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Poly(vinyl chloride) (PVC)/acrylonitrile butadiene rubber (NBR)/organoclay
(Cloisite 30B) nanocomposites have been prepared via direct melt mixing in an
internal mixer. The application of Taguchi method for reducing cost and 

improving properties in NBR/PVC nanocomposites is reported. Processing parameters
such as temperature, rotor speed and mixing time have been verified in relation to the 
mechanical properties of nanocomposites. The relative magnitude of each specific 
factor, interactions between all possible combinations of two factors and the 
performance estimation at any arbitary condition are also determinded. The 
experimental data are compared with the estimated data obtained by Taguchi method
to examine the accurancy of the predicted values. The structures of nanocomposites
have been characterized by X-ray diffraction, scanning electron microscopy and small
amplitude oscillatory shear rheometry. X-Ray diffraction results show that the 
interlayer spacing is significantly influenced by processing conditions. The study of 
linear viscoelastic properties shows that storage modulus (G') and complex viscosity,
|η*|, are very sensitive to the microstructure of the nanocomposite. Dynamical 
mechanical analysis of NBR/PVC nanocomposite samples has been investigated as
well. The results confirm that the Taguchi method is a useful tool for estimating the
mechanical properties of NBR/PVC nanocomposites.

INTRODUCTION

Thermoplastic elastomers (TPEs),
the most fast-growing polymer 
systems, have found increasing
applications in areas where tradi-
tional thermoset rubbers have been
used [1,2]. TPEs offer a variety of
advantages over conventional 
thermoset (vulcanized) rubber
material, simpler processing with
less steps, shorter fabrication
times, lower energy consumption,
better quality control and lower
volume cost to name a few [3]. 

Invention of thermoplastic
materials has led to further interest
in flexible plastics and eventually
to the development of blends of
poly(vinyl chloride) (PVC) and 
acrylonitrile butadiene rubber
(NBR). The PVC/NBR blends
have rubber-like appearance and
touch and bridge the gap between
liquid plasticized PVC and 
conventional cured elastomers [4].
PVC is miscible with NBR (23 ±
45% acrylonitrile content) in all
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composition range, showing a single Tg which is 
evidenced by differential thermal analysis and 
electron microscopy [5-7]. In PVC/NBR blends,
NBR acts as a permanent plasticizer for PVC in 
applications such as wire and cable insulation, food
containers, pond liners, etc.. At the same time, PVC
improves ozone and chemical resistance as well as
thermal aging of NBR in applications such as fuel
hose covers, gaskets, conveyor belt covers, printing
roll covers and so forth [8-12]. Cross-linking of
NBR/PVC with the aid of chemical agents, heat and
electron beam radiation was reported in 1989 [13].
Polymer blends that undergo thermally induced
cross-linking (cross-linking without the aid of any
external curing agent) have been termed as "self-
cross-linkable polymer blends" [14].

Shi et al. investigated the mechanical and damping
properties of EVA (ethylene vinyl acetate rubber)/
NBR/PVC blends by DMA. The results showed that
PVC was partially miscible with EVM/NBR blends
and remarkably widened the effective damping 
temperature range [15].

Nowadays incorporation of nanoclay into poly-
meric materials has attracted considerable attention
due to their superior properties over conventional
composites and virgin polymers, even at low clay
loadings [16,17].

Kim et al. studied morphological properties of
organo-montmorillonite/NBR nanocomposites pre-
pared via a melt interaction mechanism. They
observed that homogeneous dispersions of nanoclay
occurred in NBR matrix regardless of increase in clay
content [18]. NBR/PVC composite with 30% PVC
content showed the best synthetic mechanical and 
tribological properties [14]. 

The effect of organo-montmorillonite (OMMT) on
the properties of acrylonitrile butadiene rubber/
poly(vinyl chloride)/OMMT (NBR/PVC/OMMT) 
thermoplastic vulcanizate (TPV) nanocomposites
was studied in 2010 by Hanhua et al. The inter-
calation of molecular chains into the organoclay was
evident from XRD and confirmed by TEM study
[19].

Based on the authors' findings, a great deal of
effort has been made on studying the properties 
of the blend, but there is still a lack of sufficient
experimental investigation regarding the thermoplas-

tic elastomer (TPE) nanocomposites of NBR/PVC. In
order to realize the effect of mixing condition on
properties of NBR/PVC nanocomposites, the samples
with 5% (by weight) nanoclay were melt-mixed using
a Brabender Plasticorder. The effects of processing
variables such as temperature, rotor speed and mixing
time were investigated as governing factors on
torque, rheological behaviour, tensile properties and
swelling index of NBR/PVC nanocomposite samples
by Taguchi method.

Theoretical Concept
Taguchi's approach provides a systematic and 
efficient approach for conducting experiments to
determine approximate optimum setting of design
parameters for performance and cost. The Taguchi
method utilizes orthogonal arrays to study a large
number of variables using a small number of 
experiments. Using orthogonal arrays significantly
reduces the number of experimental configurations to
be studied. The conclusions drawn from small scale
experiments are valid over an entire experimental
region spanned by the control factors and their 
settings. This method can reduce research and 
development costs by simultaneously studying a large
number of parameters [20].

In order to analyze the results, the Taguchi method
uses a statistical measure of performance analysis 
of variance (ANOVA). ANOVA is applied for 
estimating error variance and for determining the 
relative importance of various factors. Using the
Taguchi method for parameter design, the predicted
optimum setting of parameters does not need to be
one of the rows of the matrix experiment. Therefore,
an experimental validation is run using the predicted
optimum levels for the control parameters under
study and applicability of the design method. To 
verify the optimum conditions suggested by the
matrix experiments do indeed give the planned
improvement [21,22].

Using ANOVA method has advantages in 
determinations of: each different main factor
involved; the effect of interactive factors; error effect;
estimation of optimum conditions and the correspon-
ding results at various conditions. 

Taguchi method provides an orthogonal standard
array to accommodate these requirements. The 
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appropriate orthogonal array depends on a number of
factors, interactions and the levels needed. In standard
method ANOVA calculates each effect according to
the following equations [20].

The sum of squares of factor A (SA) can be 
calculated in this way:

(1)

where YAn and NAn are the response value and the
experiments number in which the parameter A has its
nth level, respectively. Correction function (CF) is:

(2)

where N is total number of the experiment according
to orthogonal array and Yi is the value of the response
in ith experiment. By considering fA, degree of 
freedom of the factor A, the variance of factor A (VA)
is calculated from:

(3)

So, the portion of the effect of factor A (PA) could be
calculated according to the following equations [20]:

(4)

(5)

(6)

where Ve is the variation of error and Y is the average
of response. The Fisher ratio (FA) which determines
the meaningfulness of a factor can be calculated by
the equation below:

(7)

Table 1. L9 Orthogonal array of Taguchi method.

Design of Experiments by Taguchi Method
Taguchi method was applied with the objective of
achieving maximum tensile strength in NBR/PVC
nanocomposites, thus it was considered as the
response. The three parameters identified as process-
ing factors affecting the tensile strength were mixing
temperature, mixing time and rotor speed. The factor,
nanoclay content of 5% (by weight) was considered
constant. Therefore, a fixed formulation of NBR/
PVC/clay (70/25/5) was used in this study. 

To analyze the significance of each factor, an L9
orthogonal array (Table 1) was chosen with three 
logical levels for each parameter [16]. The factors and
selected levels are shown in Table 2. Although full
factorial method consists of 3^3 experiments, the
Taguchi method requires only 9 experiments. All the
possible interactions between any two different 
factors are given in Table 3. The interactions indicate
the interdependence of the levels of factors in 
influencing the response (tensile strength).

EXPERIMENTAL

Materials and Preparation
Suspension grade of poly(vinyl chloride) (PVC) in
powder form, with a K-value of 65 (Bandar Imam
Petrochemical Co., Iran), nitrile butadiene rubber
(NBR) with 34% acrylonitrile (Kumho Petrochemical
Co., Korea) and Cloisite 30B (CEC 90 meq/100 g),
natural montmorillonite (Cloisite 30B) modified with
a quaternary ammonium salt: methyl tallow bis-2-
hydroxyethyl quaternary ammonium (Southern Clay 
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Table 2. Factors and their levels.

Products, USA) were used in this work.
Melt mixing was performed using a computerized

Brabender Plasticorder Model W50 (Germany) at
various mixing conditions according to Table 2. After
mixing the compound was removed from the mixer
and sheeted on a cold press.

Characterization
The structure of layered silicates and the morphology
of nanocomposites are analyzed by X-ray scattering.
X-Ray diffraction (XRD) data are collected on a
Philips X'Pert PRO (The Netherlands) with CuKa
radiation of wavelength 1.54 A using an accelerating
voltage of 40 kV. Diffraction spectra are obtained
over a 2θ range of 2-10° and the interlayer spacing
(d001) is calculated using the Bragg's equation:

(8)

where, λ is the wavelength and d is interlayer spacing
of silicate layers. Samples were prepared as circular
discs of 25 mm diameter and 2 mm thickness, by
compression moulding at 160°C.

The surface morphologies of the nanocomposites
were observed using Vega/Tescan (USA) scanning
electron microscope (SEM). The SEM specimens
were prepared by fracturing the nanocomposites in
liquid nitrogen. Gold palladium alloy was sputtered
on samples for further observation.

TEM Observations are performed on an EM900-

Table 3. Possible interactions of factors.

Zeiss (Germany) using an accelerating voltage of 
50 kV. The samples, with about 100 nm thickness,
were prepared from the material as taken out from the
internal mixer, by using a cryo-microtome equipped
with a diamond knife at -100°C.

Tensile tests were performed according to ASTM
standard D412 on an Instron 8511 machine (USA) at
a cross-head speed of 500 mm/min and at room 
temperature with dumb-bell specimens of 2 mm
thickness which were cut from moulded sheets. The
small amplitude oscillatory shear (SAOS) measure-
ments were performed in the linear viscoelastic
domain, using a parallel plate rheometer (RMS 800,
Rheometrics, USA), with samples of 25 mm 
diameter and 2 mm thickness. Frequency sweep tests
are carried out between 0.01 and 100 Hz at 160°C.
For determination of the swelling percentage of the
samples (carried out according to ASTM D-471), the
test pieces with dimensions of 2 mm×5 mm×30 mm
were prepared. The swelling index of the blends was
calculated as follows:

(9)

The test pieces were weighed and considered to be
the original weight. The samples were immersed in
toluene at room temperature for 46 h. After removal
of excess toluene, the samples were re-weighed
(swollen weight).

A dynamic mechanical thermal analysis (DMTA)
test was run with DMA-Triton-Tritec 2000 machine
(England) according to ASTM 1640-04. Temperature
of scanning was performed from -80°C to 100°C at a
heating rate of 5°C/min in a single cantilever bending
mode at frequency of 1 Hz. Then, the storage 
modulus and glass transition temperature (Tg) of
nanocomposites were determined. The temperature
of maximum peak in loss modulus versus 
temperature curve was taken as Tg.

RESULTS AND DISCUSSION

As the first step of experiments, the samples with the
factor level setting (L9 orthogonal arrays) suggested
by Taguchi method were prepared in internal mixer.
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As mechanical properties parameter, tensile strength
of the samples is given in Table 4. The relative 
contribution percentage (P) and F-value of each 
factor obtained by the ANOVA method are given in
Table 5. It can be concluded from Tables 4 and 5,
based on F-value, that the significance of factors 
prevails in the following order of importance: (1)
mixing temperature; (2) rotor speed and (3) mixing
time.

Figure 1. Interaction severity index (SI) of parameters.

The most significant factor is mixing temperature;
the percentage contribution of that parameter to 
tensile strength was 77.8%. The next significant 
factor is rotor speed which contributed 8.3%, and the
third significant factor is the mixing time with 
percentage contribution of 5.9%. 

The interactions severity index is considered 100%
for 90 degree angle between lines, 0% for 
parrallel lines. The interaction severity index (SI) of
all possible combinations of two factors are plotted in
Figure 1. Among the interactions, mixing time versus
mixing temperature is the most significant interaction
while the rotor speed versus mixing temperature
shows little significance.

Tensile strength was considered as the response 

Table 6. Average effect of main factors.
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Experiment 
no.

Temperature 
(°C)

Mixing time 
(min)

Rotor speed
(rpm)

Tensile strength
(MPa)

1
2
3
4
5
6
7
8
9

130
130
130
145
145
145
160
160
160

6
9

12
6
9

12
6
9

12

30
50
70
50
70
30
70
30
50

5.1
5.5
5.2
6.7
5.9
5.8
7.3
6.5
6.8

Table 4. Experimental results for sample suggested by L9 orthogonal array.

Table 5. Response table for ANOVA analysis.

Factor DOF 
(f)

Sum of squares 
(S)

Variance
(V)

F-Ratio 
(F)

Pure sum
(S')

Percent
(P%)

Mixing temperature (°C)
Mixing time (min)
Rotor speed (rpm)
Error

2
2
2
2

3.842
0.382
0.495
0.094

1.921
0.192
0.274
0.047

40.216
4.000
5.187

-

3.746
0.286
0.400

-

77.803
5.953
8.306
7.938

 

Factors Level 1 Level 2 Level 3

Mixing temperature (°C)
Mixing time (min)
Rotor speed (rpm)

5.266
6.366
5.766

6.099
5.966
6.333

6.866
5.900
6.133



and the average value of tensile strength for each level
of the processing parameter was calculated (Table 6).
The optimum level of each factor is the level which
gives the highest average value of tensile strength.
Considering maximum values, the optimum levels of
significant parameters are as follows: mixing 
temperature, level 3; mixing time, level 1; rotor speed,
level 2. Therefore, in this study the predicted optimum
condition is the sample which was prepared at 160°C
with rotor speed of 50 rpm and mixing time of 6 min.

The assessment of performance at any arbitary
condition can also be calculated by Taguchi method.
The special performance with the highest tensile
strength (optimum) was chosen as confirmation
experiments. The predicted optimum tensile strength
of the NBR/PVC nanocomposite is calculated as
7.408 MPa.

The processing condition suggested by Taguchi
method was applied and the sample's tensile strength
is given in Table 7. This result shows that the 
deviation of the predicted response of the 
experimental value is less than 1.4%. For this fact, the 

Figure 2. Swelling index of prepared NBR/PVC 
nanocomposites.

investigation proves that Taguchi method is a useful
tool for predicting the mechanical properties of
NBR/PVC nanocomposites.

Both NBR and PVC are soluble in toluene, but the
moulded blend swells only to a limited extent.
Swelling index can be related to the presence of 
interfacial adhesion due to the dispersion of nanoclay
layers [11]. The swelling index of each nano-
composite samples is given in Figure 2. It can be
observed from the figure that the swelling index of
nanocomposites prepared at low mixing temperature
(130°C) and the rotor speed (30 rpm) have the highest
swelling index (sample No. 1) that can be related to
the lower interfacial adhesion between the polymeric
chains of PVC/NBR and nanoclay layers. When the
higher rotor speed and mixing temperature is
employed at constant mixing time, a higher swelling
index is obtained. Sample No. 10 has the lowest
swelling index, which can be considered as a result of
enhancement in interfacial adhesion and the optimum
mixing condition that the sample was prepared. This
can only be attributed to the morphology of the clay
layers in this sample; therefore, the dispersion of
Cloisite 30B within polymeric matrix was examined
by XRD, TEM and SEM.

X-Ray diffraction was performed at room 
temperature to investigate the dispersion of nanoclay
layers in the polymer matrix. X-Ray diffraction 
patterns of the original organoclay, the sample 
prepared with optimum processing condition and
sample No. 1 as a typical for bad-conditioned sample
are illustrated in Figure 3. The organoclay's main peak
is located at 2θ = 4.8544° corresponding to d001 =
18.189 A.

The diffraction patterns of sample No. 1 show two
peaks at 2θ of 1.9214° and 4.8544° corresponding to
d-spacing of 45.954 A and 18.189 A, respectively. It
can be seen that in the XRD peaks, the first peak was
shifted to lower angles compared to the original 
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Experiment 
no.

Mixing temperature 
(°C)

Mixing time 
(min)

Rotor speed
(rpm)

Estimated value 
(TS)

Experimental value
(TS)

Deviation
(%)

10 160
(Level 3)

6
(Level 1)

50
(Level 2)

7.408 7.3 1.4

Table 7. Optimum conditions and performance (estimated and experimental results).

 

° °

°



Figure 3. X-Ray diffraction profiles for (a) Cloisite 30B, (b)
sample No. 1 and (c) sample No. 10.

clay, suggesting that an intercalated morphology is
dominant in the samples. The second peak occurred
in the exact place of the characteristic peak of Cloisite
30B which is evident of some silicate layers 
without any increase in d-spacing. On the other hand,
there was no characteristic peak in the XRD pattern
of the optimum-conditioned sample. These results 
suggest that the nanoclay layers tend to disperse into
the polymeric phase in the sample. Silicate layers of
nanocomposite were not stacked regularly and an 

Figure 4. TEM Photographs of nanocomposite samples:
(a) No. 1 and (b) No. 10.

exfoliated morphology is successfully obtained. It
was reported that penetration is related to the polar
nature of Cloisite 30B which facilitates the existence
of such interactions between nanoclay layers and
NBR chains [23].

Figure 4 shows the TEM images of the sample 
prepared with the optimum conditions (sample No.
10) and sample No. 1 as a typical for bad-conditioned
sample in which the dark lines are the cross-section of
silicate layers, the lighter areas belong to PVC region
and the lightest areas are related to NBR region. It is

Figure 5. SEM Photographs of nanocomposite samples:
(a) No. 1 and (b) No. 10 (mag.: 1000 kx).
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concluded from the figure that some silicate layers are
dispersed at few layers gathering in tactoids in sample
No. 1; whereas, in sample No. 10 the silicate layers
are exfoliated and homogeneously dispersed in
nanometer scale. Therefore, TEM micrographs which
are quite consistent with XRD result would indicate
that a high level of dispersion of nanoclay layers is
obtained in an optimum-conditioned sample.

It is now widely accepted that roughness of the
fractured surface plays a crucial role in interactions
between two materials. Figure 5 shows SEM 
photographs of two nanocomposite samples (No. 1
and No. 10). The SEM results support the TEM result
which indicates that there is greater interaction
between nanoclay and polymer chains in sample No.
10 compared to sample No. 1.

The effects of mixing condition on the dynamic
properties were studied in the temperature range of 
-80°C to 100°C and the result is shown in Figure 6.
The nanocomposite obtained at optimum mixing 
condition (sample No. 10) exhibits a higher storage
modulus than the typical bad-conditioned sample
such as No. 1.

Two characteristics of miscible polymers are 
one-step storage modulus versus temperature curve
and one-peak loss modulus versus temperature. The
miscibility nature of nanocomposites was observed
for both samples No. 1 and No. 10 shown in Figures
6 and 7. A higher Tg peak can also be observed for the
optimum-conditioned sample from the figure. The
phenomena can be attributed to the higher interactions
between organoclay layers and NBR/PVC chains;
thus, it is highlighting a good reinforcing efficiency of
mixing process. The introduction of these interactions
hinders the flow characteristics of the nanocomposites 

Figure 6. Storage modulus of NBR/PVC nanocomposites
derived from DMA at broad temperature scan: (a) sample
No. 1 and (b) sample No. 10.

Figure 7. Loss modulus of NBR/PVC nanocomposites
derived from DMA at broad temperature scan: (a) sample
No. 1 and (b) sample No. 10.

and slows down the molecular motion of polymers,
hence, decreases the magnitude of intensity in loss
modulus of the samples. Rheological properties of
nanocomposites are sensitive to the surface character-
istics and the state of the dispersed phase. In general,
rheometry can be considered as a powerful tool for
characterizing the state of dispersion of organoclay
[24]. Rheological measurements have been carried
out at 160°C to determine the linear viscoelastic
region. Figure 8 represents typical response of the
storage modulus as a function of strain amplitude for
samples No. 1 and No. 10. Similar trends are observed
for the loss modulus (not shown here). According to
that figure the optimum-conditioned sample (sample
No. 10) shows higher storage modulus compared to a
bad-conditioned sample.

Since the concentration of organoclay in the
nanocomposites samples is the same (5% by weight),
the increase in the storage modulus of NBR/
PVC/Cloisite 30B can be attributed to the difference
in the state of dispersion. This observation is in agree-
ment with TEM result and can be related to higher 

Figure 8. Storage modulus as a function of strain at 1 Hz:
(a) sample No. 1 and (b) sample No. 10.
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Figure 9. Storage modulus, G', and complex viscosity, |η*|,
of PVC/NBR/Cloisite 30B: (a) sample No. 1 and (b) sample
No. 10.

intermolecular interactions and more restricted
molecular movements.

Figure 9 shows the storage modulus (G') and the
complex viscosity (|η*|) versus frequency for the
nanocomposite samples. It is found that at low 
frequency, sufficient distribution of nanoclay layers is
the reason of high storage modulus and complex 
viscosity in sample No. 10 in comparison with sample
No. 1. Therefore, it is reasonable to claim that the
state of exfoliated silicate layers affects the storage
modulus and complex viscosity of nanocomposite.

CONCLUSION

In this study, Taguchi method was applied to 
investigate the significance of processing parameters
and their interactions over the mechanical properties
of NBR/PVC nanocomposites with 5% (by weight)
nanoclay loading.

The results showed that mixing temperature 
was the most significant factor with percentage 
contribution of 77.8% and the most appropriate 
mixing temperature was 160°C. The second 
significant factor was rotor speed and its percentage
contribution on tensile strength was 8.3% and the best
level for rotor speed was 50 rpm. Finally, the third 
significant factor that contributes 5.9% for the
improvement of tensile strength was mixing time. It
was illustrated that the best level for mixing time was
6 min.

Additionally, among the interactions, mixing time
versus rotor speed was the most significant one with
severity index (SI) of 59.09%. The interaction
between mixing temperature and mixing time showed

the SI of 27.27% and determined as the second signif-
icant interaction. The third significant interaction,
mixing temperature versus rotor speed, had the SI of
13.63%.

The optimum-conditioned sample which was 
suggested by ANOVA method was prepared and the
experimental data were compared with theoretical
data. The improved mechanical and rheological 
properties of the sample were evidenced by higher
tensile strength, storage modulus, maximum peak in
loss modulus versus temperature curve and complex
viscosity and lower swelling index. TEM confirmed
that an exfoliated morphology was obtained for the
optimum-conditioned sample. Analyzing surface
morphology by SEM indicated high interactions
between the clay layers and polymer chains. The high
dispersion of nanoclay layers was evidenced by high
interlayer distance obtained from XRD results.  From
the above discussions, we can conclude that the
Taguchi method can be used for estimating the 
properties of NBR/PVC nanocomposites and its result
is in agreement with the experimental data.
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