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ABSTRACT: The permeability and wear behavior of
nanocomposites based on polypropylene (PP), polypropyl-
ene grafted with maleic anhydride (PPg), and montmoril-
lonite (MMT) have been studied. Clay concentrations of
2–15 wt % and a constant PPg:MMT ratio of 3 : 1 were
considered. The wear behavior of all materials was studied
using the ‘‘pin-on-disc’’ technique. The results indicate
that, for given clay concentration, the wear resistance
decreases with applied load and that the composites are
� 20 times more resistant than their matrices. Moreover,
the wear rate of the nanocomposites decreases as the clay

concentration increases while that of the corresponding
matrices increases. The PP, matrices, and composites display
similar values of friction coefficient that neither changes with
normal load. Additionally, the oxygen permeability of PP is
gradually reduced by the increase of both clay and PPg con-
centration, being the effect of the filler tactoids much larger
than that of the compatibilizer. VC 2012 Wiley Periodicals, Inc. J
Appl Polym Sci 125: E495–E502, 2012
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INTRODUCTION

Polymer nanocomposites (PNCs) consist in low con-
centrations of inorganic particles of nanometer
dimensions that are dispersed in polymeric matri-
ces.1,2 Clays are the most commonly used inorganic
fillers because of their laminated structure. PNCs
have received much attention in recent years mainly
because they have a large potential to reach proper-
ties similar to those of traditional compounds when
using much smaller amounts of fillers.1,3–5 Particu-
larly, the mechanical and barrier properties are spe-
cially mentioned in the literature as being capable to
be improved. Additionally, the presence of nanopar-
ticles also affects the morphology and the optical
and rheological properties of the polymer matrix.

PNCs based in polypropylene (PP) and organomo-
dified montmorillonite (o-MMT) are of particular
interest mainly because both, the polymer and the
filler, are extensively used inexpensive materials.
Furthermore, PP has relatively good performance, in

terms of strength and processability, and the PP-
based composites are being used in industry because
of its high chemical and wear resistance.6 Previous
works from the literature have demonstrated that
the morphological, thermal, mechanical, and rheo-
logical properties of PP/MMT composites depend
mainly on molecular weight and grafting degree of
the added compatibilizer [grafted polypropylene
(PPg)], concentration and type of intercalant used in
the modification of the clay, relative concentrations
PP/MMT and PPg/MMT, mixing conditions, and
molecular weight of the PP.7–11

In particular, the presence of the filler may affect
the wear resistance of the polymer matrix. In gen-
eral, the wear resistance of polymers in polymer–
metal sliding contact is known to be related to fric-
tion-transfer and the formation of a polymer transfer
film on the metal counterface.12–20 This film is con-
trolled by the nature and roughness of the counter-
body, as well as by the sliding conditions, such as
velocity, contact stress level, atmosphere, and tem-
perature, and the nature of the polymer. In most
cases, the addition of a small amount of nanopar-
ticles enhances the adhesion of the polymer to the
counterface reducing the wear rate of the polymer.
Furthermore, there are cases in which the filler
decompose generating reaction products that
enhance the bonding between the transfer film and
the counterface, contributing to the reduction of the
wear. In the case of clay-reinforced polymers, which
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have been widely used for different structural and
technological applications, very few studies can be
found that analyze the wear behavior of these mate-
rials17 and even less that deal with PNCs based on
PP and MMT. Chen et al.21 analyzed the effect of
o-MMT concentration on the friction and wear
behavior of PP composites sliding against steel.
According to the authors, composites containing
1.5 wt % of o-MMT exhibit higher tensile strength,
hardness and much better friction, and wear behav-
ior than the PP matrix. Moreover, they claim that, as
the content of o-MMT increases, the wear mecha-
nism gradually changes from adhesive to abrasive
wear (at 4 wt % o-MMT). Similarly, Kanny et al.6

studied the wear behavior and mechanical proper-
ties of PP mixed with a commercial o-MMT using
the pin-on-disk technique. They observe that the
wear resistance of composites sliding against brass
discs increases as the concentration of clay increases.
Still, it should be mentioned that no exfoliation is
observed by the authors above 1 wt % and a large
proportion of small voids is seen at all clay concen-
trations. Kui et al.22 studied the wear behavior of PP
composites based in two organomodified MMTs that
were prepared through melt mixing in a twin-screw
extruder. They observe that the friction coefficient
and wear rate of both type of materials are lower
than those of PP under water lubrication.

As already mentioned, other properties that may
be improved by the presence of nanofillers are the
barrier properties. Nanocomposites are multiphase
materials in which the coexistence of phases with
different sorption and diffusion properties can cause
complex transport phenomena.3 The presence of sili-
cate layers are expected to cause a decrease in perme-
ability caused by the retarded diffusion of the mole-
cules, which should follow more tortuous paths to
bypass the filler. This phenomenon is enhanced when
the filler is of nanometer size with high-aspect ratio.23–34

Most of the works in the literature that study PNCs
based on PP and clay fillers agree in the fact that the
permeability of the composites is lower than that of the
polymeric matrix and it decreases up to � 30–50% as
the clay concentration increases.27–34 These works per-
formed permeation measurements based on small
gases, like oxygen, nitrogen, carbon dioxide, water
vapor, and helium, through compression molded mem-
branes with up to 5–10 wt % clay concentration.

In the present article, we study melt-mixed blends
of PP, PPg, and a commercial-modified MMT ana-
lyzing the effect of clay concentration on the tribo-
logical and barrier properties of these materials. The
PPg is a maleic anhydride–grafted PP which is used
to improve the dispersion of the organomodified
clay in the low-polarity polymer. The wear resist-
ance and the friction coefficient were determined
using the pin-on-disk technique, measuring the final

weight loss and the friction force under different
normal loads. On the other hand, the permeability of
the blends against oxygen gas was investigated on
compress-molded films. The structural characteris-
tics and rheological properties of the PP/PPg/
o-MMT nanocomposites considered in the present
work were already presented in previous articles.8,9

EXPERIMENTAL

Materials

The polymers used are an isotactic PP from Petro-
quı́mica Cuyo S.A.I.C. (Mw ¼ 330,000 g/mol and
Mw/Mn ¼ 4.7) and a PPg from Uniroyal Chemical
Co. (Polybond 3200, Mw ¼ 120,000 g/mol, Mw/Mn ¼
2.6, 1 wt % of maleic anhydride). The clay used as
reinforcement is a MMT modified with dimethyl
dihydrogenated tallow ammonium chloride (Nano-
merVR I.44P from Nanocor). This clay has particle
size in the range 15–25 lm, a modifier concentration
of 1.04 meq/g of inorganic clay with surface cover-
age of about 70%, a decomposition temperature of
200�C, and 2.6 nm of interlayer spacing, d001.

8,9

The PNCs were obtained by melt mixing the poly-
mers with the clay in a Brabender Platograph mixer
at 185�C during 15 min at 50 rpm under nitrogen
atmosphere. The clay concentration was varied
between 2 and 15 wt %, which corresponds to a con-
centration range of inorganic material of 1.3–9.5 wt
%. The amount of PPg used in the blends deter-
mines a constant 3 : 1 ratio of PPg:o-MMT. Blends of
PP and PPg with the proportions in which they
appear in the PNCs were also prepared and tested.
According to previous results,8,9 the o-MMT used

in the present study increases its interlayer spacing
(from 2.6 to 3.3 nm) and displays partial intercala-
tion and exfoliation after mixing with the polymers.
The linear viscoelastic characterization shows evi-
dence of percolation of clay tactoids at clay concen-
trations of � 10 and � 7 wt % in fresh samples
obtained after mixing and in melt-annealed samples,
respectively. The specimens used in the present
study have not been annealed.
The composites are identified in the article as PC#,

where # is a number that represents the concentration
of clay. For example, PC2 is the material based in 2 wt
% of MMT, 6 wt % of PPg, and 92 wt % of PP. mPC#
is the nomenclature used to identify the mixtures of
PP and PPg that correspond to the matrices of the PC#
composites. For example, mPC2 is the mixture of PPg
and PP in the same ratio that they appear in PC2.

Characterization

The wear and friction tests were performed on a
‘‘pin-on-disc’’ system that was built in our laboratories
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in accordance with ASTM G99 standard. Each test
consists in the unlubricated sliding of the flat face of
a cylindrical polymeric pin over the surface of a
metal disc. The 6-mm diameter and 15-mm length
pins were prepared by injection molding using an
ATLAS LMN system. Two steel discs (SAE 4140) of
40-mm diameter were used as counterbody: disk
‘‘A’’ (Ra ¼ 2.3 lm and Rz ¼ 12 lm) and disc ‘‘B’’ (Ra

¼ 2.9 lm and Rz ¼ 15 lm). The tests were per-
formed at 23 6 2�C using a constant rotating speed
of 375 rpm during 40 min. The sliding distance was
1884 m in all cases. Normal loads of 2.5, 5, 7.5, 10,
and 12.5 N were applied to the cylindrical pins. At
least two specimens of each material were tested at
each condition. The evolution of the friction force
during each test was used to calculate the friction
coefficient, while the final weight lost by each pin
was used to determine the wear resistance. The
wear results are presented in term of volume, which
was calculated by converting the weight lost data
with the density of the materials. The friction force
was measured with a load cell attached to the sam-
ple support. The final state of the contact surface of
the pins was observed by scanning electron micros-
copy (SEM) using a LEO EVO-40 XVP system oper-
ating at 15 kV. The steel counterface was also
observed using an optical microscope.

The device used to measure the oxygen transmis-
sion rate through the polymeric films was a
MOCON Ox-Tran 2/21. The permeability coefficient
was calculated according the ASTM standard D3985,
using an exposed film area of 5 cm2. The tests were
performed at 23�C and 0% of RH using oxygen flow
at 1 atm. The films, which were prepared by com-
pression molding at 180�C, had thickness in the
range 140–200 lm. The thickness variation among
the specimens of a given material was no larger
than 10 lm. These values were measured using a
micrometer Mahr Millimar C 1208 and an Inductive
Probe with an accuracy of 99.7%. Each permeability
data presented in the article corresponds to the aver-
age of at least four measurements.

The heat of fusion and melting temperature of all
materials were also measured. They were deter-
mined by differential scanning calorimetry (DSC)
using a Perkin-Elmer Pyris I system with a heating
rate of 10�C/min.

RESULTS AND DISCUSSION

Wear resistance

Figure 1 displays the volume loss of all analyzed
materials as a function of applied load. For more
clarity, the wear results of the PNCs are presented
in Figure 1(b) while those of the corresponding mat-
rices are in Figure 1(a). The data of PP are included

in both figures for comparison. PP, mPC5, and PC5
where tested at all loads using disc A, while the rest
of the PNCs and matrices were examined using disc
B. These last composites were tested with most normal
loads while their matrices were tested using 7.5 and
12.5 N. To analyze the effect of the disc roughness,
specimens of a few materials were also tested with
both discs. Within experimental error, no significant
difference was obtained among these measurements.
The data in Figure 1 show that, in general, the

wear resistance of the materials decreases as the nor-
mal load increases. The data also reveal that, for a
given normal load, the volume loss of the matrices
is larger than that of the PP [Fig. 1(a)] while the
addition of clay to the PP/PPg blends decreases the
volume loss to values even lower than those of PP
[Fig. 1(b)]. Furthermore, as the concentration of PPg
increases in the PP/PPg blends, the wear increases
(at least in the 7.5–12.5 N range considered). The
opposite occurs as the concentration of clay
increases. The effect of the presence of PPg may be
justified by the difference in the average molecular
weight of the polymers, and consequent melt viscos-
ity that decreases as the concentration of PPg
increases.8,35 Within the experimental error, the data
of Figure 1 show that, as the clay concentration aug-
ments, the volume loss decreases and separates far-
ther away from the data of the corresponding matri-
ces. For example, at 7.5 N, the volume loss increases
approximately five times when the PPg/PP ratio in
the blends change from 6/92 (mPC2) to 45/40
(mPC15) and decreases approximately five times
when the composite composition (MMT/PPg/PP)
changes from 2/6/92 to 15/45/40.

Figure 1 Volume loss as a function of applied normal
load of PP and PP/PPg blends (a) and composites (b).
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The previous comments are better demonstrated in
Figure 2, where the data of Figure 1 are presented as
wear rate (i.e., volume loss/normal load) as a function
of clay concentration. To facilitate the comparison, the
data of the matrices are included in the figure, at the
clay concentration of the corresponding PNC. This
plot shows more clearly that the composites have
lower wear rate than their matrices, and that, within
experimental error, the difference between the values
of the wear resistance of each PNC and its matrix
becomes larger as the clay concentration increases.

During the sliding tests, the friction force is con-
tinuously registered as a function of time. These sig-

nals normally present fluctuations around a practi-
cally constant mean value. The friction coefficient
(friction force/normal load) of each material is then
estimated from that mean value after steady state is

Figure 2 Wear rate as a function of clay concentration.
Data of PNCs (full symbols) and their matrices (empty sym-
bols) obtained using different normal loads. The correspond-
ing PPg/PP ratios are displayed at the top of the figure.

Figure 3 Friction force as a function of time. Data corre-
sponding to PC8 and mPC8 under 12.5 N of normal force.

Figure 4 Friction coefficient as a function of clay concen-
tration. Data of PNCs (full symbols) and their matrices
(empty symbols) obtained using different normal loads.

Figure 5 SEM micrographs of PC5 (left) and mPC5
(right) tested using 5 N of normal force. Size of the dis-
played zones: 307 � 220 lm2 (magnification: �1000).
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reached. Figure 3 shows typical curves of friction
force as a function of time. They correspond to PC8
and mPC8 and were obtained using 12.5 N of nor-
mal force. The behavior of the friction force of all
material, with and without nanoparticles, is qualita-
tively similar.

The calculated friction coefficients are displayed in
Figure 4 as a function of clay concentration. These
data do not reveal significant dependency with clay
concentration or normal load. According to these
results, Amontons law is applicable to this poly-
meric system.12 The average value of all friction
coefficients displayed in Figure 4 is 0.35 6 0.04. Typ-
ically, the friction coefficients of polymeric systems
are in the range 0.1–0.5.12 Specifically, values of
0.28–0.4 have been reported for PP36–38 and of 0.2–
0.6 for clay composites based in PET, PA-6, PBT,
PP/PA blends, etc.17,39–42 The friction coefficients
measured in this work are well in the range of those
values. With respect to the effect of clay concentra-
tion in the value of the friction coefficient of the
polymer, the results in the literature are not conclu-
sive.20 The addition of nanoparticles may produce
the increase or the decrease of the friction coefficient,
indicating that the friction mechanism is complex
and that there may be competing factors associated
with it. In the PP/PPg/o-MMT system considered in
this work, the concentration of clay seems to have

no effect, at least in the range of concentrations
covered.
Figures 5 and 6 display SEM micrographs of dif-

ferent final contact surfaces. They are representative
of the type of surfaces found in the tested PNCs and
their matrices. The micrographs in Figure 5, which
correspond to PC5 and mPC5, were obtained using
a 1000� magnification, while those in Figure 6, that
correspond to PC2, PC15 and their matrices, were
obtained using a 4000� magnification. The sliding of
the pins against the metal disc produces tracks in
the surfaces of all of the materials. In general, the
PNC surfaces are rougher that those of the equiva-
lent matrices. Moreover, a wavy morphology can
be appreciated in all cases, but more noticeably in
the composites. The photographs suggest that the
wear mechanism is mainly abrasive, regardless of
clay concentration and normal load used, although
evidence of adhesive mechanism can also be appre-
ciated, mainly in the surfaces of the matrices.
Figure 7 shows images of the surface of the coun-

terbody obtained with an optical microscope. They
correspond to disc ‘B’ after sliding samples of PP
and PC5 with 7.5 and 12.5 N respectively. The pho-
tographs obtained with small magnifications (for
example, 100�) show that the wear tracks left by
PNCs are different than those of PP and the matri-
ces. The former ones, which are represented by PC5

Figure 6 SEM micrographs of PC2 (top left), mPC2 (top right), PC15 (bottom left), and mPC15 (bottom right) tested
using 7.5 N of normal force. Size of the displayed zones: 76.8 � 56.4 lm2 (magnification: �4000).

EFFECT OF CLAY CONCENTRATION E499

Journal of Applied Polymer Science DOI 10.1002/app



in Figure 7 (bottom left), display few fine debris par-
ticles in the pin track and small and dispersed poly-
meric particles outside the track border. In the case
of PP and the matrices, large and thin plate-like de-
bris particles remain in the pin track with large
accumulations of those particles outside the pin trail
(see, for example, the photograph of the track of PP
in Figure 7 (upper left), where the border of the pin
track is at the upper border of the photograph).
However, larger magnifications reveal that every-
where along the track of all the different specimens,
small fractions of polymeric material can be found
that have been transferred to the metal counterface
(photographs at the right of Fig. 7).

Permeability

Another property that may be improved by the pres-
ence of nanofillers is the gas permeability. Figure 8
displays the results of oxygen permeability of films
of the PNCs and their matrices as a function of clay
concentration. As expected, the permeability of PP
is improved by the presence of silicate layers. This
is caused by the retarded diffusion of the molecules
which should follow more tortuous paths to bypass

the filler. Moreover, the data show that the oxygen
permeability decreases as the clay concentration
increases. The minimum value is obtained by PC15
which reaches practically 50% of the permeability
of mPC15. Most authors that have studied PP/clay
systems agree with this observation.5,28,29,43 It is

Figure 7 Optical micrographs of the counterbody after sliding tests of PP (top) and PC5 (bottom) at two magnifications:
�100 (left) and �500 (right).

Figure 8 Oxygen permeability as a function of clay con-
centration. Symbols: (�), PNCs; (*), matrices; (�), PPg.
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interesting to notice that the data suggest a change
in behavior between PC5 and PC8. This observation
reinforces the previous results from the rheological
study of these materials8 that suggest that incipient
percolation may occur in the range between 5 and
10 wt %. The data in Figure 8 also show that per-
meability of the PP/PPg matrices slightly decreases
as the PPg concentration increases. This behavior
may be expected since the permeability of the PPg,
which is also included in the figure, is lower than
that of PP.

The permeability of the nanocomposites is con-
trolled by the structural characteristics of the matrix
and the concentration and the degree of dispersion
of the clay particles. The PNCs used in this work
present a good dispersion of intercalated and exfoli-
ated clay particles.8,9 Besides, all these materials dis-
play very similar fusion thermograms, which indi-
cates comparable polymeric crystalline structure in all
of them, regardless the concentration of clay (see tem-
perature and heat of fusion data listed in Table I).
Therefore, the decrease in permeability observed in
the PNCs may be associated only to the amount of
clay present.

CONCLUDING REMARKS

The effect of the organoclay concentration on the
barrier and wear properties of PP/clay nanocompo-
sites has been investigated. Clay concentrations from
2 to 15 wt % have been considered with a 3 : 1 PPg/
o-MMT ratio. The results presented in this study
validate the conclusion that the increase of the con-
centration of organoclay in the nanocomposites
improves the wear resistant and the barrier proper-
ties of the materials.

The analysis of the contact surfaces suggest that
the dominant wear mechanism observed in the per-
formed pin-on-disk tests is mainly of the abrasive
type, although evidence of adhesion was found
while testing the PP and the matrices. Both the

PNCs and their matrices display wear resistance that
decreases with normal load. For a given normal
load, the wear rate of PP is augmented by the addi-
tion of PPg and reduced by the further incorporation
of clay. As the clay concentration increases, the vol-
ume loss of the PNCs decreases. Contrary, the corre-
sponding matrices display wear resistance that
decrease as the PPg concentration increases. That is,
the ratio of the wear rate of the PNCs with respect
to their matrices becomes larger as the clay concen-
tration increases reaching a maximum value of � 20.
Additionally, it was observed that the presence of
clay as well as the magnitude of the applied load
has no significant effect in the value of the friction
coefficient of all analyzed materials. This coefficient
was about 0.35.
The oxygen permeability of the PP gradually

decreases with both, the addition of PPg and
o-MMT. This barrier property reaches a maximum
reduction of � 55% for PC15 and � 10% for its
matrix, mPC15. This effect would be caused by the
physical barrier imposed by the presence of the clay,
since the morphology of all matrices is very similar
according to the calorimetric measurements.
Although all clay concentrations provide improved
resistance by increasing the barriers for oxygen mol-
ecules to diffuse, the data suggest that a threshold is
obtained at 5–8 wt %. This observation is in concord-
ance with previous linear viscoelastic results8 that
show evidence of percolation of clay tactoids at
o-MMT concentrations between 5 and 10 wt %.
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