Specific gravity of the specimen ¼ a=ðaþ wÞ � b (1)

a ¼ weight of specimen in air
b ¼ weight of specimen in water
w ¼ weight of totally immersed sinker and par-

tially immersed wire.

Melt flow index

Melt flow index of nanocomposites were measured
according to ASTM D1238 using LLYODS (UK) ap-
paratus. The applied weight was 2.16 Kg and tem-
perature used was 230�C.

Mechanical properties

Tensile properties were measured using an LR 100K,
LLOYDS Instruments (UK), Universal Tester, at
crosshead speed 50 mm/min for the virgin PP and
PP nanocomposites. The specimen were prepared
and conditioned as per ASTM D 618 to analyze vari-
ous physico-mechanical testing conditioned at 23�C
� 1�C and 55% � 1% RH. The specimens were cut
according to ASTM D 882 from fifty micron film of
the compounded samples. Specimen of dimensions
150 � 25 � 0.05 mm was prepared by blown film
extrusion. At least five samples were tested for each
property and the average values were reported. The
mechanical properties results were also expressed in
a single decimal and also calculated the standard
deviation for all the results and it varies from �0.55
to �0.98.
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Thermal analysis

Differential scanning calorimeter

Melting points (Tm) of the nanocomposites as well as
virgin PP were carried out by Differential Scanning
Calorimeter (DSC) instrument using Perkin Elmer.
Melting point was measured as per ASTM D 3418.
The degree of crystallanity was also calculated for
all the composition with reference to the virgin DH
value. The sample was heated from 50�C to 220�C at
the rate of 10�C/min in inert atmosphere. The crys-
tallanity Xc was calculated by relative ratio of en-
thalpy of fusion per gram of sample to the heat of
fusion of PP crystal.26

Percentage of crystallanity Xc ¼ ðDHobs
f =DHo

f Þ � 100

(2)

Thermo gravimetric analysis

The thermal stability of the nanocomposites was
studied to analyze the effect of nanoclay and PP-g-
MA loading on the thermal stability of the base
polymer by using thermogravimetric analyzer
(Perkin Elmer). Thermal stability was measured as
per ASTM E 967. The samples were heated from
50�C to 600�C at the rate of 20�C/min heating rate
under the inert N2 atmosphere (50 mL/min). The
initial degradation temperature, weight loss and
final degradation temperature were measured for all
the composition and the dosing of nanofiller were
also confirmed by TGA residue content.

Rheological analysis

Dynamic mechanical analysis

Specimen of virgin PP and the nanocomposites hav-
ing dimensions of 23 � 0.5 � 0.05 mm were sub-
jected to DMA NETZSCH 242 (Germany). The
measurements were carried out in bending mode of
the equipment and corresponding viscoelastics prop-
erties were determined as function of temperature.
The range used in present investigation was carried
from �150�C to 150�C with the heating rate of 10�C
under nitrogen flow. The samples were scanned at a
fixed frequency of 1 Hz with a static strain of 0.3%
and dynamic strain of 0.1%.

X-ray diffraction

Wide angle X-ray diffraction (WXRD) was carried
out to examine the basal spacing of the pure clay as
well as nanocomposites using XRD instrument
model Scifert 2002 (Japan). X-ray diffraction oper-
ated at generator voltage ¼ 45 KV, current ¼ 40 mA,
and k ¼ 1.5405 Å. Measurements were recorded at
every 0.03� interval.

Morphological characterization

The morphological properties of the nanocomposites
were observed by scanning electron microscope
(SEM) and Transmission electron microscope (TEM).
The state of dispersion of the filler in the polymer
blends were assessed by TEM imaging using Philips
CM 20 instrument (Canada). Ultra microtome and
stained in R4O4 vapor to enhance the phase contrast
between the PP and nanoclay. For scanning electron
microscope (SEM) observation, thin section having
fifty micron thickness sample were cut using a glass
knife at room temperature to obtain flat surfaces.
The samples were observed on a SEM instrument
model JEOL 6360 (Japan). The SEM images were an-
alyzed by using the sigma scan pro image analyze
software to observed the dispersion of nanoclay and
surface properties.

RESULTS AND DISCUSSION

The PP nanocomposites were prepared with 3, 5,
and 7% of untreated nanoclay–Na-MMT, treated
nanoclay–Cloisite 20A (C20A), Cloisite 30B (C30B).
All combinations were prepared with the 5, 10, 15,
and 20% PP-g-MA. The optimized results only pre-
sented where the properties enhancement is at
higher side, i.e., 3% treated and untreated clay with
20% PP-g-MA.

Optimization of screw speed and
percentage of nanoclay

To obtain intercalated/exfoliated nanocomposites,
the certain parameters are critical like matrix which
is to be act as a reinforced medium with clay should
be compatible with clay and other the surfactant
group of clay should be compatible with matrix for
the homogenous distribution in a matrix and last the
PP-g-MA should have a correct chemical balance to
get the compatibility between clay and matrix and
the last the processing parameter should be opti-
mized to get better exfoliation by shear thinning of
matrix in presence of clay, probably the rotation
speed, through output and temperature of crystalli-
zation are controlling factor to get exfoliated PP
Nanocomposites.
These parameters are very important to get the

higher reinforcing effect at nanolevel without
agglomeration of clay. By changing any one of the
parameter may lead to give negative effect on syner-
gistic effect on nanoparticle. To optimize the proc-
essing parameter, the experiment has been
conducted with different screw speed and the same
was evaluated in terms of mechanical properties.
The PP matrix initially blended with Na-MMT clay
at four different screw speeds (i.e., 100 rpm,
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150 rpm, and 200 rpm) the property obtained by
varying the rotation speed of screw is depicted in
Table I

At the screw rotation speed of 100 rpm, the prop-
erties enhancement was highest, i.e., around 10–12%
which is due to low throughput, low rotation speed,
residence time is more inside the twin screw ex-
truder, gives more time to shear. The clay platelets
breaking and the polymer are having sufficient time
to penetrate into the gallery of platelets. At higher
rpm, the residence time inside the twin screw ex-
truder is less thereby shearing effect of screw was
not maintained for longer period of time and hence
the properties are reduced. The 100 rpm rotation
speed and 220�C temperature kept constant for all
other composition.

The PP nanocomposites were prepared with 3, 5,
and 7 wt % of untreated nanoclay Na-MMT, treated
nanoclay C20A, C30B. The optimized result was
shown in Table II and properties enhancement was
at higher side for nanocomposites containing 3%
nanoclay and the same percentage of nanoclay kept
constant for further studies. All the combinations
were prepared with the 5, 10, 15, and 20 wt % com-
patibilizer. The optimized results are only presented
here where the properties enhancement is at higher
side, i.e., 3 wt % treated and untreated clay with
20 wt % PP-g-MA compatibilizer.

Effect on physical properties

Specific gravity

Addition of 3% untreated and treated clays in PP
matrix specific gravity shows marginal increment.27

The specific gravity values were shown in Table III.

The formation of intercalated/exfoliated structure in
PP nanocomposites is also proved by specific gravity
measurement. On addition of treated clay with PP-g-
MA, the specific gravity were increased due to the
nucleating effect of PP-g-MA and reinforcing effect
of nanoclay.

Melt flow index

MFI has marginal effect and it was declining due to
addition of clays, on further addition of compatibil-
izer due to plasticization effect of PP-g-MA showing
increase in MFI values, generate low molecular
weight species. The MFI values were shown in
Table III.

Mechanical properties

Tensile properties

The PP was blended with treated and untreated
nanoclay with and without PP-g-MA and these
nanocomposites films were prepared. Mechanical
properties were evaluated on keeping the parame-
ters constant like rotation speed and crystallization
temperature. The Na-MMT was showing the
marginal improvement due to the incompatibility of
Na-MMT with PP matrix. The incompatibility arises
due to non-polar nature of PP and unavailability of
surfactant on surface of nanoclay. The mechanical
properties of PP nanocomposites were shown in
Table IV.
The nanocomposites subjected to shearing at the

time of compounding and once again at the time of
preparation of nanocomposites film. The enhance-
ment in properties mainly depends on compatibility
dispersion of nanoclay, orientation of nanoclay in
proper direction to get a better reinforcement. These
effects are reflecting in case of treated nanoclay
where the tensile properties were increased to 25%
for 3% C20A and 20% enhancement for 3% C30B.
On addition of PP-g-MA further the properties
enhancement was observed due to plasticization
effect of PP-g-MA, makes matrix to diffuse into
the silicate layers of nanoclay.28–30 Around 50%

TABLE II
Mechanical Properties for Optimization

Percentage of Nanoclay

S. No. Composition

Tensile
strength
(MPa)

Tensile
modulus
(MPa)

Elongation
(%)

1 PP Virgin 12.9 101.3 51.0
2 PP/Nano 3% 16.1 151.3 36.0
3 PP/Nano 5% 14.1 129.1 38.5
4 PP/Nano 7% 13.1 101.3 40.8

TABLE I
Mechanical Properties for Optimization of Screw Speed

S.
No. Composition

Screw
speed
in rpm

Tensile
strength
(MPa)

Tensile
modulus
(MPa)

Elongation
(%)

1 PP Virgin 100 12.9 101.3 51.0
2 PP/Nano 100 14.3 131.4 41.0
3 PP/Nano 150 12.9 118.9 39.1
4 PP/Nano 200 11.1 98.9 36.9

TABLE III
Physical Properties of PP Nanocomposites

S. No. Composition

Specific
gravity
(g/cm3)

MFI
(g/10 min)

1 PP VIRGIN 0.910 3.00
2 PP 3% Na-MMT 0.922 2.55
3 PP 3% C20A 0.911 2.97
4 PP 3% C30B 0.917 2.78
5 PP 3% C20A, 20% PP-g-MA 0.918 3.20
6 PP 3% C30B, 20% PP-g-MA 0.925 2.99
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enhancements in tensile strength were observed in
case of PP 3% C20A with 20% PP-g-MA whereas, in
case of PP 3% C30B with 20% PP-g-MA there was
40% enhancement was observed confirming exact
balance of polarity of matrix and clay and showing
a better reinforcement effect of PP with nanoclay in
presence of PP-g-MA.31

Thermal analysis

Differential scanning calorimeter

To investigate the effect of dispersion of nanoclay on
the degree of crystallinity [Xc (%)] DSC analysis was
carried out. The curve for PP and the nanoclay with
and without PP-g-MA is depicted in Figure 1, and
the results of DH and percentage of crystallinity is
reported in Table V.

The virgin PP crystallanity was determined using
a DH� of 165 J/g for 100% crystalline PP.26 Addition
of nanoclay due to the dispersion and infusion of
matrix into the gallery of nanoclay gives more rein-
forcement and this reinforcement favors when chem-
ical compatibility of nanoclay matched with matrix.
This could be the reason for increase in the melting
point on the addition of treated nanoclay. Further,
on addition of PP-g-MA the diffusion of matrix into
the galleries of nanoclay is pronounced and there by
further increase of reinforcement and melting point
as well. The presence of nanoclay platelets promotes
the heterogeous nucleation and increase in crystallin-
ity rate resultant increase in crystalline. Wang et al.11

reported PP-g-MA act as nucleating agent and lead
to an increase in crystallization. On addition of clay,
the crystallanity increased, on further addition of
PP-g-MA, the crystallanity increased due to nanoclay

Figure 1 DSC thermograms of PP nanocomposites.

TABLE IV
Mechanical Properties of PP Nanocomposites

S. No. Composition

Tensile
strength
(MPa)

Tensile
modulus
(MPa)

Elongation
at break (%)

1 PP Virgin 12.9 101.3 51.0
2 PP 3% Na-MMT 14.3 131.4 41.0
3 PP 3% C20A 17.2 152.5 49.0
4 PP 3% C30B 16.0 140.9 37.1
5 PP 3% C20A, 20% PP-g-MA 26.6 266.8 59.4
6 PP 3% C30B, 20% PP-g-MA 23.9 221.9 54.6
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and PP-g-MA acting as a nucleating agent.32–34 The
PP 3% C20A with 20% PP-g-MA showed increase in
crystallanity from 70.24 to 75.83%. An increase in
crystallanity to high as 75.83% in 3% C20A with 20%
PP-g-MA, it is hypothesized that the clay platelets
act as nucleating agent, increase the number of sites
for crystal growth. The decline in crystallanity at
higher loading may be from reduced mobility, thus
hindering crystal growth.

Thermogravimetric analysis

The TGA analysis of nanocomposites containing
treated/untreated, PP-g-MA and non-PP-g-MA
nanocomposites shown in Figure 2, and the data
derived from the graph is presented in Table VI. On
addition of Na-MMT there was a marginal increase
in thermal stability but on addition of treated clay,

the drastic improvement in thermal stability was
observed, i.e., increase of around 64�C. On addition
of 20% PP-g-MA with C20A treated nanoclay around
90�C, enhancements in thermal stability was
observed. The drastic improvement in thermal sta-
bility would be due to the confinement of the single
nanoparticles in 1 nm3 volume showing existence of
single nanoparticle effect. On further addition of
clay percentage, the possibility of existence of con-
fine and reinforced nanoparticles is less and the par-
ticle may agglomerate. The other reason attributed
to the formation of high performance carbonaceous
silicate char build up on the surface that insulate the
underline material and shows the escape of volatile
products generated during the decomposition.35 The
above two possible reason for increase in thermal
stability of around 90�C explained the formation of
exfoliated structure in presence of PP-g-MA. The

Figure 2 TGA curves of PP nanocomposites.

TABLE V
DSC Derived Parameters for PP Nanocomposites

S. No. Composition Tm (�C) Xc (%) DHf (J/g)

1 PP VIRGIN 161.6 100 165.0
2 PP 3% Na-MMT 161.7 70.5 116.3
3 PP 3% C20A 162.3 71.6 118.3
4 PP 3% C30B 162.1 71.5 117.9
5 PP 3% C20A, 20% PP-g-MA 168.1 75.8 125.1
6 PP 3% C30B, 20% PP-g-MA 166.4 73.1 120.7
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presences of nanofiller were also confirmed by the
residue content. On analysis it was found that it was
maintained around 3% in all the compositions.

Dynamical mechanical analysis

The DMA curve of treated and untreated, with and
without PP-g-MA is depicted in Figure 3, and the
data derived is shown in the Table VII. DMA analy-
sis shows that on addition of clay the storage modu-
lus is increased due to the intercalation at nanolevel.
The higher the residence time in the screw during
compounding in these nanocomposites transmits
higher shear stress to the molten polymer, responsi-
ble for good dispersion of nanoclay, and remarkable
improvement in stiffness. The storage modulus of
unfilled polymer in the presence of PP-g-MA is
reduced11 due to plasticization effect of PP-g-MA.

The storage modulus (E0) is the measure of stiff-
ness or the range where the elastic property is
higher. The higher the range, the higher will be the

stiffness and load bearing capability of nanocompo-
sites. On addition of untreated nanoclay, the modu-
lus increased due to the partial reinforcement,
restricting the mobility of the chain segment. On
addition of the treated nanoclay, the storage modu-
lus increased and further reduced when PP-g-MA
was added. Addition of PP-g-MA lead to give lower
storage modulus to the treated nanoclay PP nano-
composites36 but the storage modulus of treated
nanocomposites is higher than that of the PP virgin
which is probably owing to better dispersion of clay.
Damping Coefficient (Tan d) is an indicator of how
efficiently a material loses energy to molecular rear-
rangements and internal friction. Tan d peaks below
the Tg of a material on a DMA curve are often used
to determine how well a material will stand up to
impact. By analyzing Tan d for different composi-
tion, the Tg value comedown from �10�C to 7�C and
3.7�C for C20A and C30B, respectively. On addition
of PP-g-MA, further increase from �10�C to 12�C
due to the reinforcement37 and polymer may enter

Figure 3 Dynamic mechanical analysis curves of PP nanocomposites.

TABLE VI
TGA Values of PP Nanocomposites

S. No. Composition

Initial
degradation
temperature
Tdm (�C)

Temperature
at max

degradation
Tdm (�C)

Residue
content (%)
at 600�C

1 PP VIRGIN 302 385 –
2 PP 3% Na-MMT 313 398 2.98
3 PP 3% C20A 366 454 2.95
4 PP 3% C30B 342 429 2.96
5 PP 3% C20A, 20% PP-g-MA 393 480 3.1
6 PP 3% C30B, 20% PP-g-MA 387 472 3.0
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in to the galleries of silicate layer and thereby
expand the inter galleries spacing resulted in exfoli-
ated structure. The nanoclay and PP-g-MA acting as
nucleating agent and the increase in percentage of
crystallinity was observed resulted decrease in amor-
phous region and increase in Tg in presence of PP-g-
MA as reinforcement increases and molecular mobil-
ity decreases. The increase in the storage modulus
value could be due to increase in the crystalline do-
main size in presence of PP-g-MA.

X-Ray diffraction

XRD pattern of Na-MMT and modified C20A and
C30B is shown in Figure 4. XRD curve of Na-MMT,
C20A, and C30B reinforced with PP matrix with and

without PP-g-MA is shown in Figure 5, and the cor-
responding 2y value and d-spacing shown in Table
VIII. The XRD of Na-MMT has a single peak at
about 7.98�, corresponding to a basal spacing of 11.1
Å. The surface modification of these unmodified
clay lead to give lower degree angle at about 2.94�

for 20A and 5.61� for 30B corresponding to a basal
spacing of 30.0 Å and 15.73 Å, respectively.
The morphological structures of nanocomposites

are further studied by XRD. The XRD of Na-MMT,
treated clay C20A, C30B with 20%PP-g-MA is shown
in Figure 4. The differential peak 2y value and d-
spacing is given in Table VII. On addition of
untreated clay with PP matrix, the 2y value shifted
to the lower angle from 7.98� to 6.26� and the corre-
sponding d-spacing was increased from 11.1 Å to
32.1 Å. The shifting was towards lower angle with
respect to pure MMT on addition of treated clay.38

It was observed that C20A diffraction peak shifted
from 7.98� to 2.75� the d-spacing increased from 11.1
Å to 32.1 Å. The similar observation was recorded
for C30B. The shift of the peak related to the dis-
tance between the clay platelets. This shows the
infusion of polymer into the galleries of silicate layer
and forming an intercalated system.38 This was
again confirmed with TEM results.

Figure 4 XRD pattern (A: C20A, B: C30B, and C: Na-
MMT clays).

Figure 5 XRD pattern of Na-MMT and treated C20A and
C30B clays with PP and PP-g-MA.

TABLE VII
Dynamic Mechanical Properties of PP Nanocomposites

S. No. Composition

Storage
Modulus
(MPa)

Tg

(�C)

1 PP VIRGIN 9.76 � 103 �10.0
2 PP 3% Na-MMT 1.08 � 103 �3.2
3 PP 3% C20A 1.22 � 104 7.0
4 PP 3% C30B 1.17 � 104 3.7
5 PP 3% C20A, 20% PP-g-MA 1.14 � 104 12.1
6 PP 3% C30B, 20% PP-g-MA 1.02 � 104 8.3
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On addition of PP-g-MA in treated clay/PP matrix
the lower angle peak disappears further confirming
the intercalated system converted to fully exfoliated
system.39,40 This phenomenon was observed for both
C20A and C30B with 20% PP-g-MA.

Scanning electron microscopy

SEM observation showed that the clays were dis-
persed into the PP matrix in the form of large and

small tactoid.28 It was very difficult to estimate the
size of the tactoid because the aggregates are non-
isometric and randomly dispersed in the matrix.
The size of the observed tactoid is strongly

depending on the orientation of the particles. How-
ever, the surface of the samples and the dispersion
quality of clays, such as aggregates concentration
was observed.41 Figure 6(a–e) are the SEM micro-
graphs of the mixtures containing Na-MMT, C20A,

TABLE VIII
XRD Results of PP Nanocomposites

S. No. Code Composition 2y (�) d-spacing (Å)

1 A PP 3% C20A, 20% PP-g-MA – –
2 B PP 3% C20A 2.75 32
3 C PP 3% C30B, 20% PP-g-MA – –
4 D PP 3% C30B 4.87 18.1
5 E PP 3% Na-MMT 6.26 13.9

Figure 6 Scanning electron microscopy images of PP nanocomposites. (a) PP 3% Na-MMT, (b) PP 3% C20A, (c) PP 3%
C30B, (d) PP 3% C20A, 20% PP-g-MA, and (e) PP 3% C30B, 20% PP-g-MA.
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and C30B clay, respectively. In Figure 6(a) it was
observed that dispersion of clay was not uniform
and the smallest lateral dimension of clay tactoid
were present. However, in Figure 6(d,e), i.e., PP-g-
MA based nanocomposites, the nanoclay uniformly
dispersed in the polymer matrix and the SEM mag-
nification shows the intercalated/exfoliated clay pla-
telets, to confirm the intercalated/exfoliated
structure the XRD and TEM analysis were carried
out and this analysis is also useful to study the
extent of intercalation/exfoliation obtained by the
nanocomposites. Therefore, the surface treatment for
nanoclay is very important to improve the affinity
between the nanoclay and the matrix and to break
down the large tactoid. This can be attributed to the
ability of surface treatment in reducing particle–par-
ticle attraction and promoting the expansion of the
gallery distance between clay sheets.11

Transmission electron microscopy

The extent of intercalation and exfoliation of nano-
composites is shown in Figure 7. The untreated clay
without PP-g-MA showing clay aggregates at micro-
meter level and no silicate layer was dispersed
showing as a bundle [Fig. 7(a)]. Addition of treated
clay along with PP-g-MA shows clay dispersed at
micrometer level due to swelling effect of PP-g-MA.
The PP-g-MA reduced the viscosity of the matrix
and penetrate into the galleries of silicate layer,
showing high amount of swelling. This phenomenon
will give the increase in interlayer spacing of the
clay platelets and higher reinforcement at micro
level. This result was also confirmed with XRD
results when there was a disappearance of peak was
evident. On the addition of treated clay along with

PP-g-MA the polarity difference is exactly matching
for 20% PP-g-MA and 20% PP-g-MA showing a fully
exfoliated structure, these were further confirmed
with XRD results. On further addition of PP-g-MA,
the aggregate size of PP-g-MA increase and give
aggregation at micrometer level. For the nanocompo-
sites containing C30B clay the polarity difference is
not exactly matching with system, intercalates
obliquely exfoliated. This is the proof of misbalance
of polarity in the system generate in C30B containing
system. This structure again confirmed the expan-
sion of intergallery space of silicate layer in presence
of PP-g-MA.

CONCLUSIONS

This study was intended to see the effect of surfac-
tant, PP-g-MA; processing condition to get exfoliated
PP nanocomposites film. The film was clear and the
data are also confirming the increase of properties
like mechanical and thermal and indicate that the
reinforcement of clay is happening at nanolevel. The
study was also indent to the effect of surfactant, per-
centage of clay, percentage of compatibilizer and
processing parameters like screw, rotor speed, shear
rate, residence time. The orientation of the clay
while processing in the presence of PP-g-MA is very
high and indicates better interaction of PP-g-MA and
silicate layer at nanolevel. The fully exfoliated sys-
tem was formed with 5 wt % C20A with 20 wt %
PP-g-MA; this combination was having no polarity
difference of maleic anhydride clay and matrix to
form exfoliated nanocomposites. On the increase of
polarity of nanoclay again, the property reduction
was observed in case of C30B PP-g-MA system. The
exfoliation is confirmed with XRD and TEM results

Figure 7 TEM images of PP nanocomposites. (a) PP 3% Na-MMT, (b1) PP 3% C30B, (b2) 20% PP-g-MA, and (c1) PP 3%
C20A, (c2) 20% PP-g-MA.
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for C20A and 20% PP-g-MA. The XRD and TEM
results of this combination proved that in presence
of compatibilizer the system was fully exfoliated.
The enhancement in mechanical properties, impact
properties, along with thermal stability of the nano-
composites proving that exfoliated nanocomposites
was formed. The chemical compatibility of nanoclay
with matrix, percentage of nanoclay, percentage of
polar group in PP-g-MA, processing condition (i.e.,
shear rate, residence time, and temperature) should
be optimized. On the change of any one of the com-
ponent lead to give negative effect on the properties,
this may due to chain scissioning due to grafting, fil-
ler–filler interaction, and polarity difference between
clay and polymer.
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