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A study of the tribological behavior of
carbon-nanotube-reinforced ultrahigh molecular
weight polyethylene composites
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The tribological properties of the high-strength and high-modulus ultrahigh molecular weight
polyethylene (UHMWPE) film and the UHMWPE composites reinforced by multiwalled carbon nanotubes
(MWCNT/UHMWPE) were investigated using a nanoindenter and atomic force microscope (AFM). The
MWCNT/UHMWPE composites films exhibited not only high wear resistance but also a low friction
coefficient compared to the pure UHMWPE films. We attribute the high wear resistance to the formation of
the new microstructure in the composites due to the addition of MWCNTs. Copyright  2006 John Wiley
& Sons, Ltd.
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INTRODUCTION

Nanomaterials possess many special physical and chemical
properties such as quantum-size effect, small-size effect, and
surface and interface effects. Since the interaction between
the polymer chains and the surface of the nanomaterials can
evidently alter the chain kinetics in the region immediately
surrounding the nanomaterials because of the presence of the
interface, it is rational to anticipate that the use of nanoma-
terials as additives will provide a well-bonded interface that
will enable polymer-based nanocomposites to exhibit high
performance.1 – 5 As a matter of fact, even low filler-weight
fractions provide an enormous interfacial area through which
the bulk properties of the polymer can be altered, if the filler is
well dispersed in the polymer matrix. Accordingly, it will be
possible to develop novel, high-performance, polymer-based
nanocomposites by the proper combination of a polymer
matrix with nanometer reinforcement. The unusual electri-
cal and mechanical properties of carbon nanotubes (CNTs)
have motivated a flurry of interest to exploit their applica-
tions in advanced composite materials, particularly polymer
composites, to improve the performance of the matrix or
to achieve new properties. It has been reported that CNTs
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are extremely strong with a strength of tens of GPa and
exceptionally stiff with Young’s modulus in TPa range, yet
remarkably flexible with the break strain larger than 5%.6,7 In
addition, CNTs have high aspect ratios (>100). These prop-
erties make the use of CNTs as fillers in nanocomposites
interesting. The use of CNTs in some matrixes significantly
reduces the coefficient of friction and the wear rate of such
nanocomposites.8 – 10 Here, the nanotubes were seen to act as
a lubricant, which leads to the observed lower coefficient of
friction and reduced wear rate.

In a pioneering work done by Ruan, Gao, Yang and Yu,11

experimental observations were reported of the drastically
enhanced toughness in the ultrahigh molecular weight
polyethylene (UHMWPE) films due to the addition of
1 wt% multiwalled carbon nanotubes (MWCNTs). Since
MWCNTs are mechanically very strong and have a high
aspect ratio, CNTs can be expected to significantly improve
the tribological properties of UHMWPE-based composites.
To the best of our knowledge, no study has been reported
so far on the tribological properties of MWCNT/UHMWPE
composites. As the dimensions of components and loads
used continue to decrease (such as in microelectromechanical
systems, MEMS), scratch/wear and mechanical properties
at the micro to nanoscales become very important.12 So
our interest was to study these materials at a small scale
and on light loading. UHMWPE-based composites with
different weight fractions of MWCNTs and different draw
ratios (DRs) were prepared and their tribological properties
were examined under ambient conditions. The cause of the
favorable effects of MWCNTs on the tribological properties of
UHMWPE/MWCNT composites has also been investigated.

Copyright  2006 John Wiley & Sons, Ltd.



884 Z. Wei et al.

EXPERIMENTAL
Preparation of MWCNT/UHMWPE composite
films
On the preparation of MWCNT/UHMWPE composite,
many details have been given in the literature.11 Precursory
UHMWPE fibers without/with 1 wt% and 5 wt% MWCNT
prepared by the gel extrusion process were preheated for
30 min at 120 °C, pressed with a load of 20 tons for 30 min
to get precursory films with a thickness ¾10 µm and width
¾2 mm, and then cooled to room temperature. The highly
oriented fibers with a DR (length ratio) of 5, 11, 15, 20, 25,
and 30 were prepared using MTS RT/5 with the oven in two
steps (in the first step the precursor films were drawn to five
times the length, DR D 5, at 120 °C, and in the second step,
the above fibers were continued to be drawn to a predefined
DR at 130 °C). After the fiber was drawn, it was put under a
hot press again with a load of ¾25 tons for 30 min at 120 °C,
and then cooled to room temperature. Pressed fibers were
put into an ethanol solution to clean them of impurities and
for them to be closely contacted with the silicon wafer at the
microscale. This sample was then ready for use in atomic
force microscope (AFM)/nanoindenter tests directly.

Friction and wear test
Friction and wear tests were performed on a nanoindenter
(TriboIndenter, Hysitron Incorporated, USA). The nanoin-
denter was equipped with a Berkovich diamond probe tip,
a 3-sided pyramidal indenter. The total included angle of
this tip was 142.3 degrees, with a half angle of 65.35 degrees.
The tip radius was around 100 nm. The nanoscratch test was
used in order to investigate the resistance of the material
with various CNT additions and DRs. This novel technique
involved moving a sample while it is in contact with the
diamond tip. The friction coefficient was determined from
the ratio of the lateral force to the normal force. Therefore, the
coefficient of friction indicates the resistance of the material
to the tip penetration in a tangential direction. In this work,

the normal force was kept as 75 µN during the experiment.
The scratch length was about 5 µm. The scratch velocity was
5 µm/s.

The tip used for scratching can also be used for wear
testing. The worn areas resulted from a tip scan from the
top to the bottom over a square area. Using this type of
testing, the durability of the materials can be compared. In
this test, the topography scan was performed with a normal
force of 2 µN, and the scale was 10 ð 10 µm2, while the
worn area was 5 ð 5 µm2. Normal load in the wear was kept
at 15 µN. Sliding speed was kept constant at 5 µm/s. The
number of wear cycles was 1, 5, or 12. These experiments
were conducted in air with 30–50% humidity and at room
temperature (22–25 °C).

RESULTS AND DISCUSSION

Nanoscratch tests
The friction coefficient of the films was measured through
the nanoscratch test. The normal load for the scratch test
was fixed at 75 µN. The scratch length was set to be 5 µm.
The normal force, lateral force, normal displacement, and
lateral displacement during the scratch test were recorded
with respect to time. The normal force was divided by the
lateral force to calculate the friction coefficient of the films.
Specimens with two DRs and three additions were used in
this study.

The results of the friction tests for these specimens are
summarized in Fig. 1. The MWCNT/UHMWPE composite
films exhibit low friction coefficient in comparison with the
pure UHMWPE films. The friction coefficient decreases with
increasing weight fraction of CNTs in the composites.

Nanowear test
Figure 2 shows a typical microwear scar on the films.
Variations of the depth of the wear scar can be obtained
according to the cross section of the worn area.

Figure 1. Variations of friction coefficient as a function of CNT addition in different draw ratio during scratch test.
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Figure 2. Example of an AFM image of the wear scar, the
image size is 10 µm ð 10 µm.

Since the heights at only a few points in the wear zone
would not be sufficient to characterize the status of a wear
test, a statistical processing was carried out in the wear zone.
Here, for a convenient expression of wear, we define a mean
wear depth as

h D 1
A

∫
�

jh�x, y� � h0�x, y�jd� with A D
∫ ∫

�
dxdy

where h0 is the height function of film before wear and h is
the height function after wear. The wear area was 5 ð 5 µm2,
and the topography measurement area was 10 ð 10 µm2.
The integral zone was 10 ð 10 µm2. According to the above-
defined mean wear depth, the test data were processed and
the results are shown in Fig. 3.

For the same material, the depth of the wear scar increases
with increasing wear cycles. It is also seen that the depth

of the wear scar decreases with increasing CNT addition
regardless of DR. It is obvious that the MWCNT/UHMWPE
composite films possess good wear resistance under such
experimental conditions.

DISCUSSIONS

In order to investigate the enhancement mechanism of the
composite, more tests were performed by AFM. Scratching
is a powerful tool in AFM for characterizing mechanical
properties of the samples on or near the surfaces. An
important advantage of AFM over other instruments is that
the same tool, the AFM cantilever, can be used for imaging
immediately after scratch.

Many scratch tests were done on MWCNT/UHMWPE
films and UHMWPE films. Figure 4 shows the images
of scratch on MWCNT/UHMWPE and UHMWPE films.
More material deposits were piled up near the scratches
on the UHMWPE film than on the MWCNT/UHMWPE
film. Moreover, on the surface of the MWCNT/UHMWPE
film, a new microstructure could be observed, which is dif-
ferent from that on the UHMWPE film. This observation
suggests that this microstructure is the interface between
the CNTs and UHMWPE. Many strips dragged along the
scratch also suggest that the microstructure has strong
bonding between CNTs and UHMWPE. The microstruc-
ture results in the enhancement of the chain mobility
of MWCNT/UHMWPE.11 We believe that it is this new
microstructure that changed the properties of the pure
UHMWPE film. A hypothesis we make here is that the
formation of this new microstructure is due to the addition
of CNTs. As CNTs have high strength and aspect ratio, the
bonding between CNTs and UHMWPE is much stronger
than those within UHMWPE itself. Therefore, the chain
mobility of the MWCNT/UHMWPE composite is enhanced.
Hence, the fracture cracks in the MWCNT/UHMWPE com-
posite experience more difficulty in propagating. Therefore,
the nanotube-reinforced composite has better wear resistance
properties than UHMWPE.

Figure 3. Variations of wear depth as functions of wear cycles with different CNT additions and draw ratios during wear test.
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Figure 4. In situ AFM observations of a scratch, the image area is 2 µm ð 2 µm. (a) MWCNT/UHMWPE film; (b) UHMWPE film.

As for the low friction coefficient of the MWCNT/
UHMWPE composite, some authors believe that it is caused
by the self-lubrication of CNTs.10 We used the AFM tip to
scratch the composite, but the subsequent examination of the
used AFM tip by Raman spectroscopy did not support this
explanation.

CONCLUSIONS

1. The MWCNT/UHMWPE composite films exhibit high
wear resistance and low friction coefficient compared
with pure UHMWPE films.

2. Because of the addition of MWCNTs, a new microstruc-
ture is formed. This new microstructure has strong inter-
face bonding between MWCNTs and UHMWPE. Conse-
quently, the MWCNT/UHMWPE composite films exhibit
high wear resistance compared to the pure UHMWPE
films.
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