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ABSTRACT: Response surface method of experimental
design was applied to optimize the mechanical properties
of polypropylene (PP)/nanoclay/CaCO3 hybrid ternary
nanocomposite using three different levels of melt flow
index (MFI) of PP, nanoclay, and CaCO3 contents. The sam-
ples were prepared by melt mixing in a lab scale corotating
twin screw extruder. The main effect of each parameter on
the tensile modulus, tensile strength, and impact strength
was extensively discussed. The structure of obtained nano-
composite was studied using X-ray diffraction (XRD),
atomic force microscopy (AFM), and scanning electron mi-
croscopy (SEM) techniques. Tensile modulus and impact re-

sistance of prepared ternary nanocomposite were correlated
to considered parameters using a second-order polynomial
model. Also, the optimum values of studied variables were
determined using contour plots. The obtained results show
that increasing the nanoclay and CaCO3 contents improve
the tensile modulus up to 45%, whereas the optimum value
of impact strength, about 54%, is achieved at low concentra-
tions of nanoclay (2 wt %) and CaCO3 (8 wt %). VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 122: 3188–3200, 2011
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INTRODUCTION

Polypropylene (PP) is one of the mainly used poly-
mers in different areas such as automobile, house-
hold goods, packaging, and textile industries
because of their attractive properties such as good
performance, ease of processability, and low cost.
However, several weaknesses of PP including low
stiffness, low toughness, and low service tempera-
ture limit its application. Therefore, there is much fo-
cusing on the PP-based nanocomposites to improve
their mechanical and thermal properties.

Nanoclay is a commonly used nanofiller in poly-
mer nanocomposites causing a major improvement
in the mechanical, thermal, and barrier properties
relatively at low content.1–4 To increase interaction
between nanoclay and PP, compatibilizer or surface
modification of nanoparticles is applied. The maleic
anhydride grafted polypropylene (PPgMA) has been
used as a compatibilizer to enhance the adhesion
between nanoclay and PP matrix and promote the
intercalated/exfoliated structure.5,6

Calcium carbonate (CaCO3) is also usual filler
developing the mechanical properties of polymers,
especially the toughness due to the distinct growth

in the interfacial area between the filler and the ma-
trix.7–9 When CaCO3 nanoparticles are added to the
polymer matrix, agglomeration of nanoparticles
occurs owing to high surface energy. Therefore,
treatment of CaCO3 nanoparticles is performed
applying stearic acid or titane coupling agent to
increase the interface adhesion between nanopar-
ticles and matrix resulting to good dispersion of
CaCO3 nanoparticles in polymer matrix.10,11

Recently, it has been shown that the presence of
two nanofillers affects the overall properties of ter-
nary nanocomposite.12–14 This approach creates very
exceptional features in behavior study of nanocom-
posite. Chen et al.12 have found that coexistence of
nanoclay and nano-CaCO3 at low loading improved
the tensile modulus of PP but reduced the impact
strength. Tang et al.13 also studied the PP/montmo-
rillonite/CaCO3 ternary nanocomposite and con-
cluded that the ternary nanocomposite has better
mechanical and thermal properties in comparison
with binary nanocomposites.
In the recent years, response surface methodology

has been applied successfully for optimization of
various parameters.15–18 The advantage of this
method is reduction of the total number of experi-
ments, whereas mutual influences of many variables
are investigated. Generally, response surface method
facilitates the obtaining an overview of the influen-
tial parameters. This method is briefly explained in
the next section.
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Response surface methodology

Response surface methodology is a collection of
mathematical and statistical techniques useful for
modeling and analysis of problems in which a
response of interest is affected by several parame-
ters. The objective is to determine optimal conditions
for the factors that have the most influence on the
results of interest.

The most extensive applications of this method
are in the particular situations where several input
variables potentially influence some performance
measures of the process. The performance measure
is called the response. The input variables are some-
times called independent variables, and they are
subject to the control of the experimenter. The field
of response surface methodology consists of the ex-
perimental strategy for exploring the space of the
process or independent variables, empirical statisti-
cal modeling to develop an appropriate approximat-
ing relationship between the yield and the process
variables, and optimization methods for finding the
values of the process variables that produce desira-
ble values of the response.19,20 The second-order
model is extensively used in response surface meth-
odology given by:

Y ¼ b0 þ
Xk

i¼1

bixi þ
Xk

i¼1

biix
2
i þ

X Xk

i<j�2

bijxixj þ e (1)

where bii is the curvature term of independent varia-
bles, bij is the interaction coefficient between varia-
bles xi and xj, k is the number of factors, and e
shows the random error in Y. The correlation
between the response and the variables is visualized
by this model to compare the influence of the pa-
rameters and to predict the results for other values
of variables.

Box Behnken system has been used in the current
study to design the experiments. The designs are
produced by combination of two-level factorial
designs. In the current work, melt flow index (MFI)
of PP, nanoclay, and CaCO3 contents was considered
as three variables presented in Table I. Response
surface method produces 15 experiments that formu-
lation designs are shown in Table II. The samples
are represented as PPn/x/y, where n is MFI of PP
matrix, x is the weight percent of nanoclay, and y is
the weight percent of CaCO3.

This method designs excess formulations in the
average levels of all parameters to minimize the
operational errors, sufficiently.19 Therefore, PP10/4/
14 sample is repeated three times in Table II.
In this article, response surface methodology was

used to optimize the material parameters including
MFI of PP, nanoclay, and CaCO3 contents to pro-
duce PP/nanoclay/CaCO3 ternary nanocomposite
presenting high tensile modulus, tensile, and impact
strength.

EXPERIMENTAL

Materials

Three grades of mono-dispersed PP homopolymer
were used in this study. PP4 (Turkmen plast
TNGIZT, MFI ¼ 4 g/10 min, 230�C, 2.16 kg) was
supplied from Turkmen bashi refinery, Turkmeni-
stan, PP10 (ZH500, MFI ¼ 10 g/10 min, 230�C, 2.16
kg) was received from Navid Zar Shimi Petrochemi-
cal Company, Iran, and PP16 (VCS, MFI ¼ 16 g/10
min, 230�C, 2.16 kg) was provided from Marun Pe-
trochemical Company, Iran. Montmorillonite clay
modified with a quaternary ammonium salt (Cloisi-
te20A) was received from Southern Clay Products
(Singapore). The received clay (montmorillonite) par-
ticles are disk-like stacks of silicate layers, 1 nm
thick, and varying in diameter from 100 nm to sev-
eral microns. The layer spacing (d-spacing) also is
about 2.51 nm. PPgMA PB3150 (MFI ¼ 20 g/10 min,
230�C, 2.16 kg) with 0.5 wt % of maleic anhydride
was supplied by Crompton Corp. (Singapore) and
precipitated CaCO3 (SOCAL312) was purchased
from Solvay (Shanghai, China). The CaCO3 nanopar-
ticles are coated with an organic layer of stearic acid
and have the average particle size of 70 nm.

TABLE I
Levels of Studied Variables

Variables Level 1 Level 2 Level 3

x1, MFI of PP (g/10 min) 4 10 16
x2, Nanoclay content (wt %) 2 4 6
x3, CaCO3 content (wt %) 8 14 20

TABLE II
Formulations of Samples According to Response

Surface Methodology

Name MFI of PP
Nanoclay
(wt %)

CaCO3

(wt %)

PP10/2/20 10 2 20
PP10/2/8 10 2 8
PP10/6/20 10 6 20
PP10/6/8 10 6 8
PP16/4/8 16 4 8
PP4/2/14 4 2 14
PP4/4/20 4 4 20
PP10/4/14 10 4 14
PP10/4/14 10 4 14
PP16/2/14 16 2 14
PP16/4/20 16 4 20
PP16/6/14 16 6 14
PP10/4/14 10 4 14
PP4/6/14 4 6 14
PP4/4/8 4 4 8
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Preparation of ternary nanocomposite

First, all materials were dried at 80�C for 10 h.
According to the designed formulations, the materi-
als were dry-mixed. The content of PPgMA was con-
sidered equally to nanoclay concentration in all sam-
ples. The melt mixing was carried out using a lab
scale corotating twin screw extruder, Brabender TSE
20/40D (D ¼ 20 mm, L/D ¼ 40). The screw speed
was kept at 250 rpm, and the feeding rate was main-
tained at 3 kg/h. The temperature profile was set at
210, 215, 220, 225, and 230�C from hopper to die,
respectively. The injection molding of extruded sam-
ples was performed using a MonoMat 80 injection
molding machine at melt temperature of 245�C and
mold temperature of 80�C.

Characterization

The tensile test was performed according to ASTM
D638 using a Z050, Zwick at crosshead speed of 50
mm/min. Reported values are average of at least 5
measurements. Notched charpy impact test was con-
ducted at room temperature by means of an impact
tester (Rezilimpactor, Ceast) with pendulum energy
of 1 J. At least 10 specimens for each sample were
tested. X-ray diffraction (XRD) scans were obtained
with a Philips powder diffractometer (model XL30)
to study the spacing of nanoclay interlayer and its
intensity in prepared nanocomposite. Scanning elec-

tron microscopy (SEM) was carried out on a Philips
XL30S at 16.0 kV to study dispersion of nanopar-
ticles in polymer matrix. Atomic force microscopy
(AFM) analysis was performed using a Universal
Scanning Probe Microscopy (C26, DME, Denmark).
Si cantilevers with a spring constant of 40N/m were
used, and both height and phase images were
obtained simultaneously.

RESULTS AND DISCUSSION

Mechanical properties

The mechanical properties of three samples of neat
PP are shown in Table III. To better comparing of
results, the normalized mechanical properties
(obtained result for nanocomposite sample/same
result for neat PPn) are presented in Table IV.
The values of coefficients for tensile modulus and

impact strength are presented in Table V. The
improvement of tensile modulus is observed in all
samples attributed to reinforcing effect of nanoclay
and CaCO3. The maximum enhancement of tensile
modulus occurs in PP4/6/14 sample (45%) and fur-
thermore, the minimum improvement is observed in
PP16/4/8 sample by 12%. The improvement of ten-
sile strength is minor, and the maximum enhance-
ment is observed in PP4/6/14 sample by 9%. On
other hand, the ultimate reduction of tensile strength
is obtained for PP10/6/20 sample by 14%.

TABLE III
Mechanical Properties of Neat PP Samples

Name
Tensile modulus

(GPa)
Tensile strength

(MPa)
Impact strength

(kJ/m2)
Fracture
energy (J)

PP4 1.75 6 0.09 37.2 6 1.14 3.9 6 0.25 14.5 6 0.91
PP10 2.17 6 0.12 40 6 1.28 2.5 6 0.21 7.22 6 0.82
PP16 1.85 6 0.08 37.1 6 1.02 3.15 6 0.28 8.4 6 0.73

TABLE IV
Normalized Results of Mechanical Tests (Normalized Result 5 Obtained Result for

Nanocomposite Sample/Same Result for Neat PPn)

Name Tensile modulus Tensile strength Impact strength Fracture energy

PP10/2/20 1.24 6 0.02 0.92 6 0.01 1.3 6 0.04 0.48 6 0.02
PP10/2/8 1.14 6 0.01 0.98 6 0.02 1.54 6 0.01 0.54 6 0.03
PP10/6/20 1.14 6 0.02 0.86 6 0.03 1.16 6 0.02 0.28 6 0.02
PP10/6/8 1.25 6 0.03 0.96 6 0.04 1.29 6 0.03 0.53 6 0.01
PP16/4/8 1.12 6 0.01 0.94 6 0.02 0.95 6 0.02 0.4 6 0.01
PP4/2/14 1.2 6 0.02 0.99 6 0.01 1.21 6 0.03 0.55 6 0.01
PP4/4/20 1.4 6 0.01 0.97 6 0.02 0.97 6 0.02 0.38 6 0.03
PP10/4/14 1.15 6 0.02 0.95 6 0.03 1.24 6 0.01 0.42 6 0.02
PP10/4/14 1.17 6 0.03 0.98 6 0.02 1.27 6 0.02 0.45 6 0.03
PP16/2/14 1.25 6 0.02 1 6 0.03 1.06 6 0.04 0.41 6 0.02
PP16/4/20 1.34 6 0.04 0.96 6 0.04 0.92 6 0.01 0.29 6 0.02
PP16/6/14 1.27 6 0.02 1.02 6 0.01 0.94 6 0.02 0.29 6 0.03
PP10/4/14 1.13 6 0.04 0.98 6 0.02 1.22 6 0.04 0.4 6 0.02
PP4/6/14 1.45 6 0.01 1.09 6 0.01 0.83 6 0.02 0.37 6 0.01
PP4/4/8 1.17 6 0.01 1.02 6 0.02 1.26 6 0.04 0.82 6 0.03

3190 ZARE ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



The enhancement of impact strength is observed in
PP10/2/8 sample by 54%, whereas the maximum
reduction of 27% is obtained for PP4/6/14 sample.
The influence of each variable on the mechanical
properties is individually discussed in the next
section.

Effect of MFI of PP

The main effect plots of MFI of PP on the tensile
modulus, tensile, and impact strength are presented
in Figure 1. Main effect plots show the average val-

ues of response at the various levels of other factors.
These plots indicate the influence of each parameter
on the responses.
The high improvement of tensile modulus (about

31%) is found for samples using the lowest MFI of
PP (MFI ¼ 4 g/10 min). The tensile modulus
decrease as MFI increase, and the highest reduction
is observed in the samples produced with PP MFI of
10 g/10 min. However, by increasing the MFI of PP
matrix, tensile modulus improves slightly. As shown
in Figure 1(a), a significant effect of MFI of PP ma-
trix on tensile modulus is observed. There is a

Figure 1 Main effect plots: effect of MFI of PP on (a) tensile modulus, (b) tensile strength, and (c) impact strength.

TABLE V
Coefficient Estimates and P Values for Tensile Modulus and Impact

Strength Models

Term

Tensile modulus Impact strength

Estimate P Estimate P

Constant (b0) 1.150 0.000 1.243 0.000
MFI of PP (b1) �0.030 0.362 �0.050 0.054
Nanoclay content (b2) 0.035 0.294 �0.111 0.003
CaCO3 content (b3) 0.055 0.125 0.086 0.088
MFI of PP � MFI of PP (b11) 0.104 0.065 �0.264 0.001
Nanoclay content � nanoclay content (b22) 0.039 0.419 0.032 0.324
CaCO3 content � CaCO3 content (b33) 0.004 0.935 0.047 0.169
MFI of PP � Nanoclay content (b12) 0.058 0.232 0.065 0.069
MFI of PP � CaCO3 content (b13) 0.003 0.955 0.065 0.069
Nanoclay content � CaCO3 content (b23) 0.053 0.269 0.028 0.037
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combination of high shear stress and appropriate
molecular diffusion to achieve good dispersion of
nanofillers during the melt mixing of nanocompo-
sites as reported in the literature.12,21–23 High shear
stress is needed to break up nanoclay and CaCO3

clusters and to prevent agglomeration due to high
surface energy of nanoparticles. This purpose is sat-
isfied using low MFI of polymer matrix or high ma-
trix viscosity. The lack of enough shear stress causes
nonuniform dispersion of nanofillers and creates
defects in nanocomposite resulting in poor mechani-
cal properties. Using low MFI of PP causes more
dispersion of nanoparticles in ternary nanocomposite
leading to higher improvement in the tensile modu-
lus. Figure 1(b) shows that the tensile strength varia-
tions of prepared nanocomposites with MFI of PP
are negligible. The best result of tensile strength is
observed for samples using low MFI of PP.

Figure 1(c) indicates that the trend of the impact
strength is inversely related to the tensile modulus.
The highest impact strength (30%) is obtained for sam-
ples including medium MFI of PP. The reduction of
impact strength is substantial for samples using higher
MFI of PP. The low shear stress attributed to the higher
MFI of matrix cause poor dispersion of nanoparticles
resulting to large clusters in the system. These clusters

act as stress concentration and introduce lower impact
resistance in ternary nanocomposite.

Effect of nanoclay content

During the melt processing, nanoclay particles are
broken to individual layers with large surface area
that interact with polymer matrix molecules effec-
tively producing much ability to load-carrying. The
enhancement of modulus even at low content of
nanoclay is very considerable.24–27 The effect of
nanoclay content on the tensile properties and
impact strength of prepared ternary nanocomposite
are presented in Figure 2. It is observed that the ten-
sile modulus increases when nanoclay content
increases. The high result of tensile modulus is
obtained in the higher level of nanoclay content (6
wt %), whereas the lowest improvement is observed
in the nanoclay content of 2 wt %. Furthermore,
minor enhancement of tensile strength is evident
with increasing of nanoclay concentration.
Also, there is a reverse correlation between nano-

clay content and impact strength as shown in Figure
2(c). However, the amount of reduction is negligible
due to the toughening effect of nano-CaCO3. The
incorporation of nanoclay in polymers often declines

Figure 2 Main effect plots: effect of nanoclay content on (a) tensile modulus, (b) tensile strength, and (c) impact strength.
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the impact strength.28,29 It is proposed that the lower
mobility of PP chains is due to the mechanical
involvement of chains with nanoclay layers leading
to lower impact resistance at higher nanoclay
contents.

Effect of CaCO3 content

CaCO3 nanoparticles enhance the tensile modulus of
the polymer matrix, however the intensity of
enhancement is lower compared with the nanoclay
due to lower surface area of CaCO3 nanoparticles.
The enhancement of tensile modulus occurs when
efficient adhesion is maintained between the poly-
mer and fillers. The effect of CaCO3 content on the
tensile properties and impact strength of hybrid
nanocomposite are presented in Figure 3. The
CaCO3 content has a noticeably positive influence on
the tensile modulus, whereas the tensile strength
demonstrates a different trend compared with ten-
sile modulus as shown in Figure 3(b). The tensile
strength shows a minor enhancement up to the
CaCO3 concentration of 15 wt %. By increasing the
level of CaCO3 to 20 wt %, a slight reduction of ten-
sile strength is observed. It is suggested that high

content of nanofillers limit the chain movement and
also decrease the adhesion at the interface leading to
reduced tensile strength. In addition to stiffening
effect of CaCO3 nanoparticles, they increase the melt
viscosity of the mixture causing more shear stress to
the nanoclay layers. The higher shear stress pro-
motes more individual nanoclay layers, i.e., greater
level of intercalation and exfoliation as verified pre-
viously.12,30 It is expected that when the amount of
CaCO3 increases, the dispersion of nanoclay may
enhance greatly. Chen et al.12 compared the level of
intercalation and exfoliation of PP/nanoclay binary
and PP/nanoclay/CaCO3 ternary nanocomposite.
They have found that the nanoclay exfoliation con-
tent in the PP/nanoclay/CaCO3 ternary nanocompo-
site is obviously much higher than that in PP/nano-
clay binary nanocomposite.
The reduction of impact strength with increasing

CaCO3 concentration is observed in Figure 3(c). In
binary nanocomposites, low content of CaCO3 nano-
particles promote various toughening mechanism
leading to higher impact resistance.8,31 The reduced
impact strength in ternary nanocomposite at higher
CaCO3 contents could be attributed to the attend-
ance of nanoclay and interaction between two

Figure 3 Main effect plots: effect of CaCO3 content on (a) tensile modulus, (b) tensile strength, and (c) impact strength.
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nanofillers. Furthermore, once the content of CaCO3

increases, the exfoliation level of nanoclay platelets
raises that causes restriction of molecular chains mo-
bility. In addition, in the presence of nanoclay layers,
good dispersion of high content of CaCO3 layers is
not occurred which weaken the nanocomposite.

The main effect plots show the different behavior
and the mean improvement level of tensile modulus,
tensile, and impact strength in the various levels of
parameters. The optimized and the worst levels of
parameters can be obtained by these plots for any
response. Also, contour plots show the contribution
of two factors to obtain the desirable results. The
contour plots will be presented later in this article.
In addition, response surface methodology cannot
suggest the optimized levels of parameters introduc-
ing the optimized condition of all responses simulta-
neously, because the influence of parameters on the
responses is different. For example, increasing of
nanoclay content in the prepared ternary nanocom-
posite improve the tensile modulus but decrease the

impact strength; therefore, the optimized levels of
nanoclay content for tensile modulus and impact
strength are 6 and 2 wt %, respectively.

Morphological properties

It is well known that the mechanical properties of
nanocomposites are directly related to their struc-
tures. The morphology of prepared ternary nano-
composite is studied using XRD, AFM, and SEM
analysis. XRD is a suitable method to study the
nanocomposite morphology. The nanoclay structure,
namely intercalated or exfoliated, may be deter-
mined by monitoring the shape, position, and inten-
sity of the basal reflections from the dispersed nano-
clay layers.32

XRD spectra of pristine nanoclay, PP4/4/8, and
PP16/4/8 samples are shown in Figure 4(a). One
peak is observed for pristine nanoclay in 2y ¼ 3.52�

relating to interlayer spacing of 2.51 nm. The gallery
spacing for PP4/4/8 and PP16/4/8 samples is 2.79

Figure 4 XRD patterns of (a) PP4/4/8 and PP16/4/8 and
(b) PP4/2/14 and PP4/6/14 samples.

Figure 5 XRD patterns of (a) PP10/6/8 and PP10/6/20
and (b) PP16/4/8 and PP16/4/20 samples.
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Figure 6 AFM images of PP4 sample: (a) phase and (b) topography images. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 7 AFM images: (a) phase and (b) topography images of PP4/4/8 and (c) phase and (d) topography images of
PP4/2/14 samples. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and 2.73 nm, respectively, indicating intercalated
structure of nanoclay layers in these samples. Also,
the amount of exfoliated layers in nanocomposite is
inversely related to the intensity of XRD peak.32

Mainly, peak intensity in the PP4/4/8 and PP16/4/
8 samples decreases, demonstrating a partially exfo-
liation of nanoclay layers. Therefore, the interca-
lated/exfoliated morphology for PP4/4/8 and
PP16/4/8 samples is observed. XRD patterns of
PP4/2/14 and PP4/6/14 samples are also shown in
Figure 4(b). For PP4/6/14 sample, an intercalated/
exfoliated structure is depicted, but in PP4/2/14
sample, nanoclay layers were completely exfoliated
in PP matrix.

To further analyze of the effect of CaCO3 content
on the nanoclay structure in ternary nanocomposite,
XRD patterns of PP10/6/8 and PP10/6/20 samples
are shown in Figure 5(a). The interlayer spacing of
nanoclay galleries is 2.54 and 2.63 nm for PP10/6/8
and PP10/6/20 samples, respectively. The peak in-
tensity of PP10/6/20 sample is lower than that of
PP10/6/8 sample indicating that more nanoclay
layers have been exfoliated in the higher CaCO3 con-

centration. Also, XRD patterns of PP16/4/8 and
PP16/4/20 samples are shown in Figure 5(b). It can
be seen that the peak intensity of PP16/4/20 sample
is lower than that of PP16/4/8 sample showing the
more partially exfoliation of nanoclay layers in high
CaCO3 content. Further morphological characteriza-
tion of prepared samples is presented employing
AFM and SEM techniques.
Recently, AFM has received intense attention in

the study of nanocomposites morphology because of
atomic resolution scale it has.33–37 However, the
studies of lamellar structures should be executed by
the high-resolution experimental probes, which can
image at the nanometer scale. In AFM images, it is
so important to note that any changes in phase
images (darker or lighter areas) would not indicate
to the variation in the nature of the material because
variations in the height of the sample surface can
show some darker or lighter area in the phase
images.
Figure 6 observes the AFM images of PP4 sample.

The phase and topography images of PP4 have a
perfect uniform surface confirming the presence of

Figure 8 SEM micrographs of (a) PP4/2/14, (b) PP10/2/20, (c) PP10/2/8, and (d) PP10/4/14 samples.
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one phase in the sample. Figure 7 illustrates the
phase and topography images of PP4/4/8 and PP4/
2/14 samples. The darker streaks in the phase image
of PP4/4/8 and PP4/2/14 samples show the par-
tially exfoliated nanoclay in PP matrix, whereas the
darker spots with higher size can show the dis-
persed CaCO3 nanoparticles. The thicker darker
areas in the phase image of PP4/4/8 can show the
clusters of nanoparticles in the PP matrix. It is not-
ing that the rotation of exfoliated nanoclay layers in
the PP matrix should be considered. Also, the
thicker area may be the intercalated nanoclay in the
PP matrix. If the phase image of PP4/2/14 sample is
taken into account, the thicker darker area is
observed slightly. As mentioned before, XRD pat-
terns indicated no intercalated structure of nanoclay
in the PP4/2/14 sample, but mixed intercalated/
exfoliated nanoclay was shown in the PP4/4/8
sample.

Further evaluation of morphological properties is
performed using SEM micrographs. Figure 8 illus-
trates SEM micrographs of PP4/2/14, PP10/2/20,
PP10/2/8, and PP10/4/14 samples. The homogene-

ously dispersed nanoparticles (nanoclay and CaCO3)
are observed within the PP matrix in the SEM micro-
graphs. The smooth surface of the SEM images
shows that any agglomeration of nanoparticles spe-
cifically CaCO3 clusters is not found in the samples.
The good dispersion of nanoparticles in the polymer
matrix is not an easy work because nanoparticles
have a tendency to aggregation due to high surface
energy. This dispersion indicates to high-quality
interface adhesion between PP and nanofillers.
It was discussed before that low MFI of PP indu-

ces high shear stress to melt mixture in the extruder
leading to well exfoliation of nanoclay with homoge-
neous dispersion of CaCO3 nanoparticles in PP ma-
trix. The XRD, AFM, and SEM images show the
mixed exfoliated/intercalated morphology of nano-
clay layers in many samples as well as the disper-
sion of CaCO3 nanoparticles in the PP matrix.

Response function

By fitting a cubic response surface model as a func-
tion of MFI of PP, nanoclay, and CaCO3

Figure 9 The contour plots of tensile modulus. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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concentrations, the response function can be pre-
sented as:

Y ¼ b0 þ b1x1 þ b2x2 þ b3x3 þ b11x
2
1 þ b22x

2
2

þ b33x
2
3 þ b12x1x2 þ b13x1x3 þ b23x2x3 ð2Þ

The values of coefficients for tensile modulus and
impact strength are presented in Table IV. The R-
square value for model of tensile modulus is about
87% showing that the presented model can explain
87% of the variability in the tensile modulus over
parameter domain. Also, the P-values illustrating the
pure quadratic coefficient approximation or a mea-
sure of the statistical importance show that CaCO3

content term could has the most significant effect
in this model. Moreover, the P-value for lack of fit
(adequacy of fitted model) is 0.074 suggesting this
model adequately fits the tensile modulus results. In
addition, the R-square value for impact strength
function is about 77%. The P-value for lack of fit in
impact strength model is 0.092 suggesting the high
adequacy of fitted model with impact strength data.

Contour plots

The contour plots are useful for creation of desirable
response. They show the contribution of two factors
simultaneously, and another factor is kept at its av-
erage level.
Figure 9(a) shows the contour plot of tensile modu-

lus as a function of MFI of PP and nanoclay content
in the CaCO3 content of 14 wt %. It is observed that
higher than 38% improvement of the tensile modulus
can be obtained using low MFI of PP and nanoclay
content of about 6 wt %. Figure 9(b) illustrates that
the best results of tensile modulus are achieved in the
nanoclay content of 3–4.5 wt % and CaCO3 content of
20 wt % as well as in the highest level of nanoclay
content (6 wt %), and CaCO3 content of 10–16 wt %.
Figure 9(c) shows that to prepare the PP/nanoclay/
CaCO3 ternary nanocomposite with maximum tensile
modulus, lower and higher MFI of PP (4 or 16 g/10
min) and CaCO3 content of about 18–20 wt % in the
nanoclay content of 4 wt % should be used.
Figure 10 shows the contour plots of tensile

strength. As observed in Figure 10(a), the best

Figure 10 The contour plots of tensile strength. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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improvement of tensile strength can be obtained in
the lowest and the highest MFI of PP (4 or 16 g/10
min) and nanoclay content of about 6 wt % in the
CaCO3 content of 14 wt %. Figure 10(b) indicates
that to maximize the tensile strength, higher nano-
clay content (6 wt %) and average levels of CaCO3

(12–14 wt %) should be used. Figure 10(c) demon-
strates that the worst results of tensile strength are
achieved using MFI of PP about 8–12 g/10 min and
CaCO3 contents of 20 wt % in the nanoclay content
of 4 wt %.

The contour plots of impact strength are presented
in Figure 11. Figure 11(a) indicates that to obtain
compounds with the best impact results (higher than
40%), PP with MFI of about 8–11 g/10 min and
nanoclay content of 2 wt % are required. Figure
11(b) shows the effect of nanofiller contents on the
impact strength at medium level of MFI of PP (10
g/10 min). To maximize the improvement of impact
strength, the lowest level of nanoclay and CaCO3

contents should be used. Figure 11(c) also indicated
that the highest improvement of impact strength is

obtained in the CaCO3 content of 8 wt % using MFI
of PP, over a range of 7–10 g/10 min.

CONCLUSIONS

Response surface methodology was used to study
the effect of three parameters including MFI of PP,
nanoclay, and CaCO3 contents on the mechanical
properties of PP/nanoclay/CaCO3 nanocomposite.
The optimized and the minimum contributions of
variables on the tensile modulus and impact
strength were determined using contour plots. The
results show that the most improvements of tensile
modulus and impact strength are obtained in the
low and medium levels of MFI, respectively. The
addition of nanoclay and CaCO3 has a positive effect
on the tensile modulus and low influence on tensile
strength but decrease the impact strength. Although
the addition of CaCO3 promotes many toughening
mechanisms in binary nanocomposites, but in the
case of prepared PP/nanoclay/CaCO3 ternary

Figure 11 The contour plots of impact strength. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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nanocomposite, the better result of impact strength
is observed at low level of CaCO3, because of acting
of CaCO3 large clusters as stress concentrators.

The best balanced mechanical properties between
15 designed formulations were obtained using me-
dium level of MFI of PP (10 g/10 min), 2 wt % of
nanoclay, and 8 wt % of CaCO3 in which 14%
improvement of tensile modulus and 54% enhance-
ment in the impact strength were achieved com-
pared with pure PP10. The XRD, AFM, and SEM
images demonstrate the mixed intercalation/exfolia-
tion morphology of nanoclay and the good disper-
sion of CaCO3 nanoparticles in the prepared ternary
nanocomposite.
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