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a b s t r a c t

Various amounts of well-dispersed multi-walled carbon nanotubes (MWCNTs) were used to reinforce
an Al2O3 via a hot-press consolidation. Ball-on-disk wear tests were performed under different loading
conditions of 14 N, 25 N and 35 N, to evaluate the wear and tribological properties of the Al2O3–MWCNT
nanocomposites. In comparison with the monolithic Al2O3, the addition of MWCNTs decreased the coef-
ficient of friction in Al2O3–MWCNT nanocomposites and a promising 80% reduction in coefficient of
friction was recorded for nanocomposite containing 10 wt% MWCNTs, under a sliding load of 14 N. Abra-
sive sliding wear mechanism was observed in all samples. The results show that additions of MWCNTs
can upgrade the monolithic Al2O3 and convert it into a wear resistance material. The MWCNTs played
dual roles in improving the tribological performance of the nanocomposites, indirectly by influencing
the microstructure and mechanical properties of nanocomposites and directly by acting as a lubricating
medium.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) are the most intriguing materials
for the development of sophisticated engineering materials for
advanced applications and large amounts of efforts have been
focused on this research frontier [1]. In particular, their excep-
tional mechanical and outstanding functional characteristics make
them suitable candidates as a reinforcement to improve tough-
ness for brittle ceramics and glasses and to increase stiffness and
strength for weaker materials such as polymers [2]. To date, inten-
sive research has been reported regarding enhancing the fracture
toughness of ceramics matrices [3,4], however less attention was
paid to explore their potential tribological features. Because of the
closed tubular structure of a graphene sheet, CNTs are expected
to form the desired weak interaction with the contacting cou-
ple during wear process [5]. In fact, atomistic simulations have
predicted that CNTs have the capability to endure significant com-
pressive and tensile forces prior to failure because of their flexibility
and high mechanical properties, via a combination of sliding and
rolling in response to shear forces [6]. This has been partly val-
idated experimentally when copper matrix was reinforced with
CNTs [7], whist reduced wear rate and a stable friction of coefficient
was achieved under different loading conditions for carbon/carbon
nanocomposites [8]. CNT-reinforced Al2O3 nanocomposites have
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been described previously, focusing on the effects of CNTs on the
mechanical properties and electrical performance [9–13], some
tribological properties of CNTs reinforced ceramics nanocompos-
ites have been reported, and significant reduction in wear volume
with increasing CNTs concentration has also been reported [14–16].
However, in-depth understanding for the tribological performance
of Al2O3–CNT nanocomposites requires further research.

In this paper, the wear properties of Al2O3–MWCNT nanocom-
posites with various MWCNT contents, under various sliding loads,
are presented. Excellent low wear rate has been achieved, and the
wear mechanism has been discussed.

2. Experimental procedure

2.1. Materials and characterisation techniques

MWCNTs (Ø ∼ 40 nm), as shown in Fig. 1, were well-dispersed
within Al2O3 nanopowder by practicing unique dispersion method
and consolidated by hot-pressing, as described previously [17,18].
In this way, Ø 32 mm × 3 mm discs of Al2O3–MWCNT nanocom-
posites containing various amounts of MWCNTs (0 wt%, 2 wt%,
5 wt% and 10 wt%) were finally prepared. Archimedes method
was adopted to measure the densities of samples using theoreti-
cal density of 3.99 g/cm3 and 1.85 g/cm3 for Al2O3 and MWCNTs,
respectively. Mechanical properties such as elastic modulus, hard-
ness, fracture toughness and flexural strength of the samples were
evaluated using standard testing methods and the general mechan-
ical properties of the samples used in this study are summarised
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Table 1
General structural and property data of the monolithic Al2O3 and the MWCNT-reinforced Al2O3 nanocomposites used in this study.

Material Relative Density (%) Grain size (�m) Hardness vickers
(HV) (GPa)

Fracturea

toughness (KIC)
(MPa m1/2)

Flexural strength
(�f) (MPa)

Elastic modulus (E)
(GPa)

Monolithic Al2O3 97.42 1.3 ± 0.1 16.0 ± 0.4 3.0 ± 0.2 357 ± 27 392 ± 3
Al2O3–2 wt% MWCNTs 96.89 0.45 ± 0.02 18.1 ± 0.2 4.3 ± 0.3 380 ± 18 378 ± 5
Al2O3–5 wt% MWCNTs 94.17 0.37 ± 0.04 14.8 ± 0.5 4.5 ± 0.2 280 ± 7 291 ± 4.5
Al2O3–10 wt% MWCNTs 92.69 0.39 ± 0.06 6.2 ± 0.3 3.9 ± 0.2 245 ± 15 216 ± 3.7

a Measured by direct crack measurement (DCM) method.

Fig. 1. TEM image of the MWCNT acquired from sintered nanocomposites. Inset
shows the raw MWCNTs used to reinforce the Al2O3.

in Table 1 [19,20]. Structural features of the fractured surfaces
and worn surfaces samples were examined using SEM (Philips/FEI
XL30-JEOL 6400). Grain size of the samples was determined by
using X-ray diffraction (XRD) technique. For interfacial investiga-
tions, transmission electron microscopy (TEM, JEOL 2000 FX and
2100 F) was used and samples for TEM were prepared by util-
ising focused ion beam scanning electron microscope (FIB-SEM)
technique.

2.2. Wear testing technique

The friction and wear experiments were performed by using
a ball-on-reciprocating flat geometry [14,15]. A Si3N4 ball of Ø
9.8 mm (Dejay Ltd., UK) was used against the pre-polished flat sam-
ple surfaces. The tests were performed at different sliding loads
(14 N, 25 N and 35 N), at a fixed sliding speed of 10 mm/s with a
reciprocating stroke of 10 mm and duration of 120 min. The fric-
tion force transferred to a load cell was recorded throughout the
tests. The cross-sectional areas of wear tracks of the samples were
measured using a TALYSURF CLI 1000 profilometer (Taylor/Hobson

Fig. 2. SEM images of the nanocomposites used in the wear test. (a) Larger/uneven grain size and inter-granular fracture mode in monolithic Al2O3, (b) grain refinement
and trans-granular fracture in Al2O3–MWCNT nanocomposite, (c) demonstration of trans-granular fracture mode at higher magnification, and (d) dispersion of MWCNTs
(marked by black arrows) within the matrix.
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Precision, UK) and the volume losses of the samples were calcu-
lated with the help of attached TalyMap Universal software. Then
the specific wear rates were calculated employing Eq. (1) [21]:

W = V

LF
(1)

where L is the sliding distance, F is the applied load, and V the wear
volume.

3. Results

3.1. Structural features

Fig. 2 shows the general morphological features of different
samples. Fig. 2d is evident that uniform dispersion of MWCNTs
within the Al2O3 matrix has been obtained and individually dis-
persed MWCNTs can be identified easily. The additions of MWCNT
in Al2O3 sharply reduced the grain size by restricting the grain
growth, as shown in Fig. 2b. A change in the fracture mode from
inter-granular in monolithic Al2O3 in Fig. 2a to transgranular frac-
ture in Fig. 2c can also be observed.

3.2. Tribology and wear depiction

Fig. 3a shows the variation in weight loss as a function of
MWCNT contents at various sliding loads. A significant reduction in
weight loss was observed with increased MWCNT addition, when
tested at a specific sliding load. For example, a 14 N sliding load is
subject to 35%, 47% and 63% reductions, and for 25 N, 47%, 66% and
86% reduction in weight loss were observed for nanocomposites
containing 2 wt%, 5 wt% and 10 wt% MWCNTs, respectively, com-
pared with the monolithic Al2O3 tested under similar experimental
conditions.

Furthermore, when the sliding load was increased to 35 N, simi-
lar trends were found for 2 wt% and 5 wt% MWCNT additions which
exhibited 34% and 40% drops in weight loss, respectively. However,
an increase in weight loss (43%) was detected at 10 wt% MWCNT
addition, compared with monolithic Al2O3. A low sliding load (14 N)
resulted in 2%, 21% and 80% drops in friction coefficient, and a mod-
erate sliding load (25 N) resulted in 4%, 16% and 44% drops in friction
coefficient for the nanocomposites with 2 wt%, 5 wt% and 10 wt%
MWCNT additions, respectively, when compared with monolithic
Al2O3. For high sliding loads (35 N) negligible differences in coef-
ficient of friction were found for those containing 2 wt% and 5 wt%
MWCNTs, however the nanocomposite with 10 wt% MWCNTs led
to a 19% drop in coefficient of friction, as shown in Fig. 3b. The
lowest value for the coefficient of friction (0.11) was observed for
14 N sliding loads for a Al2O3–10 wt% MWCNTs nanocomposite and
was recorded only 1/4 of the monolithic Al2O3 (0.46), when tested
under similar experimental conditions.

4. Discussion

4.1. Indirect role of the MWCNTs on tribology and wear of the
nanocomposites

4.1.1. Influence of mechanical properties
Wear in ceramic materials is closely attributed to the mechan-

ical properties of the ceramics. Therefore, we can assess the
nanocomposite wear performance using their mechanical prop-
erties data, in order to gain better understanding as to whether
the improved wear resistance is due to the mechanical properties
of nanocomposites or arises from other factors [22]. Theoretically,
the wear volume of an Al2O3–MWCNT nanocomposite can be cal-

Fig. 3. Effects of MWCNT content on (a) the weight loss and (b) coefficient of friction
for Al2O3 and the composites tested at various loading conditions.

culated by employing Evan’s formula, Eq. (2) [23]:

V = a
F9/8

K1/2
IC H5/8

(
E

H

)4/5
L (2)

where V is the wear volume, F is the applied load, KIC the frac-
ture toughness, H the hardness, a is the constant independent of
materials type, and L the sliding distance.

The wear rate ratios obtained experimentally and using Eq. (2)
(theoretically) were determined for the nanocomposites by divid-
ing the corresponding wear rate for monolithic Al2O3, and are
plotted against MWCNT contents in Fig. 4. Varying the loads exhib-
ited little influence on the wear rate ratios (Wc) obtained using
Evan’s formula. However, reductions in the wear rates for 2 wt% and
5 wt% MWCNT additions and an increase for the 10 wt% MWCNT
additions are resulted, as shown in Fig. 4d. This result indicates
that the good mechanical properties for nanocomposites contain-
ing 2 wt% and 5 wt% MWCNTs are in consistent with their improved
wear resistance, and conversely the mechanically weak nanocom-
posites (10 wt% MWCNTs) exhibit poor wear resistance. In contrast,
the wear rate ratios (We) calculated based on experimental data are
gradually decreased with increasing MWCNT contents under slid-
ing loads of 14 N and 25 N, as illustrated in Fig. 3a and b, except
from the 10 wt% MWCNTs sample tested at 35 N, Fig. 4c.
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Fig. 4. Effects of MWCNT contents on the wear rate, experimentally determined
(We) at different sliding loads (a) 14 N, (b) 25 N, (c) 35 N and (d) calculated theoret-
ically (Wc) employing Evan’s formula for similar loads.

Based on the wide variations in the wear rates results, calcu-
lated theoretically and obtained experimentally for 2 wt% and 5 wt%
MWCNTs, it seems that the change of the mechanical properties
may not be the main reason for the improved wear resistance of
nanocomposite, and that other factors are of importance.

4.1.2. Structural features and wear mechanism
A typical SEM micrograph of the surfaces of the Al2O3 and

nanocomposite samples after wear testing displays scratches, sug-
gesting an abrasive sliding wear mechanism, as shown in Fig. 5a and
b. Close inspection of the worn surface of monolithic Al2O3, shown
in Fig. 6a, clearly displays microchipping, which can be associated
with the inter-granular fracture along the grain boundaries, where
pull out of a whole grain is frequently visible (shown by the white
arrow). Similar inter-granular fracture features were also identified
in fractured samples of monolithic Al2O3, as displayed in Fig. 2a.

Much smaller and fewer grain pull-outs and smooth appearance
of worn surfaces were observed in the nanocomposites (Fig. 6b–d),
compared with monolithic Al2O3. Such structural changes may
arise from the change in fracture modes and the fine grain structure
of the nanocomposites, verified in the fractographs of nanocompos-
ite in Fig. 2b and c. Reported case argued that both these features led
to nanocomposite to higher wear resistance [24]. Shallow abrasive
grooves on the worn surface of Al2O3 and nanocomposites samples,
shown in Fig. 6, suggest a deformation-controlled wear mechanism,
which is a characteristic of Al2O3 under mild wear conditions [25].
The worn surface of nanocomposite samples, as shown in Fig. 6b
and c, have a smooth surface in contrast to the monolithic Al2O3.
These grooves indicate the presence of hard particles during the
course of wear. During wear, when two bodies move relative to
each other, plastic deformation occurs due to the plowing of asper-
ities on the wear surface. Once the friction induced strain exceeds
the limit held by the strength of bonding between the asperities
and the substrate, the asperities may break down to form scattered
debris and the hardness and morphology of the debris then governs
the wear mechanism.

A load dependent wear transition is also evident from the sur-
face texture of worn surfaces, as shown in Fig. 6d, where the
nanocomposite exhibits shallow grooves when tested at 25 N loads
and much deeper and wider grooves are visible for the same
nanocomposite tested under a 35 N loads, Fig. 6a. This morpho-
logical change in the groove is associated with the drastic increase

Fig. 5. SEM micrographs of wear tracks occurred on (a) Al2O3 and (b) Al2O3–MWCNT
nanocomposite (white arrows show the sliding direction).

in weight loss (as shown in Fig. 3a), hence associated with the low
density and low hardness, as summarised in Table 1. EDX analysis
of the worn surface of the samples shown in Fig. 7b has revealed
no change in the chemical composition however, the area marked
by black arrow was consists of MWCNT agglomerates (Fig. 7c).

Meanwhile, debris collected from the worn surface of mono-
lithic Al2O3 and nanocomposites samples revealed a similar
chemical composition, as shown in Fig. 8d. Based on the mor-
phology (Fig. 8a) and EDX analysis (Fig. 8d), the debris produced
during the wear of monolithic Al2O3 was identified as mixtures of
Si3N4 and Al2O3 particles, which further confirmed the two body
abrasive wear mechanism. Even though the hardness of the coun-
terpart, Si3N4 ball, is much higher (>20 GPa) than monolithic Al2O3.
It is believed that the Si3N4 debris was produced by an abrasive
and fatigue wear mechanism [7]. In case of nanocomposites, mild
wear at low sliding loads (25 N) produced fine abrasive chippings
and short flakes debris (Fig. 8b), and at high sliding loads (35 N)
produced wider and thicker flakes, indicating more severe wear
conditions. It is clear that the hard debris will increase the wear
rate and coefficient of friction in the nanocomposites, and that the
presence of MWCNTs must have played a crucial role during the
process.

4.2. Direct contribution of the MWCNTs on tribology and wear of
the nanocomposites

MWCNTs could make a direct contribution to improving
the wear resistance and reducing the friction coefficient in the
nanocomposites. In monolithic Al2O3, cracks generated during the
wear process resulted in pull-out of the whole grain and led to
the higher wear rates. In the nanocomposite, MWCNTs presented
at the grain boundaries locked the crack propagation and also
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Fig. 6. SEM images of the worn surface (a) monolithic Al2O3 (white arrows indicate grain pull-outs), (b) 2 wt% nanocomposite (white arrows indicate grain pull-outs), (c)
5 wt% nanocomposite (black arrows show MWCNTs agglomerates), and (d) 10 wt% nanocomposite, tested at 25 N sliding loads (black arrows show MWCNTs agglomerates).
The double head white arrows indicate sliding directions.

Fig. 7. (a) SEM image of a worn surface of the Al2O3–10 wt% MWCNT nanocomposites tested at 35 N sliding loads (black arrow shows flattened MWCNT agglomerates), (b)
and (c) EDX profiles of the worn surface and MWCNT agglomerates, respectively.
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Fig. 8. SEM images of the debris (a) monolithic Al2O3, (b) Al2O3–10 wt% MWCNT nanocomposites at 25 N sliding loads, (c) Al2O3–10 wt% MWCNT nanocomposites at 35 N
sliding loads and (d) EDX result of debris.

Fig. 9. (a) SEM image displays protruded MWCNTs on a nanocomposite worn surface (black arrows showing the MWCNTs), (b) and (c) individual MWCNT on a worn surface,
and (d) high-resolution TEM image of the interfacial connection of Al2O3/MWCNT interface.
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strengthened the grain boundaries via a pinning mechanism [26].
Furthermore, the presence of MWCNTs within the grains also acted
as a barrier for cracks generated at worn surfaces, terminating
further propagation inside the grains, via a crack bridging phe-
nomenon [27].

Further observations revealed the abundance protruding MWC-
NTs on the worn nanocomposite surfaces, as shown in Fig. 9a.
High-resolution SEM images (Fig. 9b and c) clearly show the
MWCNT lying on a worn surface. It is apparent that one end of
the MWCNT is laid flat on the worn surface, while the other end
remains firmly embedded with the matrix, as shown in Fig. 9b and
c. It is most likely that the exposed part of the MWCNT may act
as a solid lubricant between the nanocomposites and the counter
abrasive due to their inherent lubrication properties, and take the
role as a rolling medium between the two surfaces minimising the
wear [6,28]. Well-dispersed MWCNTs lead to nanocomposites with
higher densities while agglomerated resulted in lower one [17].
Elimination of pores and mass transportation through bulk diffu-
sion determine the final density of Al2O3 during sintering process.
It is believed that too high additions of MWCNTs adversely affected
these two important sintering parameters and led nanocompos-
ites to lower densities, as already reported [17,29]. The high weight
loss of 10 wt% MWCNT nanocomposites at 35 N load can be asso-
ciated with the lower density and mechanical properties (Table 1),
caused by the MWCNTs agglomerates as shown in Fig. 7. Some of the
MWCNT agglomerates, although peeled off from the matrix, could
remain embedded in matrix and act as a lubricant, as evidenced
in Fig. 7a, therefore reduced the friction coefficient, as shown in
Fig. 3b. It is striking that even under such severe conditions the
MWCNTs maintain their tubular morphological characteristics, due
to their unique tubular structure, nanoscale features and outstand-
ing mechanical properties particularly the elasticity [30,31].

MWCNTs resistance to crumpling is evidenced in Fig. 9b, in
which a MWCNT lies over a groove. It is possible that hard par-
ticles damaged the matrix and left the scratch, but leaving the
MWCNTs unharmed. This could be explained due to rolling of the
MWCNTs again abrasive debris [14]. To exploit such unique lubri-
cation characteristics of MWCNTs, a strong interfacial connection
between the matrix and the MWCNTs is essential in this context.
As a weak interface connection with matrix would have ended
up with MWCNTs being dragged out of the worn surface during
wear, and losing their lubrication features and becoming debris.
Our recent study has shown that the Al2O3 chemically reacted with
the MWCNT via carbothermal reduction, and strong connection at
the Al2O3/MWCNT interface was created as demonstrated in Fig. 9d
where the MWCNT can be identified by its curved morphology
and typical fringe separation of 0.34 nm which corresponds to the
graphitic (0 0 2) planes of MWCNTs and Al2O3 can be identified by
its fridge distance of 0.26 nm corresponds to (1 0 4) planes [32,33].
A close contact between Al2O3 and MWCNTs is clearly visible at
the Al2O3/MWCNT interface. Thus, this desired strong interfacial
connection makes it practical for the MWCNT’s direct contribu-
tion towards the improved wear rates and reduced coefficient of
friction.

4.3. Wear model

Based on the above discussions that involve the indirect role
of MWCNTs via grain refining and a change in fracture mode illus-
trated in Figs. 2 and 6, and the direct contribution of MWCNTs to the
reduced friction coefficient via a flattened distribution on the wear
surface (Fig. 9), a schematic model has been proposed to describe
the wear mechanism for the nanocomposites, as demonstrated in
Fig. 10. In this model, a large grain size and inter-granular fracture
features are dominant in monolithic Al2O3. During wear, surface
cracks will originate from and concentrate at the grain boundaries,

Fig. 10. Schematic wear mechanism for (a) monolithic Al2O3 and (b) Al2O3–MWCNT
nanocomposite.

ultimately causing the pull-out of whole grains. In some cases, the
crack path propagates across neighbouring grains which leads to
much larger pull-outs, as shown in Fig. 10a. As for nanocomposites,
the transgranular crack path is determined largely by the stress field
around the scratches and hence, it is proposed that cracks propa-
gating into the grains will quickly cease on the worn surface due to
the smaller grain size [34,22]. As a result, relatively small pull-outs
will occur, as displayed in Fig. 10b.

The MWCNTs also protrude from the worn surfaces and act as
lubricious rollers between the sample and the hard debris or coun-
terpart. The stiff nature and high strength enable the MWCNTs to
survive abrasive wear and contribute to the improved resistance
against wear. Finally, the presence of good interfacial connections,
as presented in Fig. 9d, ensures the existences of MWCNTs on the
nanocomposites surface and allows the direct contribution towards
improved tribological performance and reduced coefficient of fric-
tion of the nanocomposites.

5. Conclusions

In this paper, the wear and tribological properties of hot-pressed
Al2O3–MWCNT nanocomposites were investigated. Reduced coef-
ficients of friction and improved wear resistance for the
nanocomposites (reinforced with 2, 5 and 10 wt% MWCNTs) were
obtained for low and moderate sliding loads; whilst for high sliding
loads (35 N), the 10 wt% MWCNT nanocomposite exhibited lower
wear resistance. The indirect and direct role of the MWCNTs in the
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improved tribological properties of the Al2O3–MWCNT nanocom-
posites was discussed. These results showed that tough and highly
wear resistant nanocomposites could be excellent candidates for a
wide range of engineering applications.
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