Polyolefins Journal Vol. 4, No. 1 (2017)

IPPI

DOI: 10.22063/poj.2016.1370
ORIGINAL PAPER

Theoretical models for prediction of mechanical
behaviour of the PP/EPDM nanocomposites fabricated
by friction stir process
Amir Mostafapour1, Ghasem Naderi2, Mohammad Reza Nakhaei1*
Faculty of Mechanical Engineering, University of Tabriz, Tabriz, Iran
Faculty of Polymer Processing, Iran Polymer and Petrochemical Institute (IPPI), Tehran, Iran
1

2

Received: 25 June 2016, Accepted: 20 July 2016

ABSTRACT

I

n this study, thermoplastic polyolefin elastomeric (TPO) nanocomposites were fabricated by friction stir
processing. The effect of different pin geometries on clay dispersion and mechanical properties of the TPO
nanocomposite reinforced with 3% wt nanoclay has been first investigated. The optimum pin geometry namely
threaded cylindrical pin was then used to fabricate the nanocomposites containing 3, 5 and 7 wt% nanoclay.
The results showed that increase in the clay content increased the tensile strength and tensile modulus of the
nanocomposite from 15.8 to 22.76 MPa and 568 to 751 MPa, respectively. The experimental stress – strain curves
of nanocomposites were compared with eight constitutive models including Mooney – Rivlin, the second-order
polynomial, Neo – Hookean, Yeoh, Arruda – Boyce, Van der Waals and the third- and sixth-order Ogden. The
comparisons showed that there was an agreement between the experimental data and the sixth-order Ogden model.
Three micromechanical models Halpin – Tsai, inverse rule of mixture and linear rule of mixture were applied to
investigate the Young’s modulus of nanocomposites. Because of the significant difference between the Young’s
modulus obtained from these models and the ones obtained from experimental data, a modifying factor was used to
improve the theoretical predictions obtained from the models. Polyolefins J (2017) 4: 99-109
Keywords: geometry; friction stir process; nanocomposite; clay; mechanical behavior.

INTRODUCTION
Thermoplastic polyolefin elastomeric materials (TPOs)
are an important class of polymer blends having a
combination of thermoplastic and rubbery properties
such as flowability at high temperatures, elastic
properties at room temperature and ease of production
[1, 2]. Blending thermoplastics like polypropylene (PP)
with rubbers like ethylene-propylene diene monomer
(EPDM) leads to materials with better toughness
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and lower stiffness and hardness [3]. The addition
of clay at very low proportion enhances mechanical,
thermal and barrier properties dramatically [4, 5]. TPO
nanocomposites are widely used in many fields such as
airplane, automotive, ship parts and medical apparatus
[1, 6].
There are different processes to fabricate
nanocomposites including solvent blending, insitu polymerization and melt compounding [7-9].
Recently, investigations have been done on friction stir
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processing (FSP) for the fabrication of composites
and nanocomposites [10-13]. In FSP, the frictional
heat softens the polymer matrix and the nanoparticles
are dispersed in the processed zone by the stirring
action of the tool [14, 15]. According to literatures,
very few reports are presented about fabricating
polymeric composites and nanocomposites by FSP.
For instance, enhancement of morphology and
mechanical properties of polyethylene (PE)/copper
composite and high density polyethylene (HDPE)/
clay nanocomposite using FSP have been reported
by Azarsa et al., and Barmous et al., respectively
[16-18]. In this study, the feasibility of fabricating
clay containing PP/EPDM nanocomposites using
FSP is experimentally investigated. The effect
of nanoclay content on the applicability of eight
constitutive models to predict stress – strain behavior
of the nanocomposites is studied. Finally, based on
the experimental data, a modified model is obtained
to predict the Yong’s modulus of the nanocomposites.

(4)

THEORETICAL CONCEPT

Hyperelastic models
Strain energy density (stored energy per unit volume)
in a hyperelastic material can be described by the
stress – strain behavior. Strain energy function based
on three invariants of the strain tensor (I1, I2, I3) is
defined as Eq. 1:
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Arruda – Boyce model includes two parameters m and
λm, which µ is the initial shear modulus and λm is the
stretch at which the polymer chain network becomes
locked and stress – strain curve rises significantly. µ
and λm are dependent to the elastomer microstructure.
D is equal to 2/k, K is the bulk modulus at small strain,
which for an incompressible material is set to zero.
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Polynomial Model
The strain energy density potential of polynomial
model is expressed based on the 1st and 2nd invariants
of strain tensor, I1 and I2 as below:
=
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In which Cijs are material constant describing shear
behaviors of the polymer material. When m = n = 2,
the second-order polynomial is as below:
						
(6)
W
= C10 ( I1 − 3) + C01 ( I 2 − 3) + C11 ( I1 − 3)( I 2 − 3) + C20 ( I1 − 3) 2 + C02 ( I 2 − 3) 2

Reduced Polynomial Model
The reduced polynomial model is similar to polynomial
form but it is based on the first invariants of strain
tensor only. Thus strain energy density becomes:

N
i
i0
1
=i 0=i 1

l=
l=
l 2 , therefore I3=1 and Eq. 1 decreases to:
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Arruda – Boyce model
The Arruda – Boyce model is based on molecular
considerations to explain the stress – strain behavior
of rubbers and other polymeric materials. This model
calculates the strain energy as the sum of the strain
energies of individual chains:

W=

Where λ1, λ2 and λ3 are three principal stretch ratios.
In an incompressible material (l1l2l3=1), (l1=l) and

=
W

investigate the nonlinear stress – strain behavior of
PP/EPDM/clay nanocomposite samples [19-21].

N
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Yeoh model
Yeoh’s strain energy density function is a special form
of reduced polynomial in which N=3 and is given as
below:
						
(8)
W
= C10 ( I1 − 3) + C01 ( I 2 − 3) + C11 ( I1 − 3)( I 2 − 3) + C20 ( I1 − 3) 2 + C02 ( I 2 − 3) 2

This model is suggested to describe hyperelastic
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behavior of rubber parts with extensive deformation
under uniaxial tension test.

In an incompressible material the first invariant of
strain tensor can be written as:

Neo – Hookean
This model is based on reduced polynomial model
when considering N=1 and is introduced as:

I1 = l12 + l22 +

=
W C10 ( I1 − 3) 					 (9)

Van der Waals model
The Van der Waals model also known as Kialin model
describes the strain energy density function as given
by:
						
(10)
2 I − 3 23
)
W = m {−(lm2 − 3) [ ln(1 − η ) + η ] − a (
3
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}+
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In which I = (1- β) I1 + βI2 and η = l 2 − 3 . β, η and a are
m
the invariant mixture parameter, initial shear modulus
and global interaction parameter, respectively.
Ogden model
This model can describe hyperelastic behavior of
materials assuming l1l2l3=1 through following
equation:
N
N
2m
1
=
W ∑ 2i (l1a i + l2a i + l3a i − 3) + ∑ ( J el − 1) 2i
(11)
ai
i 1=
i 1 Di
Where µi and αi are material constants which explain
shear. In this work, strain energy density potentials
with N=3 and 6 employed.
Mooney – Rivlin model
The strain energy density function of Mooney - Rivlin
model is the special form of Ogden and polynomial
models by assuming N=2, α1 = 1 for Ogden and m = n
= 1 for polynomial function as below:
W
= C10 ( I1 − 3) + C01 ( I 2 − 3) 			 (12)

Marlow model
The strain energy density function of Marlow model
is only a function of the 1st invariant of strain tensor
without any explicit relation. The equation for uniaxial
strain by the Marlow model can be written as follows:
W =∫

l ( I1 ) −1

0

s (e )d (e ) 				 (13)
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The minimum and maximum values of the I1 are
between 3 and +¥, respectively. In the uniaxial form,
λ1 is equal to
I=
l2 −
1

2

l

1

l20.5

and I1 can be written as:

					 (15)

In Eq. 11, s and e are the nominal stress and strain
that are obtained from experimental uniaxial test,
respectively.
Halpin – Tsai Theory
The Halpin – Tsai (H-T) model is the other form of
Hill’s self-consistent theory which is used to predict the
Young’s modulus of composites and nanocomposites
reinforced with various types of filler [22]. For fully
aligned-composite and nanocomposites, Young’s
modulus can be expressed as:
 1 + lηj f
Ec( Halpin−Tsai ) = Em 
 1 − ηj
f



 			 (17)
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φf is the volume fraction of the reinforcing filler and
λ is the shape parameter depending on filler geometry,
aspect ratio, orientation and loading direction. E is the
elastic modulus and the subscripts c, f and m refer to
composite, filler and matrix, respectively [23]. H-T
equation for a randomly oriented compound is the
summation of perpendicular (transverse) and parallel
(longitudinal) modulus to the major axis of the fillers
as given below:
Ec( Halpin−Tsai )
 1 + lLη Lj f
=
aL 
 1 −η j
Em
L f

3


 + aT


 1 + lTηT j f

 1 − ηT j f
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l

Where aL = 8 , aT = 5 , λT = 2 and lL = 2 d .
8
In the Halpin - Tsai equation, the shape parameter, λ,
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is between 0 and +¥. If λ=+¥ then Eq.14 is reduced
to the linear rule of mixtures (LROM) as given below:
Ec(LROM) = E f j f + Em (1 − j f ) 			 (20)

However, for λ= 0, H-T equation becomes the inverse
rule of mixture (IROM) as given below:
−1

 j f (1 − j f ) 
Ec(LROM)
= 
+
 			 (21)
E
Em 
 f

EXPERIMENTAL
Material
The TPO matrix and filler used in this work were PP/
EPDM blend and nanoclay, respectively. The grade
name, company and characterizations of PP, EPDM
and nanoclay are shown in Table 1. The blending of
TPO composite with 80% wt PP and 20% wt EPDM
was carried out in a Brabender co-rotating twin-screw
extruder (L/D = 40 and D = 25 mm) with a feeding
rate of 0.5 kg/h, a screw speed of 100 rpm and a
temperature profile of 185- 200°C and 190°C from the
feeding zone to the die. TPO sheets with 200×60×10
mm dimension were prepared using Collin P 200
E-type heat press.
Friction stir processing tool
The FSP tool and fixture used in this study are shown in
Figure 1. The FSP tool consists of a heating system, pin
and shoulder. Four different tool pin profiles (threaded
taper, threaded and straight cylindrical and square)
have been used to fabricate the TPO nanocomposite.
The geometry and dimensions of threaded pins are
shown in Table 2. The pin and shoulder materials were
AISI H13 hot-working steel and AA7075 aluminum
alloy, respectively. Shoulder’s surface was coated
with Teflon (PTFE) to prevent sticking of aluminum to
the base material surface. An electric heater was used
for controlling the temperature of the shoulder and a

Figure 1. Fixture installed on the milling machine.

thermocouple was inserted in a place in the front and
at the bottom surface of the shoulder to adjust the heat
output of the electric heater.
Nanocomposite preparation
To fabricate TPO nanocomposite with 3, 5 and 7 wt%
nanoclay, a groove with 2mm width was machined in
the middle of the base material. The cross-sectional
area of processed (Ap) zone was 90 mm2 and the
density ratio (Dr) was 0.53 (density of nanoclay
divided to the density of base material).The dimension
of the groove and height of nanoclay particle in the
groove was calculated using Eqs. 22-24 as shown in
Table 3.
Wt (%)
=

As
×100 		 (22)
Ap

hs =

As
		
Ts

(23)

hn =

hs
		
Dr

(24)

In which wt (%) is the weight percent, As is the crosssectional area of groove, Ts is the width of groove,
hn is the height of the nanoclay particle and hs is the
height of groove.

Table 1. List of materials and their characteristics.
Material
PP
EPDM

Nano clay

102

Company

Grade name

Characteristics

Arak
Petrochemical (Iran)
Kumho polychem
(Korea)
Southern clay (USA)

HP502N
KEP 270

Density = 0.91 g/cm and MFI at 230°C, 2.16 kg = 12 g/10 min
Mooney viscosity ML (1+8 min) 120°C = 48 M

Cloisite 15A

( 64% ethylene and 8.7% ENB content), Density = 0.82 g/cm3
specific gravity = 1.66 g/cm3

3
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Table 2. Geometry and dimension of frictions stir tools (mm).
Name

1

Pin Dimension (mm)

cylindrical pin

Square pin

3

Threaded taper pin

The TPO/clay nanocomposites were fabricated by a
Deckel milling machine (M.S.T Co, Iran). Nanoclay
particles to a height of hn were compacted into the
groove in the middle of the base material. The rotating
pin was plunged into the groove until the tool shoulder
touched the plate and then the tool was moved along
the groove with constant speed for producing the TPO
nanocomposite. The FSP parameters, their units and
levels are presented in Table 4. The formulation of
PP/EPDM/clay nanocomposites used in this study is
summarized in Table 5. Figure 2 shows the TPO/5%
clay nanocomposite fabricated by the threaded
cylindrical pin.
Test procedures
Tensile test of the TPO / clay nanocomposites was
carried out at room temperature with a 1 kN load and
a cross-head displacement rate of 5 mm/min using a
Zuker testing machine. Impact test was performed
on notched specimens using a Zwick machine with
energy of 1 J. The reported values of responses
presented in Table 3 are the average of at least three
test measurements. Standard tensile and impact test
Table 3. Dimension of slot and height of nanoclay particles.

3% nanoclay
5% nanoclay
7% nanoclay

Tool shape

Plain and Threaded

2

Sample Wt
(%)

Dimension (mm)

As (mm2)

Ts (mm)

hs (mm)

hn (mm)

2.7
4.5
6.3

1
2
2

2.7
2.25
3.15

1.43
1.19
1.67
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specimens as shown in Figure 3 were prepared from
the TPO/clay nanocomposites sheets fabricated by
FSP according to ASTM standards D638 and D256
[24].
X-ray diffractometer (XRD) was used to evaluate
the dispersion of clay in the TPO matrix. XRD
experiments were carried out with a Philips -X'Pert
diffractometer at room temperature at low angle of 2θ.
The X-ray beam was a CuKα radiation (λ = 1.540598
Å) operated at 50 kV voltage and 40 mA current. The
scanning rate was 0.25 °/min and the experiments
were performed in the angle range of 0 – 10°. TEM
observation was performed on ultrathin sections of
cryomicrotomed thin nanocomposite films by a Jeol
transmission electron microscopy (JEM-2100F) with
an acceleration voltage of 100 kV.
Table 4. Process parameters, their units, notifications and
levels.
Parameters
Rotational speed
Traverse speed
Shoulder temperature

Table 5. Code
nanocomposites.

Unit

Notification

Level

rpm
mm/min
°C

w
S
T

1200
45
125

and

composition

of

PP/EPDM

Sample ingredient

S0

S1

S2

S3

PP

80

80

80

80

EPDM

20

20

20

20

Clay

0

3

5

7
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Figure 2. Sample fabricated with threaded cylindrical pin.

RESULTS AND DISCUSSION
Effect of pin geometry on mechanical properties
Table 6 shows the effect of pin geometry on mechanical
properties of the TPO/clay nanocomposites fabricated
by four different types of tools. According to the results
and Figure 4, comparing X-ray diffraction patterns
of the samples fabricated by straight cylindrical pin
(T4) and threaded cylindrical pin (T1) shows that the
specimens processed with T1 tool exhibited lower
XRD angle compared to the other tool. When the
threaded pin was used, stirring and frictional heat
generated by the pin increased and better mixing and
dispersion of the nanoclay through the processed
zone were obtained by this tool [25]. According to
Table 7, comparing the contact surfaces of the three
thread pin tools with the base material shows that T1
tool has a larger contact surface and as a result causes
more frictional heat. Consequently, the higher heat
generation and better stirring are the reasons for better
dispersion of the nanoclay in the base material and
obtaining superior mechanical properties [26].
The lower diffraction angle of TPO/clay
nanocomposites fabricated by the threaded pin in
comparison with those fabricated by the straight pin
demonstrates the polymer chains in the specimens
fabricated by the former can better intercalate between

Figure 3. Scheme of the laser cut of the tensile and Izod
specimens from the FSP plates.
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Figure 4. XRD patterns of samples fabricated by different
tools.

the layers of the clay, which indicates that the pin shape
and geometry can affect XRD diffraction pattern.
The transmission electron microscopy (TEM)
micrograph of the PP/EPDM nanocomposite with 3%
nanoclay prepared with T1 tool is shown in Figure 5.
The TEM analysis shows that the silicate layer has
been dispersed well in the PP/EPDM matrix. It can
be observed that a lot of single plates of nanoclay are
present in the base material. The TEM micrograph
confirms that intercalated and exfoliated morphologies
are obtained in this sample.
Effect of nanoclay content on mechanical properties
According to the results in previous section, the
tool with threaded pin is better for fabrication of the
TPO nanocomposites. The mechanical properties
of the TPO nanocomposites having 3, 5 and 7% wt
nanoclay fabricated by T1 tool are shown in Table 8.
By increasing the clay content in the matrix the tensile
strength and tensile modulus are increased but the
impact strength and elongation-at-break are decreased
[27, 28]. It is noted that the tensile strength and
tensile modulus are, respectively, increased by 44%
and 32% with the addition of 7 wt% clay to the PP/
EPDM composite. The improvement of tensile strength
and tensile modulus of PP/EPDM nanocomposites
are related to the reinforcement phenomenon due to
the interfacial interaction between the base material
and dispersed nanoclay [29]. The X-ray diffraction
patterns for different TPO nanocomposite samples
are shown in Figure 6. According to these results, the
higher dispersion and better intercalation/exfoliation of
the clay platelets are observed in the low clay content
under the same process parameters condition (ω = 1200
rpm, S = 45 mm/min and T = 125°C). At the low clay
Polyolefins Journal, Vol. 4, No. 1 (2017)
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Table 6. Mechanical properties of base material and samples fabricated with different tools.
Name

Tensile strength
(MPa)

Impact strength
(J/m)

Tensile modulus
(MPa)

Elongation-at- break
(%)

15.8
21.06
19.23
18.79
16.4

87
41
44
40
45

568.4
709.92
673.04
640.65
605.73

146
38
41
48
46

Base material
Threaded cylindrical pin (T1)
Threaded square pin (T2)
Threaded taper pin (T3)
Straight cylindrical pin (T4)

content, polymer chains can intercalate better between
the layers of the clay which causes more improvement
in tensile strength and tensile modulus [27-29].
Investigation on stress – strain behavior by
hyperelastic models
Conventional hyperelastic models such as Mooney
– Rivilen, second order polynomial, Neo – Hooken,
Yeoh, Arruda – Boyce, Van der Waals and the
third- and sixth-order Ogden models were used to
predict the stress - strain behavior of PP/EPDM/clay
nanocomposites. The ABAQUS software was used
to determine the material constant of hyperelastic
models utilizing curve fitting and least square fit. The
material constants of the hyperelastic models are listed
in Tables 9 to Table 11. Figure 7 shows comparison
of experimental data with those obtained from the
models for PP/EPDM nanocomposite with different
nanoclay contents. According to Figure 7 (a), for the
PP/EPDM composite, the small difference between the
experimental data and the sixth-order Ogden models
indicates that the model can predict the results with
adequate accuracy. A close inspection of the stress –
strain behavior of PP/EPDM composite in Figure 8 (a)
shows that at low strain region (0 to 1.5 %), the sixthorder Ogden model has a good agreement with the
experimental data, whereas according to Figure 8 (b),
at high strain region (8 to 10 %), the third and sixthorder Ogden models show a good agreement with the
experimental data. Similar behaviors in the stress –
strain curves of nanocomposites materials have been
reported by other researchers such as Esmizadeh et al
[30-32]. The stress – strain behavior of nanocomposites
with 3, 5 and 7 %wt nanoclay shown in Figures 7 (b),
(c) and (d), respectively indicates that in these samples
the experimental data have a good agreement with the

sixth-order Ogden models. According to the results
in Figure 7, for the PP/EPDM composite and PP/
EPDM nanocomposites, the theoretical data predicted
by Mooney – Rivilen, Neo – Hooken, Yeoh, Arruda
– Boyce and Van der Waals show more disagreement
with the experimental data in all strain regions.
A micromechanical model for prediction of Young’s
modulus
Mechanical properties can be improved when a
nanoparticle is added to a polymer matrix, although
the improvement is usually nonlinear. To predict the
Young’s modulus of composite and nanocomposites,
IROM, LROM and Halpin–Tsai equations have been
used by previous researches [33, 34]. According to
Figure 9, comparison of the experimental Young’s
modulus with the results of the mentioned models
for the PP/EPDM/clay nanocomposite shows more
disagreement between the experimental data and
predicted values when clay content increases.
In this study, a quadratic function was used as a
modifying factor to predict Young’s modulus of the
PP/EPDM/clay nanocomposite. The modifying factor

Table 7. Pin surface area for different pin profiled tool.
Name
Pin surface
area (mm2)

Threated
circular

Threated
square

Threated
taper

345.4

289.5

266.9

Polyolefins Journal, Vol. 4, No. 1 (2017)

Figure 5. TEM micrograph of PP/EPDM/clay (5%) fabricated
by threaded circular tool.
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Table 8. Mechanical properties of TPO nanocomposites
fabricated with threaded cylindrical tool.
Sample
S0
S1
S2
S3

Tensile
strength
(MPa)

Impact
strength
(J/m)

Tensile
modulus
(MPa)

Elongationat-break (%)

15.8
18.94
21.06
22.76

87
53
41
35

568.4
670.80
709.92
751.63

146
41
38
27

is based on the percentage of nanoclay (φf) that is
given below:
Figure 6. XRD patterns of PP/EPDM nanocomposites
fabricated by threaded circular tool.

Modifying factor= ajf + bjf + c
2

models. The experimental data, data predicted by
conventional models and modified models and mean
sum of error are given in Table 13. The small sum
of error values between the experimental data and
proposed modified models data indicates that these
models can predict the Young’s modulus with a good
approximation.

The final mathematical model, which can be used
to predict the Young’s modulus of PP/EPDM/clay
nanocomposites (Ec), is given in Eq. 26.
Ec (Modified model) =Ec (model)×Modifying factor

(26)

The parameters a, b and c are determined by fitting the
experimental data with the models. These parameters
for the LROM, IROM and Halpin – Tsai models are
given in Table 12. The validity of the modified model
was checked by comparing the experimental data with
the predicted data achieved from the proposed modified

CONCLUSION
In the present study, the effect of pin geometry

Table 9. Material parameters of the Mooney– Rivlin, polynomial, Yeoh and Neo – Hookean models for PP/EPDM nanocomposite.
Sample
code
S0
S1
S2
S3

Mooney - Rivlin

Polynomial (N=2)

Yeoh

Neo - Hookean

C10

C01

C10

C20

C01

C11

C02

C10

C20

C30

C10

0.18
0.22
0.24
0.26

4.2
4.7
5.57
6.54

16.5
16.7
17.2
21.6

0.86
1.17
1.32
1.24

-26.2
-21.3
-19.3
-16.2

-3.5
-3.7
-4.2
-4.4

-2.1
-3.1
-3.7
-5.1

1.11
1.3
1.48
1.66

-1.56
-1.8
-2.07
-2.4

1.01
1.1
1.37
1.57

0.45
0.55
0.61
0.67

Table 10. Material parameters of the Arruda - Boyce, Ogden (N=3) and Neo – Van der Waals models for PP/EPDM nanocomposite.
Arruda - Boyce

Ogden (N=3)

Van der Waals

Sample
code

µ

µ0

lm

µ1

µ2

µ3

α1

α2

α3

µ

lm

α

β

S0

0.90

0.90

56931

496

1.6

-96

0.65

6.8

0.42

2.8

51.9

0.093

0

S1

1.11

1.11

20.9

460

-185

-251

0.52

0.8

0.5

3.2

51.3

0.095

0

S2

1.22

1.22

56769

369

-191

-317

0.39

0.8

0.54

3.76

51

0.097

0

S3

1.33

1.33

56667

141

3.35

-311

0.35

0.6

0.11

4.3

50

0.1

0

Table 11. Material parameters of the Ogden (N=6) models for PP/EPDM nanocomposite.
Ogden (N=6)

Sample
code

µ1

µ2

µ3

µ4

µ5

µ6

α1

α2

α3

α4

α5

α6

S0
S1
S2
S3

61
87
104
114

-54
104
144
97

-0.14
-24
-46
-55

193
-469
-549
-664

- 211
668
832
- 480

19
-354
-455
- 545

0.26
0.29
0.36
0.39

2.01
2.19
2.24
2.3

3.3
2.7
2.5
2.4

-1.6
-1.1
-0.6
-0.4

-2.4
-2.1
-1.9
-0.5

-4.9
-3.9
-3.5
-3.3
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(a)								

(b)

			

(c)								

(d)

Figure 7. Nominal stress versus nominal strain curves for PP/EPDM nanocomposites (a) S0 , (b) S2, (c) S2, (d) S3.

on the mechanical properties of PP/EPDM/
clay nanocomposites fabricated by FSP has been
investigated. PP/EPDM/clay nanocomposites with 3,
5 and 7 %wt nanoclay was produced to investigate the
effect of nanoclay content on the mechanical properties
and strain – stress behavior of these nanocomposites.

Also a modifying factor depending on clay content
was used to improve the theoretical prediction of the
Young’s modulus of PP/EPDM/clay nanocomposites.
It was concluded that:
The mechanical properties and XRD diffraction
showed that the threaded pin is better than straight pin
for fabrication of polymer nanocomposites.
Tool with higher contact surface with the base
material caused more heat generation and stirring
in the processed zone, leading to better dispersion
of the nanoclay and improvement of the mechanical
properties of PP/EPDM/clay nanocomposites.
Increase in clay content from 0 to 7 wt% increased
the tensile strength and tensile modulus and decreased

(a)

(b)
Figure 8. Nominal stress versus nominal strain curves for
PP/EPDM nanocomposites in (a) low strain, (b) high strain.
Polyolefins Journal, Vol. 4, No. 1 (2017)

Figure 9. Comparison of the experimental data and
theoretical models for Young’s modulus of PP/EPDM
nanocomposites.
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Table 12. Parameters for proposed modifying factor of
Halpin- Tsai, LROM and IROM models.
1
2
3

Halpin - Tsai
LROM
IROM

a

b

c

1.25
12.5
12.5

0.55
-3.5
1

1.083
1.064
1.109

the impact strength and elongation-at-break of these
nanocomposites.
The addition of nanoclay had a great effect on the
tensile behavior of PP/EPDM/clay nanocomposites.
Comparison of hyperelastic models showed that the
sixth-order Ogden model had an agreement with stress
– strain curve of these composite and nanocomposites.
The conventional models such as LROM, IROM and
Halpin – Tsai were limited for prediction of Young’s
modulus of the nanocomposites. A quadratic function
as a modifying factor added to the mentioned models
resulted in better prediction of Young’s modulus in
PP/EPDM/clay nanocomposites.
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