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Thermoplastic elastomer nanocomposites based on polypropylene (PP) and 
ethylene-propylene diene monomer (EPDM) and Cloisite 15A were prepared via
direct melt mixing in a co-rotating twin-screw extruder. The formulation for 

preparation of nanocomposites was fixed with the ratio of 75/20/5 for PP/EPDM/ 
organoclay©15A, expressed in mass fraction. The objective of the present study was
to investigate the effects of processing conditions on the formation of TPE
(PP/EPDM/nanoclay) nanocomposites. The parameters under study included the 
feeding rate, screw speed and barrel temperature, which were varied independently,
from 0.2 to 1.0 kg/h and from 50 to 150 rpm and 180 to 200°C, in the order given.
Design of experiments was carried out by Expert Design software (Taguchi Analysis
Method) on the basis of three different levels of the above processing parameters. The
state of dispersion was quantified by X-ray diffraction, transmission electron
microscopy and rheological measurements. X-Ray diffraction results show that the
nanocomposites obtained in different conditions have an intercalated structure and the
proportion of exfoliation, estimated by rheological measurements, depend on the 
operating conditions. The exfoliated layers increase when the feed rate and barrel 
temperature decrease and the screw speed increases. The study of linear viscoelastic
properties also shows that the storage modulus, G’, is very sensitive to the micro-
structure of the nanocomposite. A Carreau-Yasuda model with a yield stress is 
proposed to describe the rheological behaviour of these materials. The yield stress of
nanocomposites increases when the barrel temperature and feed rate are reduced and
the screw speed is increased.

INTRODUCTION

For decades, remarkable attention
has been paid to thermoplastic elas-
tomers (TPEs) from both practical
and scientific points of view. Due
to their unique microstructure,
TPEs are highly assisting materials
for their attractive elastic properties
at room temperature; their flow-
ability at high temperatures and a
remelting process for recycling uses.

Polymer/clay nanocomposites

have assumed considerable 
importance in recent years and
have been the focus of extensive
investigations. This is mainly
attributed to the nanoscale dimen-
sion of silicate layers dispersed in
the polymer matrix, which causes 
a strong interfacial interaction
between the silicate layers and
polymer chains, leading to a 
dramatic change in the thermal
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stability behaviour, mechanical, dynamic mechanical,
barrier and optical properties, and fire resistance
compared to properties of pristine polymer. In most
of the polymer/clay nanocomposites reported so far,
clay minerals have been widely used as reinforcing
agents of choice because of their cheapness and easy
availability [1-3] compared to other layered materials
[4,5]. Blending nanoclay with polymers results in
three different morphologies, intercalated in which
clay is distributed in the matrix in a lamellar state and
polymer chains diffuse into the galleries, exfoliated
known as the complete delamination and dispersion
of monolayers in the matrix. The key factor to
achieve optimum mechanical properties is to control
the phase morphology of nanocomposites, especially
through the distribution and dispersion of filler in the
polymer matrix. Final morphology of a three-
component nanocomposite is affected by thermo-
dynamic and kinetic factors such as interfacial 
tension, viscosity ratios, shear stress, processing 
condition, etc. [6-8].

Introduction of nanomaterials has attracted 
attentions due to the synergistic properties of combin-
ing the two complementary technologies of thermo-
plastic elastomers and nanocomposites. Although
many reports may be found on the rheological 
behaviour and properties of PP/EPDM thermoplastic
elastomers and yet there are only few papers 
published on the properties of PP/EPDM alloys
blended with nanofillers [9-13]. Naderi et al. [13-15]
investigated the rheological properties of thermo-
plastic elastomer nanocomposites prepared using an
internal mixer as well as dynamically vulcanized
thermoplastic elastomer nanocomposites based on
PP/EPDM. Goettler et al. [16] mentioned that it is
possible to control the dispersion of the nanoclay in
physical polymer blends using different additional
steps in the blending process of PP/EPDM nano-
composites, which can significantly affect the phase
partitioning and mechanical properties. Apart from
mechanical properties, the rheological behaviours of
nanocomposite in the molten state are very crucial in
determining the final application of the material,
implying that a potential method for directly evaluat-
ing the state of dispersion in the nanocomposites
[5,17,18] is needed to reveal the three-dimensional
superstructures. Especially fruitful are rheological

experiments in the small amplitude oscillatory shear
(SAOS) mode. First, small strain amplitudes do not
disrupt the possible network formation and these 
conditions are especially important for nano-
composites which incorporate stiff anisometric clay
particles in the matrix. Second, dynamic modulus in
the low frequency range responds very sensitively to
the melt elasticity and also formation of three-
dimensional structures [19].

Thermoplastic elastomers (TPEs) based on PP and
EPDM have gained considerable attention because of
a combination of rubbery properties along with their
thermoplastic nature as well as their simple prepara-
tion method. 

As mentioned above, extensive studies have been
made on PP/EPDM and their nanocomposites 
prepared with internal mixers in the literature, but up
to our knowledge no reports are available about effect
of processing parameters on PP/EPDM/clay nano-
composites prepared in twin-screw extruders. Also, in
the present paper, experiments were designed using
Taguchi robust method as it is considered to be a
powerful problem-solving technique for improving
the processing performance, yield and productivity
when a process is affected by a number of parameters.
The main aim of this study is to investigate the effect
of processing parameters on PP/EPDM/organoclay
(75/20/5) nanocomposites by varying the feeding
rate, screw speed and barrel temperature and to obtain
the optimum processing conditions for the materials
used. 

EXPERIMENTAL

Materials
The materials used in this study were EPDM Keltan
4903 from DSM (Mooney viscosity ML (1+8 min)
120°C = 60 M, 48% ethylene and 9% ENB content),
polypropylene HP502N from Arak Petrochemical Co.
(MFR at 230°C, 2.16 kg = 12 g/10 min, density = 
0.91 g/cm3, η0 = 7850 Pa.s). The nanoclay used was
Cloisite 15A which was a natural montmorillonite
modified with dimethyl dehydrogenated-tallow 
quaternary ammonium having a cation exchange
capacity at 125 mequiv/100 g from Southern Clay
Products with a specific gravity of 1.66. The clay
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powder was dried at 80°C for 24 h prior to processing
and samples preparation.

Experimental Design by Taguchi Method
The application of "design of experiments" (DOE)
requires careful planning and prudent layout of the
experiments, and expert analysis of results. The
Taguchi method replaces factorial design with the
more suitable partial factorial method based on
orthogonal arrays. Since partial factorial design is a
subset of full factorial method, so as to determine the
reliability and accuracy of the experimental results, a
standard statistical method of analysis of variance was
exploited. In this method, the variance of data is more
interesting and would directly give an evaluation of
the accuracy of results [20]. The most appropriate
orthogonal array to meet this requirement is a 9-trial
experimental (L9). In this design, three independent
variables are statistically changed at three different
levels on the basis of process knowledge of the user
[21]. In recent years, there are some applied research
works on polymer-based processes using L9 method
[22,23]. The responding variable can be optimized
using statistical-mathematical calculations via L9
design of Taguchi method. The responding variables
here are modulus and d-spacing of clay galleries
which are related to the state of dispersion of clay 
layers within the nanocomposite.

Sample Preparation
PP/EPDM/Clay (75/20/5) nanocomposites samples
were prepared by melt compounding in a Brabender
Plas-Corder twin-screw extruder (L/D = 40) with

feeding rates, screw speeds and barrel temperatures of
0.2, 0.6, 1 kg/h, 50, 100, 150 rpm and 180, 190,
200°C, in the above respective order. Nine individual
runs were suggested by experimental design software
(Expert Design) (Table 1).

Characterization
To evaluate the dispersion of the clay in the polymer
matrix, XRD was performed at room temperature
using an X-ray diffractomer (Philips model X'Pert) in
the low angle of 2θ. The X-ray beam was a CuKα
radiation (λ = 1.540598 A) 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 X-ray diffraction intensity profile using
the Bragg's law, d = λ/(2sinθmax). Specimens for X-
ray diffraction were obtained by compression-mould-
ed sheets of 2 mm in thickness. The nanostructure of
the clay was observed by a Jeol transmission electron
microscopy (JEM-2100F) with a voltage accelerator
of 200 kV. A cryo-microtom equipped with a diamond
knife was used to prepare a thin section of each 
specimen (at -100°C) for transmission electron
microscopy.

Rheological characteristics of polypropylenes,
EPDM and the respective nanocomposites were 
carried out using a stress-controlled rheometer (MCR
3000). The experiments were performed in 25 mm
parallel-plate geometry under a nitrogen atmosphere
at a temperature of 180°C and in the frequency range
of 0.01-80 Hz.

The stress-strain properties of the composites were
determined in accordance with the test procedures set 

43Iranian Polymer Journal / Volume 20 Number 1 (2011)

Effect of Processing Parameters on PP/EPDM/ ...Khosrokhavar R et al.

Table 1. Samples' processing conditions suggested by experimental design software.

Run no. Sample code Temperature 
(°C)

Screw speed 
(rpm)

Feeding rate 
(kg/h)

1
2
3
4
5
6
7
8
9

NC1
NC2
NC3
NC4
NC5
NC6
NC7
NC8
NC9

180
180
180
190
190
190
200
200
200

50
100
150

50
100
150

50
100
150

0.2
0.6
0.6
1.0
1.0
0.2
1.0
0.2
0.6

°



Figure 1. Complex viscosity and storage modulus of the
EPDM and PP versus angular frequency.

forth in ASTM D412 using an Instron tensile testing
machine model 6205 with a crosshead speed of 
50 mm/min. 

To study the morphology of the nanocomposite
samples, cryogenically fractured surfaces of the 
samples were etched by n-heptane. Treated samples
were then coated with gold and viewed with a Philips
XL30 scanning electron microscope.

RESULTS AND DISCUSSION

Figure 1 shows the elastic moduli (G') and complex
viscosities (η*) of EPDM and PP as a function of
angular frequency. The PP exhibited a Newtonian
behaviour at low frequencies; while the EPDM 
clearly showed a shear thinning behaviour over the
entire range of shear rates used for the characteriza-
tion. The simplified Carreau-Yasuda (C.Y.) model
(eqn 1) was used to fit the complex viscosity data of
the pure polymers from oscillatory shear measure-
ments [24]. The zero shear viscosity of PP obtained
from C.Y. model is given in the material section.

(1)

Figure 2. XRD Results of nanocomposites samples (d-
spacing data are mentioned in A).

The effects of operating conditions, including
feeding rate, barrel temperature and screw speed, on
the intercalation or exfoliation state of nanoclay in
the TPE nanocomposites were examined using X-ray 
diffraction measurements. The X-ray diffraction 
patterns of the nine samples (Table 1) are shown in
Figure 2. It can be seen that in all cases, the (d001)
characteristic peak of the organoclay is observed. The
calculated values of d001 are also reported for the
nine samples and Cloisite 15A in Table 2. It is well
known that the leftward shift of the first characteris-
tic peak (i.e., towards lower angles) compared to the
original clay (not shown here), indicates the increase
in interlayer spacing after extrusion process. The
results show that an intercalated structure is formed
and that the organoclay still retains an ordered 
structure after melt compounding. It is observed from
Figure 2 that the TPE sample NC1 containing 20%
EPDM shows a diffraction peak at 2θ = 2.85° 
corresponding to an interlayer spacing of 30.97 A
which is the highest d-spacing between all nanocom-
posite samples prepared with different processing
parameters. This is attributed to the better intercala-
tion of polymer chains inside the silicate layers in the
processing conditions applied to prepare NC1. The 

Iranian Polymer Journal / Volume 20 Number 1 (2011)44

Effect of Processing Parameters on PP/EPDM/ ... Khosrokhavar R et al.

a
m

a
1

0 ))(1()(
−

∗ += ωληωη

  

Sample code Cloisite 15A NC1 NC2 NC3 NC4 NC5 NC6 NC7 NC8 NC9

2θ (°)
d001 (A)

2.99
29.52

2.85
30.97

2.92
30.23

2.87
30.76

2.99
29.52

2.98
29.62

2.96
29.82

3.16
27.94

3.10
28.33

3.21
27.53

Table 2. The d-spacing of the prepared nanocomposite samples.

°

°

°



Figure 3. TEM Images of nanocomposite samples: (a) NC1
and (b) NC9.

reduction of d-spacing compared to original clay in
higher temperatures might be attributed to the 
thermal decomposition of long chain aliphatic 
quaternary ammonium cations which can occur at
temperature range of 180-200°C [25-27].

XRD Results are verified by the TEM micrographs
of typical nanocomposite samples (Figure 3). In
nanocomposite sample NC9, dark clay agglomerates
are observable which are attributed to unsuitable of
the processing conditions used to prepare the
nanocomposite. In the TEM micrograph of NC1, one
can see better dispersion of silicate layers and the

intercalation of PP chains into the clay galleries. This
implies that there is a higher d-spacing of clay layers
in NC1 measured by XRD patterns (Table 2). The 
better dispersion observed in the NC1 TEM 
micrographs compared to NC9 would be ascribed to
the higher compound viscosity in NC1 due to the
lower processing temperature which would lead to the
better stress transfer within the bulk breaking the clay
agglomerates. 

SEM Micrographs of the cryogenically fractured
surfaces of nanocomposite samples, in which the 
rubber phase has been selectively removed by etching
in n-heptane, are presented in Figure 4 to compare the
dispersion of EPDM dispersed particles within the PP
matrix. The dark holes observable in the SEM micro-
graphs are representatives of rubber droplets, which
have been removed by the solvent. The dispersion of
the EPDM droplets throughout the PP matrix is 
clearly seen in both unfilled and nanoclay-filled 
samples (Figures 4a to 4j) indicating a matrix-
dispersed type of morphology developed in these
blends. In the case of unfilled sample (Figure 4a), the
dispersed elastomer droplets appeared larger in size
compared with similar nanoclay-filled sample as
shown in Figure 4b. In agreement with the observa-
tions of Mehta et al. [28], this may be related to the
increase of the melt viscosity of the plastic phase in
the presence of nanoclay which leads to a decrease in
the viscosity difference between the two phases. NC1
(Figure 4b) shows finer dark holes with a harsh 
fracture surface, indicating better state of dispersion
compared to other samples prepared with different
processing conditions. Lower feeding rates (i.e., high-
er residence time) result in a more complete 
dispersion of the disperse phase. On the other hand,
increasing the mixing temperature will lower the melt
viscosity which will decrease the amount of shear
stress imposed on the matrix and consequently
enlarge the minor phase in the matrix.

Table 3 shows the effect of different processing
conditions on the mechanical properties of the TPE
nanocomposites prepared with 5 wt% of the clay.
Based on the fact that mechanical properties of TPE
nanocomposites are dependent on their morphology
[15], one can see that the modulus of the samples
increases with increasing d-spacing data calculated
using XRD patterns and a downward trend is
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observed for elongation-at-break of the nanocompos-
ites as the XRD peaks shift leftward. The mechanical
properties were consistent with the morphological
structure observed by the SEM micrographs and
TEM images and also XRD patterns.

Taguchi Method Analysis
According to the results presented, Taguchi method
suggests the feeding rate, screw speed and the barrel
temperature of 0.2 kg/h, 150 rpm and 180°C, 
respectively, as the optimum processing conditions
for the materials used. Figure 5 presents interaction
plots obtained by software as modulus versus feed

rate and screw speed at three different feeding rates
(0.2, 0.6 and 1 kg/h) which suggests that in lower 
barrel temperatures (180°C), lower feeding rates and
higher screw speeds nanocomposite samples would
show higher tensile modulus. 

On the other hand, screw speed and feeding rate
would not improve the mechanical properties and no
longer shown by XRD results of the gallery spacing
in high processing temperatures (200°C).

These results could be attributed to the higher melt
viscosity of the compound during extrusion at lower
temperatures, which will result in higher shear stress
transfer and consequently better dispersion of the
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Figure 4. SEM Images of (a) PP/EPDM (80/20) (b) NC1, (c) NC2, (d) NC3, (e) NC4, (f) NC5, (g) NC6,
(h) NC7, (i) NC8 and (j) NC9 nanocomposites (Table 2).
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(c)

Figure 5. Interaction plots of tensile modulus versus screw speed at different feeding rates: (a) 0.2 and
(b) 0.6 and (c) 1 kg/h for PP/EPDM/Cloisite 15A (75/20/5) nanocomposites.

Sample code Tensile modulus 
(MPa)

Elongation-at-break 
(%)

Tensile strength 
(MPa)

NC1
NC2
NC3
NC4
NC5
NC6
NC7
NC8
NC9
NC10
NC11
NC12
NC13

698.4
629.7
672.9
528.1
533.6
600.6
490.5
507.7
498.6
706.9
645.3
732.7
617.3

22.7
58.5
40.3
98.3
88.7
79.4

148.4
125.9
132.7

20.4
46.2
18.8
65.2

18.6
18.0
18.3
15.9
16.7
17.5
14.5
14.8
14.6
19.2
18.1
21.1
17.7

Table 3. Mechanical properties of the nanocomposite samples.



nanoclay within the matrix. According to Dennis and
Dolgovskij et al. [29,30], lower feeding rates and 

Figure 6. Effect of (a) screw speed, (b) feeding rate and (c)
barrel temperature on the XRD results of the second series
of PP/EPDM/Cloisite 15A nanocomposites (Table 2).

higher screw speeds, interrelated to increased mean
residence time and amount of shear stress, improve
the state of dispersion.

To ensure the DOE results, the sample with the
optimum processing parameters suggested by 
software and three other typical samples are prepared
and characterized. Table 4 presents the processing
conditions and nomenclature of the second set of
nanocomposite samples.

Figure 6 shows the effect of barrel temperature,
screw speed and feeding rate on the XRD patterns of
PP/EPDM/Cloisite 15A (75/20/5) nanocomposites.
According to XRD results, decreasing the barrel 
temperature and feeding rate and increasing the screw
speed result in the delamination of silicate layers
which confirm the results of "Design Expert" 
analysis.  

Figure 7 shows the storage modulus versus strain
amplitude (at ω = 1 rad/s, γ = 0.1-10) for PP, PP/
EPDM (80/20) and two typical nanocomposites (i.e.,
NC12 and NC9). At low strain amplitudes, the storage 

Figure 7. Results of dynamic amplitude sweep experiments
at ω = 1 rad/s for PP, 80PP/20EPDM, NC12 and NC9
nanocomposite samples.
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Run no. Sample code Temperature 
(°C)

Screw speed 
(rpm)

Feeding rate 
(kg/h)

1
2
3
4

NC10
NC11
NC12
NC13

180
180
180
180

100
150
150

50

0.2
1.0
0.2
1.0

Table 4. Processing conditions and nomenclature of the second set of nanocomposites.



modulus is invariant with strain amplitude, which 
corresponds to the linear viscoelastic behaviour.
Krishnamoorti et al. [31] reported that above a critical
value of strain amplitude, the complex viscosity of
nanocomposites decreases with increasing strain
amplitude and at a certain high strain amplitude, it
converges to that of pure polymer which confirms that
the clay layers align along the flow direction at high
strain amplitudes. The network structure of the 
sample emanates from the presence of entanglements
in the amorphous EPDM rubber, amorphous zone of
PP and ordered crystalline domain of PP. This 
network structure sustains in large deformation in
strain sweep experiment. Besides, by reduced 
entanglement density of amorphous zone and 
subsequent weakening of the network structure at the
presence of nanofiller, new microstructures form in
nanocomposites which do not resist large 
deformations like its pristine counterpart [32].
Therefore, nanoclays are expected to narrow the 
linear viscoelasticity region of the matrix in nano-
composites (NC12 and NC9 in Figure 7), provided
that the matrix chains intercalate within the clay 
galleries. Because the amount of clay in all the 
prepared samples is equal, the differences in the width
of linear viscoelastic region of the nanocomposites
(Figure 7) could be ascribed to the difference in the
state of dispersion. 

The improving effect of screw speed on the state of
dispersion is also confirmed by rheological measure-
ments (Figure 8). One can easily see the rising trend
of G' and η* at 180°C with screw speed, as shown in
Figure 8a. In Figure 8b decreasing the feeding rate
from 1 to 0.2 results in an increase in G' and η*.
Decreasing temperature also causes a rise in the
amount of G' (Figure 8c). Figure 8 also indicates that
barrel temperature is significantly important on the
rheological behaviour affected by the state of 
dispersion which is in accordance with the XRD
results. Similar results have been reported by
Lertwimolnun et al. [33,34].

It is believed that the rheological properties of
nanocomposites can be used to evaluate the 
dispersion state of clays in the molten state, since the
rheological behaviour of nanocomposites is sensitive
to structure, particle size, shape and surface

modification of the dispersed phase [5,15,28-34].

Figure 8. Effect of (a) screw speed, (b) feeding rate and (c)
barrel temperature on the rheological behaviour of
75PP/20EPDM/5organoclay nanocomposites.

Pronounced shear thinning has been found to be a
characteristic feature of truly nano-dispersed 
composites. Under certain experimental conditions
even pseudo-solid like rheological behaviour [15] has
been detected, possibly resulting from edge to face
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interactions of silicate platelets or platelet tactoids.
These edge to face interactions help to build and
mechanically stabilize the mesoscale cardhouse
structure of platelets in the nanocomposite. At higher
shear rates or prolonged action of slow shear forces
the platelets do increasingly align in parallel leading
to the observation of pronounced shear thinning [30].
Wagener et al. [35] demonstrated that the shear 
thinning exponent "n" is a semi-quantitative measure
of the degree of exfoliation and delamination, which
may be used for direct comparison of the exfoliation
quality of nanocomposite samples prepared under
intentionally varied conditions (e.g., nanoclay 
content, intercalant chemistry, compounding or 
polymerization/processing conditions, etc.).

The mechanical properties of the second set of
nanocomposites are also summarized in Table 4
which suggests NC12 which stands highest among
all the samples confirm the results of Taguchi
method, XRD and rheological studies.

The increase of complex viscosity at low 
frequencies could be compared to the material
exhibiting a yield stress [33] indicating that a yield
stress may be present for nanocomposites compared
to the pure matrix. This phenomenon is well-known
and can be described by a modified Carreau-Yasuda
model to include yield stress [35-37]:

(2)  

where σ0 is the melt yield stress, η0 is the zero shear
viscosity, λ is the time constant, a is the Yasuda
parameter, and n is the dimensionless power law
index. Figure 9 shows yield stress of the nanocom-
posites, calculated on the basis of Carreau-Yasuda
model, as a function of the processing parameters.
Yield stress controls the increase of complex viscos-
ity at low frequency at constant clay concentration;
therefore, it could be related to the level of exfolia-
tion in the nanocomposites [34]. According to Figure
9, yield stress values, and as a result the degree of 
exfoliation and intercalation are increased as the
screw speed increases. This suggests that the yield
stress of the nanocomposites will increase in 
conjunction with an increased interlayer distance of
the nanoclay as well as the increased silicate layers

Figure 9. Effect of screw speed and interlayer spacing 
on the yield stress calculated by Carreau-Yasuda model
(eqn 2).

separated from the stack layers. Therefore, it is 
reasonable to say that the nanoclay-polymer 
interactions in the nanocomposites increase when the
screw speed is increased. All the data reported in
Figure 9 confirm the Taguchi analysis and the XRD
results. 

CONCLUSION

Polypropylene (PP)/ethylene-propylene diene
monomer (EPDM)/Cloisite 15A (75/20/5) thermo-
plastic elastomer nanocomposite samples were 
prepared according to Taguchi design of experiment
(Design Expert software) via direct melt intercalation
by using a co-rotating twin-screw extruder to 
investigate the effect of processing parameters on the
microstructure, rheological and mechanical 
properties of the nanocomposites. It was observed
that higher screw speeds, lower barrel temperatures
and lower feeding rates would improve the mechani-
cal properties of the samples. This was supported by 
rheological measurements and microstructure 
observations. Results of the software resulted in the
optimum processing parameters as: feeding rate,
screw speed and barrel temperature of 0.2 kg/h, 150
rpm and 180°C, respectively. Comparing the 
XRD patterns, SEM and TEM micrographs, 
rheological and mechanical measurements 
confirmed the results suggested by Taguchi 
method. The effect of barrel temperature was
observed to be significantly considerable on the
properties of the nanocomposite.

Effect of Processing Parameters on PP/EPDM/ ...Khosrokhavar R et al.

Iranian Polymer Journal / Volume 20 Number 1 (2011) 51

a
m

a
)1(

0
0 ])(1[)(

−
∗ ++= λωη

ω
σωη

 



REFERENCES

1. Khosrokhavar R, Bakhshandeh G, Ghoreishy
MHR, Naderi G, PP/EPDM blends and their 
developments up to nanocomposites, J Reinf Plast
Compos, 28, 613-639, 2009.

2. Kokabi M, Razzaghi-Kashani M, Hasankhani H,
Improvement in physical and mechanical 
properties of butyl rubber with montmorillonite
organo-clay, Iran Polym J, 16, 671-679, 2007.

3. Galgali G, Ramesh C, Lele A, A rheological study
on the kinetics of hybrid formation in poly-
propylene nanocomposites, Macromolecules, 34,
852-858, 2001.

4. Srivastava SK, Pramanik M, Palit D, Mathur BK,
Kar AK, Samantaray BK, Haeuseler H, Cordes W,
Electrical, optical, and scanning tunneling 
microscopic studies on layer type CdIn2S4-xSex
(1.75 ≤ x ≤ 2.75), Chem Mater, 13, 4342-4347,
2001.

5. Benavente E, Santa Ana MA, Mendizabal F,
Gonzalez G, Intercalation chemistry of molybde-
num disulfide, Coord Chem Rev, 224, 87-109,
2001.

6. Ahmadi SJ, Yudong H, Li W, Synthesis of
EPDM/organoclay nanocomposites: effect of the
clay exfoliation on structure and physical proper-
ties, Iran Polym J, 13, 415-422, 2004.

7. Ezzati P, Ghasemi I, Karrabi M, Azizi H,
Correlation between the rheological behaviours
and morphologies of PP/EPDM blends in various
dynamic vulcanization systems, Iran Polym J, 17,
265-272, 2008.

8. Karrabi M, Ghasemi I, Azizi H, Ezzati P,
Rheological behaviour of PP/EPDM blend: the
effect of compatibilization, Iran Polym J, 17, 669-
679, 2008.

9. Lee HS, Fasulo PD, Rodgers WR, Paul DR, TPO
based nanocomposites. Part 1. Morphology and
mechanical properties, Polymer, 46, 11673-
11689, 2005.

10. Lee KY, Goettler LA, Structure-property rela-
tionships in polymer blend nanocomposites,
Polym Eng Sci, 44, 1103-1111, 2004.

11. Ray S, Bhowmick AK, Synthesis, characteriza-
tion and properties of montmorillonite clay-poly-
acrylate hybrid material and its effect on the

properties of engage-clay hybrid composite,
Rubber Chem Technol, 74, 835-846, 2001.

12. Katbab AA, Hrymak AN, Kasmadjian K,
Preparation of interfacially compatibilized PP-
EPDM thermoplastic vulcanizate/graphite
nanocomposites: effects of graphite microstruc-
ture upon morphology, electrical conductivity,
and melt rheology, Appl Polym Sci, 107, 3425-
3433, 2008.

13. Naderi G, Lafleur PG, Dubois C, Microstructure-
properties correlations in dynamically vulcanized
nanocomposite thermoplastic elastomers based
on PP/EPD, Polym Eng Sci, 47, 207-217, 2007.

14. Naderi G, Lafleur PG, Dubois C, Dynamically
vulcanized nanocomposite thermoplastic elas-
tomers based on EPDM/PP (rheology and mor-
phology), Int Polym Proc, 22, 284-292, 2007.

15. Naderi G, Lafleur PG, Dubois C, The influence of
matrix viscosity and composition on the mor-
phology, rheology, and mechanical properties of
thermoplastic elastomer nanocomposites based
on EPDM/PP, Polym Compos, 29, 1301-1309,
2008.

16. Lee KY, Goettler LA, Synthesis and properties of
polymer blend nanocomposites. Part II.
Thermoplastic olefins (TPO), ANTEC Conf Proc,
2, 1709-1713, 2004.

17. Yong TL, Park OO, Phase morphology and 
rheological behavior of polymer/layered silicate
nanocomposites, Rheol Acta, 40, 220-232, 2002.

18. Ren J, Silva A, Krishnamoorti R, Linear 
viscoelasticity of disordered polystyrene-polyiso-
prene block copolymer based layered-silicate
nanocomposites, Macromolecules, 33, 3739-
3746, 2000.

19. Pogodina NV, Cerclé C, Avérous L, Thomann R,
Bouquey M, Muller R, Processing and character-
ization of biodegradable polymer nanocompos-
ites: detection of dispersion state, Rheol Acta, 47,
543-553, 2008.

20. Montgomery DC, Design and analysis of experi-
ments, 6th ed, Wiley, New York, 1-20, 2005.

21. Dong Y, Bhattacharyya D, Effects of clay type,
clay/compatibiliser content and matrix viscosity
on the mechanical properties of polypropylene/
organoclay nanocomposites, Composite, Part A,
39, 1177-1191, 2008.

Effect of Processing Parameters on PP/EPDM/ ... Khosrokhavar R et al.

52 Iranian Polymer Journal / Volume 20 Number 1 (2011)



22. Patnaik A, Satapathy A, Mahapatra AA, Dash
RR, Tribo-performance of polyester hybrid 
composites: damage assessment and parameter
optimization using Taguchi design, Mater
Design, 30, 57-67, 2009.

23. Kuo CFJ, Wu YS, Application of a Taguchi-
based neural network prediction design of the
film coating process for polymer blends, 27, 455-
461, 2006.

24. Carreau PJ, Kee D, Chabra RP, Rheology of
Polymeric Systems: Principles and Applications,
Hanser, Munich, 1997.

25. Gelfer M, Burger C, Fadeev A, Sics I, Chu B,
Hsiao BS, Heintz A, Kojo K, Hus SL, Si M,
Rafailovch M, Thermally induced phase transi-
tions and morphological changes in organoclays,
Langmuir, 20, 3746-3758, 2004.

26. Xie W, Gao Z, Pan WP, Hunter D, Singh A, Vaia
R, Thermal degradation chemistry of alkyl 
quaternary ammonium montmorillonite, Chem
Mater, 13, 2979-2990, 2001.

27. Xie W, Gao Z, Liu K, Pan WP, Vaia R, Hunter D,
Singh A, Thermal characterization of organically
modified montmorillonite, Thermochim Acta, 36,
339-350, 2001.

28. Mehta S, Mirabella FM, Rufener K, Bafna A,
Thermoplastic olefin/clay nanocomposites: mor-
phology and mechanical properties, J Appl
Polym Sci, 92, 928-936, 2004.

29. Dennis HR, Hunter DL, Chang D, Kim S, White
JL, Cho JW, Paul DR, Effect of melt processing
conditions on the extent of exfoliation in 
organoclay-based nanocomposites, Polymer, 42,
9513-9522, 2001.

30. Dolgovskij MK, Fasulo PD, Lortie F, Macosko
CW, Ottaviani RA, Rodgers WR, Effect of mixer
type on exfoliation of polypropylene nanocom-
posites, SPE-ANTEC Tech Papers, 2255-2259,
2003.

31. Krishnamoorti R, Mitchell CA, Rheological
properties of diblock copolymer/layered-silicate
nanocomposites, J Polym Sci B, 40, 1434-1443,
2002.

32. Hyun YH, Lim ST, Choi HJ, Jhon MS, Rheology
of poly(ethylene oxide)/organoclay nanocompos-
ites, Macromolecules, 34, 8084-8093, 2001.

33. Lertwimolnun W, Vergnes B, Effect of process-

ing conditions on the formation of polypropy-
lene/organoclay nanocomposites in a twin screw
extruder, Polym Eng Sci, 46, 314-323, 2006.

34. Lertwimolnun W, Vergnes B, Influence of com-
patibilizer and processing conditions on the 
dispersion of nanoclay in a polypropylene
matrix, Polymer, 46, 3462-3471, 2005.

35. Wagener R, Reisinger TJG, A rheological method
to compare the degree of exfoliation of nanocom-
posites, Polymer, 44, 7513-7518, 2003.

36. Krishnamoorti R, Giannelis EP, Strain hardening
in model polymer brushes under shear,
Langmuir, 17, 1448-1452, 2001.

37. Mishra JK, Hwang JK, Ha CS, Preparation,
mechanical and rheological properties of a 
thermoplastic polyolefin (TPO)/organoclay
nanocomposite with reference to the effect of
maleic anhydride modified polypropylene as a
compatibilizer, Polymer, 46, 1995-2002, 2005.

Iranian Polymer Journal / Volume 20 Number 1 (2011) 53

Effect of Processing Parameters on PP/EPDM/ ...Khosrokhavar R et al.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


