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ABSTRACT: In this work, polypropylene/clay nanocom-
posites with 0.5, 1, 3, and 5 wt % of montmorillonite
(MMT) (unmodified clay) were prepared by intensive mix-
ing at 50 rpm and 10 min of mixing. For the highest clay
content (5 wt %), the initial materials or the processing
conditions were changed to study their independent effect.
On one hand, 10 wt % of PP-graft-MA (PP-g-MA) was
incorporated or MMT was replaced by organomodified
clays (C10A and C30B). On the other side, for the initial
system, the speed of rotation (100 and 150 rpm) and the
mixing time (5 and 15 min) were altered. In all cases, the
state of the clay inside the matrix (DRX), the degree of dis-
persion in the micro (SEM) and nano (TEM) scales, and
the rheological and mechanical properties were analyzed.
It was found that the stiffness increased with clay content,

whereas tensile and impact strength did not significantly
change. Although intercalated structures were observed in
the composites with unmodified clay, in the composites
with modified clay or PP-g-MA, improved dispersion of
clay in PP was found. The mechanical properties increased
accordingly. The degree of dispersion of the filler in
the matrix appeared to be unaffected by the changes in
the processing conditions introduced. Finally, the elastic
modulus was modeled by using an effective filler-para-
meter model based on Halpin–Tsai equations, which
also allowed estimating the relative degree of dispersion.
VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci 111: 768–778, 2009
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INTRODUCTION

Polypropylene (PP) is a useful commodity plastic
with good mechanical and barrier properties to
water. It is one of the most widely used polymeric
materials in large volume. However, its applications
are limited because of its poor barrier properties to
oxygen, as well as it has the disadvantage of being
quite brittle at room temperature and exhibiting
poor resistance to crack propagation.1 To compete
with engineering plastics, the incorporation of fillers
or reinforcements to PP is often required. In particu-
lar, reinforcing this polymer with nanoclays in the
adequate conditions can lead to nanomaterials with
improved mechanical, thermal, and barrier proper-
ties as well as with higher dimensional stability.2

After clay or montmorillonite (MMT) is incorpo-
rated to a polymer, it can achieve different states. If
clay layers remain unseparated, they are called tac-

toids. If a small amount of polymer moves into the
gallery spacing between clay platelets causing less
than 20–30 Å separation between them, the clay is
said to be intercalated. If the polymer separates the
clay platelets by 80–100 Å or more, exfoliation or
delamination is obtained. To achieve the best com-
posite performance, a material with delaminated pla-
telets homogeneously distributed in the polymer is
often required.3

It is well established in the literature3 that the
degree of delamination and the dispersion of MMT
platelets in the matrix are not only greatly affected
by the chemistry of the clay surface but also by the
processing conditions.
PP has essentially nonpolar groups and, so that,

intercalation or exfoliation of silicates inside it is
very difficult. One possibility to improve the com-
patibility is to functionalize the polymer by the addi-
tion of functional oligomers as compatibilizers. In
such field, Usuki et al.4 have found a technique to
prepare PP nanocomposites using a functional
oligomer (PP-OH) with polar telechelic OH groups
as compatibilizer. In other studies,5–7 maleic anhy-
dride (MA)-grafted PP has been used. In both cases,
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the interaction between clay and PP has been
improved because of strong hydrogen bonding.
Another route to increase the compatibility between
PP and the filler is to modify the clay.

Many works on polymer-based nanocomposites
have been focused on the importance of chemical
modification of clay to improve the compatibility
between clay and polymer,5–7 whereas the impor-
tance of processing conditions have been only ana-
lyzed in very few articles.3

In the case of PP, there are a number of works in
the literature about the preparation of nanocompo-
sites via melt blending,8 which may be the most
appealing method for producing nanocomposites for
commercial use.3 Tidjani et al.9 have studied the
effect of oxygen on the preparation of PP-graft-MA
(PP-g-MA) nanocomposites. On the other side, Wang
et al.10 have determined the influence of the shear
stress on the clay dispersion in the case of clay proc-
essed by dynamic packing injection molding.

The influence of the processing conditions on the
properties of nanocomposites has been reported in
some works. Dennis et al.3 have analyzed polyamide
6 (PA6) nanocomposites showing that the properties
depend on the combination of the suitable chemical
modification of the clays and optimized processing
conditions. Incarnato et al.11 have also studied the
influence of the speed of screw rotation in the case
of extrusion for PA-based nanocomposites.

The aim of this work was to analyze the effect of
clay content, polymer/clay compatibility, and proc-
essing conditions on the mechanical properties of
PP/clay nanocomposites.

EXPERIMENTAL

Materials

Syndiotactic polypropylene, kindly supplied by Pet-
roquı́mica Cuyo, Argentina, was used as the matrix.
Some of its physical and mechanical properties are
shown in Table I. To improve the compatibility
between the PP matrix and clay, 10 wt % PP-g-MA
(Epolene E-43 wax, Eastman Chemical Company,
USA) was also added in the formulation of some
nanocomposites.

Three different commercially available clays (Cloi-
site Naþ (MMT), Cloisite 30BVVR (C30B), and Cloisite
10AVVR (C10A) purchased from Southern Clay Prod-

ucts, USA) were employed as nanofillers. They were
used as received. Their characteristics are shown in
Table II.

Nanocomposites preparation

A home-made intensive mixer was used for nano-
composites manufacture. It is a Brabender type in-
tensive mixer. It has an engine of 5 HP, two counter-
rotating rollers, a capacity of 300 cm3, a temperature
range from 30 to 300�C, a speed range from 10 to
300 rpm, and three thermocouples to sense the tem-
perature in the middle and in both walls of the
mixer. The processing temperature was set at 180�C.
The speed of rotation and the mixing time were ini-
tially 50 rpm and 10 min, respectively. Four MMT
contents: 0.5, 1, 3, and 5 wt % were used. After mix-
ing, 3-mm plaques were compression-molded in a
hydraulic press for 10 min at 180�C under a pressure
of 5 MPa.
Once the effect of clay content was studied, the

initial materials or the processing conditions were
changed to explore their independent effect.

Changes in the initial materials

Ten weight percent of PP-g-MA was incorporated in
the matrix of PP/MMT composites.
C10A or C30B were used as reinforcement instead

of unmodified MMT in the nanocomposites.

Changes in the processing conditions

Residence time: Two different mixing times, 5 and
15 min, were used.
Speed of rotation: Two different speeds, 100 and

150 rpm, were used.

TABLE I
Physical and Mechanical Properties of the Polypropylene

Matrix Giving by the Producer

Melt flow index (230�C/2.16 kg) 3.4 g/10 min
Young’s modulus 1.45 GPa
Melting point 166�C
Density 0.88–0.92 g/cm3

TABLE II
Characteristics of the Different Nanoclays Used

Clay Organic modifier

Modifier
concentration

(meq/100 g clay)

Specific
gravity
(g/cm3)

MMT None – 2.86

C30B 90 1.98

C10A 125 1.90

MECHANICAL PROPERTIES OF PP/CLAY NANOCOMPOSITES 769

Journal of Applied Polymer Science DOI 10.1002/app



Testing and characterization

Uniaxial tensile tests were carried out at room tem-
perature (23�C) in a Universal Testing Machine at
5 mm/min (Instron 4467) by following ASTM D
638M-93 standard recommendations. Dumbbell-
shaped specimens were used for these tests. Sample
dimensions were measured to an accuracy of
0.01 mm. Stress–strain curves were obtained from
these tests, and Young’s modulus, tensile strength,
and elongation at break values were determined
from these curves. At least five specimens were
tested, and the average values were reported.

Izod impact tests were also performed at room
temperature, in a falling weight Fractovis of Ceast at
1 m/s in according with ASTM D 256-93 standard
recommendations. The total energy required to frac-
ture the specimen, Etot, was obtained from the total
area under the load-displacement curve also normal-
ized by sample dimensions:

EIzod ¼ 1

b: W � að Þ
Z xtotal

0

F:dx (1)

where b and W are the thickness and the width of
the sample, respectively, and a is the crack length.

Wide angle X-ray scattering (WAXS) was con-
ducted at room temperature on a PW 1710 based
diffractometer equipped with CuKa generator (k
¼ 0.154 nm). Samples were scanned in 2y ranges
from 5� to 60� by a step of 0.035�. The interlayer dis-
tance was calculated from the (001) peak by using
the Bragg’s equation: nk ¼ 2d.sin(y).

The dispersion of clay on the microscopic scale
was examined by using a Philips Model JEOL JSM-
6460LV scanning electron microscope. Specimens
were fractured at cryogenic temperature in liquid
air. Then, they were sputter coated with a thin layer
of gold before they were observed.

A transmission electron microscope (TEM) JEOL
CX II using an acceleration voltage of 80 kV was
used to observe the dispersion of clay platelets
inside the polymer chains.

Differential scanning calorimetry (DSC) tests were
performed in a Shimadzu DSC-50 from 25 to 200�C
at a heating rate of 10�C/min under nitrogen (ASTM

D3417-83). The degree of crystallinity was calculated
from the following equation12:

Xcr %ð Þ ¼ DHf

wPP � DH100
� 100 (2)

where DHf is the experimental heat of fusion, wPP is
the PP weight fraction, and DH100 is the heat of
fusion of 100% crystalline PP, which has a value of
207.1 J/g.13

RESULTS AND DISCUSSION

Effect of clay content

As it was described in the Experimental section, the
nanocomposites used in the study for analyzing the
effect of clay content were obtained by mixing PP
and MMT for 10 min at 50 rpm. Table III shows the
tensile properties for PP and the nanocomposites as
a function of clay content. Neat matrix exhibited a
high value of Young’s modulus (1.43 � 0.07 GPa),
which can be related to the relatively high degree of
crystallinity (around 50%) observed (Table III). It is
also seen in Table III that while tensile strength and
Izod impact strength remained almost constant with
clay content, the modulus increased and the elonga-
tion at break decreased as a function of clay wt %.
The latter was the expected result from the incorpo-
ration of more rigid inorganic filler (clay) to PP.14

The lack of improvement of tensile strength and
impact toughness could be attributed to poor interfa-
cial adhesion between the PP matrix and unmodified
clay.
In addition, the general trend indicated that fur-

ther increase in clay content above 5 wt % would
not conduct to a significant change in the stiffness
probably as a result of the higher agglomeration of
clay for these higher clay contents as it will be
shown later.
It is also important to note that there exist several

factors that can influence the mechanical properties.
The degree of crystallinity would be one of these
factors. It could affect mechanical properties because
a higher fraction of crystals leads to an increase in

TABLE III
Effect of Clay Content on the Properties of PP/MMT Nanocomposites

Clay content
(wt %) ru (MPa) E (GPa) eb (%) Eizod (kJ/m) Xcr (%)

0 33.6 � 1.0 1.43 � 0.07 30.8 1.58 � 0.18 51.0
0.5 33.5 � 1.5 1.52 � 0.06 17.6 1.72 � 0.21 53.4
1.0 34.1 � 0.6 1.62 � 0.05 16.3 1.75 � 0.32 48.8
3.0 33.9 � 0.8 1.86 � 0.06 13.1 1.75 � 0.20 49.7
5.0 32.8 � 1.9 1.88 � 0.07 7.2 1.65 � 0.11 48.2
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the strength and stiffness of the material.15 However,
as it can be observed in Table III, the degree of crys-
tallinity of PP remained almost constant (50.2 � 2.1)
when clay was incorporated and also as a function
of clay content. Hence, the effect of crystallinity on
the mechanical properties could be passed up for
the nanocomposites studied in this work.

A critical parameter to achieve the best perform-
ance of our polymer/clay nanocomposites, provided
the incorporation of clay does not induce any
defects, seems to be the dispersion of clay in the PP
matrix as it will be demonstrated later.

To identify intercalated structures, X-ray diffrac-
tion analysis was used. In polymer/clay nanocom-
posites, the interlayer spacing can be determined
because of the repetitive multilayer structure. When
polymer chains are intercalated, the interlayer spac-
ing generally increases, shifting the diffraction peak
to lower angle. When the dispersion of clay becomes
higher, no more diffraction peaks are visible in the
X-ray diffractograms because of a large spacing
between the layers or because nanocomposites do
not present ordering anymore, i.e. exfoliation.
Besides these two structures, other intermediate
organizations can be present (showing both interca-
lation and exfoliation). In this case, a broadening of
the diffraction peak is often observed.8

Figure 1 shows the DRX patterns of the matrix,
clay, and two nanocomposites (with the lowest and
the highest clay content investigated). It is observed
in this figure that the position of d001 peak was
shifted to lower angles probably because of the
intercalation of the polymer chains between the clay
platelets (inside the galleries) but no evidence of
exfoliation could be found.

Figure 2 presents SEM micrographs for the matrix
and the nanocomposites with different clay content.
In the case of the matrix [Fig. 2(a)], the fracture sur-
face is typical of a brittle material, and this behavior
was not significantly changed by the presence of
clay. For low clay contents up to 1 wt % [Fig. 2(b,c)],
no clay aggregates were observed suggesting a good
dispersion of clay in the PP matrix. For higher clay
contents [Fig. 2(d,e)], on the other hand, some aggre-
gates were found. However, the distribution of these
structures seemed to be quite-uniform. The presence
of clay aggregates could be responsible for the lower
comparative increment in the Young’s modulus as
the clay content increased above 1 wt %, and the
expected trend that further increase in clay content
above 5 wt % would not conduct to a significant
change in the stiffness, as stated earlier.

Figure 3 presents TEM micrographs of nanocom-
posites with 0.5, 1, 3, and 5 wt % of clay. Consider-
ing that the dark are the silicate platelets, the
presence of unseparated MMT layers (i.e., tactoids)
is evident, and some areas where a small amount of

polymer moved into the gallery spacing between the
clay platelets are observed. They cause less than 2–
3 nm separation between the platelets and are known
as intercalated zones. It has been already reported by
Dennis et al.3 that when no compatibility exists
between clay and PP, tactoids or intercalants can be
obtained but only a partial exfoliation can occur.
Figure 4 shows the rheological properties (meas-

ured at 1 Hz) of PP and the nanocomposites with
different clay contents. When clay was incorporated
(0.5 wt %) both, the storage modulus and the melt
viscosity increased respect to the neat matrix in
agreement with expectations. It is also observed in
Figure 4 that once both parameters (modulus and
melt viscosity) reached a maximum value (around
1 wt % of clay), they decreased with clay content. It
is well known that the rheological properties of
nanocomposites are sensitive to the surface charac-
teristics and the state of dispersion of the second
phase.16 Therefore, the above behavior could be
attributed to the presence of agglomerates as well as
to the decrease of the polymer molecular weight
caused by the increased frictional shear forces of the
clays inside the polymer in the intensive mixer, for
higher clay contents.

Effect of the compatibility between clay and PP

The mechanical properties (tensile strength, Young’s
modulus, and impact strength) of nanocomposites
with 5 wt % of different clays (MMT, C10A, and
C30B) are shown in Figure 5(a–c). The effect of the
incorporation of 10 wt % of PP-g-MA to the matrix
was also included in these figures.
As it was mentioned earlier, for our nanocompo-

sites, the degree of crystallinity remained almost
constant (around 50%); hence, this parameter was

Figure 1 DRX patterns of the matrix, clay, and two nano-
composites with 0.5 and 5 wt % of MMT.
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not expected to have any influence on the results
presented here.

It can be observed in Figure 5(a,b) that the incor-
poration of organomodified clay (C10A and C30B)
into PP led to nanocomposites with slightly better

tensile strength and stiffness in comparison to the
nanocomposites with unmodified clay. On the other
side, modification of PP with 10 wt % PP-g-MA did
not lead to a significant improvement in tensile
properties with respect to the nanocomposite with

Figure 2 SEM micrographs for: (a) PP; (b) PP þ 0.5 wt % of clay; (c) PP þ 1 wt % of clay; (d) PP þ 3 wt % of clay; and
(e) PP þ 5 wt % of clay. (Magnification: �1000).
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neat PP. It is important to note that when PP-g-MA
nanocomposites were consider, the matrix was PP-g-
MA whose properties might be differ from those of
the neat PP, thus changing the reinforcement effect.

Nevertheless, the differences observed in tensile
properties were not relevant taking into account the
standard deviations of experimental values. Hence,
no important changes in the tensile properties as a
function of matrix/clay compatibility were found. A
possible reason for this behavior is that, despite of
the matrix/clay compatibility, in all cases, it was not
possible to achieve complete exfoliation of the clay
inside the polymeric matrix, and therefore reinforce-
ment effect was reduced.

However, impact toughness was significantly
improved as a result of either clay or matrix modifi-
cation [Fig. 5(c)], especially for the composites with
C10A clay. An enhancement of Izod impact tough-
ness in PP/clay nanocomposites has been attributed
in the literature2,17 to the presence of intercalated or
exfoliated clay layers able to hinder the crack path
caused by impact. Therefore, the stress can be dis-
persed by those layers having higher stiffness and
strength than the matrix, and hence increasing

impact strength. This effect has been reported to be
more significant for higher interaction between PP
and clay. This is the case of the nanocomposites
with C10A clay.18

Figure 6 shows the DRX spectra for unmodified
clay (MMT) and the organomodified clays, i.e., C30B

Figure 3 TEM micrographs for: (a) PP þ 0.5 wt % of clay; (b) PP þ 1 wt % of clay; (c) PP þ 3 wt % of clay; and (d) PP
þ 5 wt % of clay.

Figure 4 Rheological properties (G0 and g) of PP and
nanocomposites with different clay contents.
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and C10A (the d-spacing was also included in the
figure). It can be observed that in modified clays, the
d001 peak shifted to lower angles, corresponding to
an increase on the basal spacing of the clays by

exchange of interlayer sodium with ammonium cati-
ons. Again, the peak was not clear for the nanocom-
posites (not shown), suggesting the intercalation/
exfoliation of the polymer chains inside the galleries.
DRX patterns for PP-g-MA/PP/MMT nanocompo-

sites (not shown) exhibited the same behavior than
that of the PP/MMT nanocomposites. The interlayer
spacing could not be determined because of the
peak broadening. However, it should be noted that
there is a peak characteristic of interlayer spacing,
even it is small. The decrease in intensity and the
broadening of peaks could indicate that the stacks of
layered silicates became more disordered, while
maintaining a periodic distance. In addition, the
decrease in intensity could be the result of a partial
exfoliation of layered silicates.
Figure 7 shows TEM micrographs for the different

nanocomposites with modified matrix or filler. As it
can be observed in this figure, the dispersion of clay
nanoparticles in the PP matrix was clearly improved
by using modified clays, especially for the clay
C10A, which is the most hydrophobic and led to the
highest polymer-clay compatibility.18 The results of
tensile and impact properties were also in agreement
with this tendency (Fig. 5). The higher the compati-
bility and the better the dispersion of clay in PP, the
better will be the mechanical properties.
PP-g-MA/PP/MMT and especially PP/C10A

nanocomposites show a higher degree of disordered
structures and exfoliated layers than PP/MMT nano-
composites. It can also be observed how the struc-
ture of these nanocomposites is intermediate
between an intercalated and an exfoliated state, with
stacks of disordered layers of around 200 nm and
smaller aggregates containing between 2 and 10 clay
platelets. The compatibility between clay and the
matrix increased leading to a higher degree of
exfoliation.3

Figure 5 (a) Tensile strength; (b) Young’s modulus; and (c)
impact energy of nanocomposites with 5 wt % of MMT,
C10A, and C30B and influence of PP-g-MA incorporation.

Figure 6 DRX spectra for MMT, C30B, and C10A.
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Because of the low grafting percentage of PP-g-
MA, which is usually about 0.5–2%, a low content of
PP-g-MA is not expected to significantly improve
the compatibility between clay and PP. On the other
hand, the excess of PP-g-MA may lead to deteriora-
tion of the properties of the nanocomposite because
of the low molecular weight of the PP-g-MA. To
obtain effective intercalation, a high graft polymer/
organoclay ratio (3 : 1) is often needed5,19–21 but this
ratio significantly increases the cost of the finished
product. Furthermore, as the properties of the matrix
are substantially different from those of neat PP, the
analysis of the effects of the organoclay on the mate-
rial properties is very complex.

Effect of processing conditions

The effect of processing conditions on the morphol-
ogy and the mechanical properties of PP/MMT
nanocomposites was studied by changing the resi-
dence time or the speed of rotation in the mixer,
independently.

Figure 8 shows the effect of mixing time on the
mechanical properties of PP 5 wt % MMT nanocom-
posites. As it can be seen in this figure, no signifi-
cant differences among the nanocomposites obtained
at different mixing times were observed. In general,
the dispersion of the clay inside the PP matrix and
the degree of delamination could be improved by
increasing the residence time in the mixer. The latter
being a consequence of the diffusion of the polymer
chains into the clay galleries. However, delamination
would not have occurred in our nanocomposites as
a result of the incompatibility between unmodified
clay and PP, but only changes in the size of tactoits
or intercalants were expected.3

From the analysis of SEM micrographs (Figs. 3, 9),
it was determined that clay aggregates of similar
sizes were present irrespective of the mixing time
used. This result is in agreement with the results of
mechanical properties.
Another processing parameter analyzed in this

study was the speed of rotation in the intensive
mixer. Figure 10 shows the effect of the speed of
rotation on the mechanical properties of PP/5 wt %
MMT. As in the case of the mixing time, the effect
of the speed of rotation was negligible.
TEM micrographs of the PP/MMT nanocompo-

sites studied in this work are shown in Figure 11. In
this figure, some clay agglomerates can be observed.
From the results presented earlier, it is suggested

that changes in the processing conditions did not
induce significant changes in the dispersion of clay
into PP and also in the state of clay, which was not
able to achieve a high degree of intercalation or
exfoliation because of the poor compabitility
between unmodified clay (MMT) and pure PP.
Therefore, no significant changes in the mechanical
properties of the nanocomposites were obtained by
changing the processing conditions.
As it can be inferred from the morphological charac-

terization, a high degree of intercalation or exfoliation of
clay could be achieved only when a high compatibility
between polymer and clay existed. The PP nanocompo-
sites containing PP-g-MA showed an intercalated or
exfoliated structure and a sensible enhancement of me-
chanical properties. PP nanocomposites without compa-
tibilizer, on the other hand, showed the presence of
intercalated zones and some tactoids and lower
improvement ofmechanical properties as stated earlier.
Our results also showed that the impact strength val-

ues of nanocomposites with modified clay or grafted PP
were higher than those of pure PP. This is a great
advantage of nanofillers with respect to traditional
micrometric fillers, which generally cause a sensible
decrease of this property. Using PP-g-MA/PP/MMT
nanocomposites, processed at suitable conditions, a ma-
terial that combines high stiffness and good ductility
could be obtained.

Figure 7 TEM micrographs for: (a) PP þ 5 wt % C10A
and (b) PP (10 wt % PP-g-MA) þ 5 wt % MMT.
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Modeling of mechanical properties

Halpin–Tsai micromechanics-based model

Micromechanical-based models have been used in
the case of composites to analyze the effect of filler’s
structural parameters, such as shape, aspect ratio,

and orientation on the mechanical properties of a
neat matrix.22,23 Although these micromechanical
models cannot be used to fully account for the exact
mechanical behavior of polymer nanocomposites,
they generally give satisfactory correlations.
Tucker and Liang24 have reported the application

of several models for fiber-reinforced composites
demonstrating that the Halpin–Tsai theory25 gives
reasonable predictions in the case of the modulus.
By using that model, the longitudinal engineering

modulus (E11) can be calculated as:

E11

Em
¼

1þ 2 l
�
tp

8: 9;g/f

1� g � /f

(3)

where ff, l, tp, and Ef are the volume fraction, the
length, the thickness, and the modulus of the filler,
respectively, Em is the modulus of the matrix; and

g ¼ Ef

�
Em � 1

Ef

�
Em þ 2 l

�
tp

8: 9; : (4)

Figure 9 SEM micrographs for PP þ 5 wt % MMT mixed
(a) 5 and (b) 15 min in the intensive mixer. (Magnification:
�1000).

Figure 8 (a) Tensile strength; (b) Young’s modulus; and
(c) impact energy of nanocomposites with 5 wt % of MMT
prepared with different mixing times.
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Effective filler-parameters model26

The dispersion of clay within a matrix can be
described in terms of exfoliation and/or intercala-
tion, which are not taken into account in the classical
micromechanical models. The parameters of the filler

can be corrected by considering the morphological
parameters of the clay: the number of platelets per
stacked clay (n) and the interlayer spacing (d001).
The thickness of the effective filler (teff) can be

expressed as:

teff ¼ n� 1ð Þd001 þ tp (5)

The effective filler aspect ratio (aeff), volume fraction
(feff), and modulus (Eeff

f ) can be written as:

aeff ¼ l

teff
¼ l

n� 1ð Þd001 þ tp
(6)

/eff ¼
weff n� 1ð Þd001 þ tp

� �
ntp

qm
qf

(7)

Eeff
f ¼ ntpEf

n� 1ð Þd001 þ tp
� � (8)

where weff is the effective filler weight fraction and
qf, qm are filler and matrix densities, respectively.
From the previous model and by using the experi-

mental elastic modulus values, the degree of

Figure 11 TEM micrographs for PP þ 5 wt % MMT
mixed 10 min at (a) 100 rpm and (b) 150 rpm in the inten-
sive mixer.

Figure 10 (a) Tensile strength; (b) Young’s modulus; and
(c) impact energy of nanocomposites with 5 wt % of MMT
prepared with different speed of rotation.
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dispersion of nanocomposites was estimated. A rela-
tive nr value was calculated as:

nr ¼ ni
nmin

(9)

being ni the real n value and nmin the lowest n
value.

Table IV shows nr values obtained from the use of
the model as a function of clay content for PP/MMT
nanocomposites. It is clear, from the increase of nr
value, that particles agglomeration became impor-
tant at 5 wt % of clay. The results of the model are
in accordance with the mechanical properties and
morphological analysis

CONCLUSIONS

PP/clay nanocomposites were prepared. It was
determined that the Young’s modulus was improved
by the clay incorporation and became higher as a
function of clay content. On the other hand, neither
the tensile strength nor the impact toughness were
enhanced and this could be attributed to poor inter-
facial adhesion between the PP matrix and unmodi-
fied clay. DRX patterns indicated that the polymer
chains were intercalated between the clay platelets,
whereas no evidence of exfoliation was found. From
TEM micrographs, some areas where a small
amount of polymer moved into the gallery spacing
between the clay platelets were clearly observed.
Both results were in accordance with those of me-
chanical properties. Analyzing the compatibility
between clay and matrix (by using different clays or
PP-g-MA), it was clear than the highest effect
(increased mechanical properties and improved dis-
persion observed by TEM) was obtained for the
most hydrophobic clay used (C10A). Nevertheless,
the differences in the mechanical properties were

not significant when comparing with the standard
deviations, except for the impact toughness where a
clear increase was observed for the nanocomposite
with C10A. The processing conditions showed no
important influence on the degree of dispersion or
the mechanical properties.
The effective filler-based micromechanical model

was useful to estimate the relative degree of disper-
sion of clay in the PP matrix.
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TABLE IV
Relative Number of Platelets per Stacked Clay (nr) from

the Effective Filler-Based Micromechanical Model

MMT content (wt %) nr

0 N/A
0.5 1.00
1 1.00
3 1.06
5 1.32
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