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bstract

This paper investigates the wear properties of a carbon nanotube reinforced epoxy composite. The study shows that the surface coverage area of
NTs, R , plays a significant role in the wearability of the composites. With R > 25%, the wear rate can be reduced by a factor of 5.5. With the
c/m c/m

id of the transmission electron microscopy, the study concluded that the improvement of the wear resistance of a high Rc/m composite was due to
he CNTs exposed to the sliding interface which protected the epoxy matrix effectively. It was also shown that the contact sliding in a wear test
an deform a CNT significantly and cause its fragmentation.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Owing to their unique mechanical, electrical and thermal
roperties, carbon nanotubes (CNTs), both single- and multi-
alled, have attracted extensive research attention world wide

1–3]. It has been found that composites reinforced by CNTs
an have very improved properties [4–6]. For example, it was
eported that adding 1 wt.% of CNTs to a polymer matrix
rought about an increase of tensile modulus and strength of
p to 42 and 25%, respectively [7].

However, studies on the tribological properties of CNT–poly-
er composites [8–12] have been relatively fewer. Zoo et al.

8] reported that an addition of 0.5 wt.% CNTs to an ultra-high
olecular weight polyethylene could significantly reduce the
ear loss of the composite but increase its friction coefficient.

t was considered that this was mainly caused by the increased
hear strength of the composite. An et al. [9] acknowledged
n improved wear and mechanical properties of alumina-based
omposites containing CNTs up to 4 wt.%, though without a

echanism explanation. Chen et al. [10] believed that the favor-

ble tribological properties of a CNT–polytetrafluoroethylene
omposite was due to the high strength and high aspect ratio of
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he CNTs. They commented that the CNTs might have been
eleased from the composite during sliding, which then pre-
ented direct contact of worn surfaces and hence reduced both
he wear rate and friction coefficient. However, no direct evi-
ence was given. Cai et al. [11] reported that the contribution
f CNTs in a polyimide composite was to restrain the scuffing
nd adhesion of the polyimide matrix in sliding, providing a
uch better resistance than the neat polyimide. Lim et al. [13]

oncluded that Raman spectra could not characterise the dif-
erence between a worn and an unworn surface of CNTs and
arbon/carbon composites because the spectra were nearly the
ame.

The above review shows that although a number of investi-
ations have been conducted on the tribological behaviour of
arious CNT-reinforced composites, the mechanisms of wear
esistance and variation of friction coefficient has not been
ell understood. The aim of the present work is to take CNT-

einforced epoxy as an example to explore the role of CNTs in
he wear of the composite.

. Experiment
The multi-walled CNTs used in the present experiment were
repared by chemical vapour deposition (provided by Nanolab)
ith their diameters ranging from 10 to 25 nm and their lengths
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that the morphology and structure of the CNTs were not altered
by the composite preparation process described in the above
section.
Fig. 1. CNTs in their initial state.

rom 10 to 20 �m (Fig. 1). To properly mix them with the epoxy
atrix, the CNTs were ultrasonicated for 1 h in high purity ace-

one (0.1 mg/ml) and then for another hour after the addition of
poxy. The acetone was then removed by heating the mixture to
0 ◦C while stirring, followed by evaporation under high vac-
um at 50 ◦C for 24 h. A thermal gravimetric analysis showed
hat over 99.6% of the solvent was removed by this process.

Pins for wear tests were cut off from the bulk composite
aterial prepared above. Because the dispersion of the CNTs

n epoxy was not absolutely uniform, particular attention was
aid to monitor the coverage area ratio of CNTs to matrix on
pin surface, Rc/m. In addition to those randomly cut, a spe-

ial group of pins with Rc/m > 0.25 were prepared to explore the
ffect.

Dry wear tests of the CNT–epoxy composites were carried
ut on a Plint–Cameron pin-on-disc machine. As illustrated in
ig. 2, two composite pins were held against a rotating high-
peed steel disc of hardness HMV = 720. A fixed track diameter
f 80 mm was used in all the tests. However, each test was run
n a fresh track, with a sliding distance from 500 to 3500 m,
normal stress of 1 MPa and a sliding velocity of 0.98 m/s. A

ransducer attached to the specimen holder recorded the tangen-
ial force. The volumetric wear was measured by the weight loss
f a specimen using an analytical balance of resolution 0.1 mg.

To obtain optical micrographs, samples were thinned down
echanically to a thickness of about 3 �m. Micrographs were

cquired in the transmission mode by means of an optical micro-
cope.

The topography of a sample surface after a wear test was

tudied on a high resolution scanning electron microscope
HRSEM), JSM-6000F. The conventional transmission electron
icroscopy (TEM) studies were performed on a Philips CM12,

perating at 120 kV. The high resolution transmission electron
ig. 2. A schematic diagram of the pin-on-disc wear test used in this study.

icroscopy (HRTEM) investigations were performed on a JEOL
EM-3000F, operating at 300 kV.

The plan-view TEM specimens were prepared in a standard
anner using a tripod [14]. The thinning procedure was per-

ormed from the side opposite to wear surface. To insure that
o changes of epoxy microstructure would take place during
ts exposure to acetone, the surface of a sample was covered
ith thin amorphous chromium film which would be completely

emoved at the last stage of preparation. Ion-beam thinning was
sed to achieve a sufficiently thin area for TEM analysis. Also,
ear debris were examined with TEM.

. Results and discussion

.1. Composite before wear testing

Fig. 3 is a typical image showing the structure of the compos-
te before wear testing. It is clear that the CNTs in the composite
ave the same structure as that supplied (Fig. 1). This implies
Fig. 3. The CNTs in an epoxy composite before a wear test.
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Fig. 4. Effect of CNTs (a) wear resistance; (b) curve with

.2. Wear resistance

Results of the wear tests are presented in Fig. 4(a). The
henomenon of running-in wear is obvious for both the pure
poxy and the nanotube-reinforced epoxy composite. A stable
ear then takes place after a sliding distance of about 2000 m.
he wear rate at this stage was 16 × 10−4 mm3/m for the pure
poxy. It is clear that an addition of only 0.1 wt.% nanotubes
o the epoxy matrix dramatically reduces the wear rate. The
amples with Rc/m < 25% had a wear rate of 8 × 10−4 mm3/m,
hich is over 1.7 times lower than that of the pure epoxy. These

amples had rough surfaces as presented in Fig. 5(a). Brittle frag-
ents and multiple microcracks were evident, indicating that

he material removal was via brittle fracture. More significantly,
he samples with Rc/m > 25% had a remarkably lower wear rate
see the bottom curve with triangular dots in Fig. 4(a) and (b)),
ith an extremely small weight loss up to a sliding distance of
700 m. The wear rate upon further sliding remained low, vary-
ng in the range of 0.05 × 10−4 to 2 × 10−4 mm3/m Fig. 4(a)
nd (b), about 3.2 times smaller than that of the sample with
c/m < 25% and 5.5 times lower then that of pure epoxy. The
urface of these samples appeared very smooth. A more close

ook at the surface topography (Fig. 5(b)) did not detect a single
rittle fragmentation, which seems to suggest that the mecha-
ism of the materials removal in the wear process was ductile.
he electron micrograph of the worn surface, Fig. 5(c), clearly

(

l
t

> 25% from (a) in more details; (c) coefficient of friction.

ndicates that the CNTs covered the surface greatly slowed down
he wear process of the epoxy matrix.

The coefficient of friction for the composites with Rc/m > 25%
as much lower (Fig. 4(c)) for all sliding distances checked.
gain, the surface microstructure, as shown in Fig. 5(c) and to
e discussed later, suggests that the CNTs exposed to the sliding
nterface were acting as a solid lubricant at the sliding interface
hich reduced the coefficient of friction. After a wear test, a

pecimen surface subjected to sliding became very shiny and
mooth. For the composite with Rc/m < 25%, on the other hand,
he coefficient of friction varied. A further study is necessary to
larify the mechanism.

.3. Debris topography

The debris topography is presented in Fig. 6. It is clear that
ulky fragments of 1.5 �m in width and up to 6–7 �m in length
ere formed for samples with a low Rc/m (Fig. 6(a)). The debris
f irregular shapes with sharp and fractured parts demonstrated
brittle mode of material removal. In contrast the debris frag-
ents of samples with a high Rc/m were 0.5 �m in width and

–4 �m in length and had a feature of a rod like structure

Fig. 6(b)).

CNTs could easily be detected in debris of samples with a
ower Rc/m (Fig. 7(a)) and they appeared bent with their ini-
ial lengths of 1–2 �m, suggesting that no fragmentation of the
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ig. 5. Sample surfaces after wear test (sliding distance 2500 m): (a) Rc/m < 25%

NTs took place. An examination in the HRTEM mode con-
rmed a good adhesion between the epoxy matrix and the CNTs
Fig. 7(b)). No debonding and cracking were detected [15]. The
iameters of the CNTs measured in the HRTEM mode were
rom 10 to 25 nm, demonstrating that the diameters were simi-
ar to their initial values in average. On the other hand, however,

he CNT walls were deformed, as can be seen in Fig. 7(b).

In summary, CNTs in bulky debris were bent and had
eformed walls, but the changes of their diameters and lengths
ere minor.

e
e
t
a

and (c) Rc/m > 25%; (a) and (b) surface topography; (c) electron micrograph.

.4. Structure of worn surfaces

The distribution of the nanotubes on a sample’s surface
ppeared not homogeneous. Fig. 5(c) gives the distribution of
NTs on a sample’s surface with a high Rc/m. The high concen-

ration of CNTs, most with bamboo structures, is obvious. The

xposed length of CNTs varies from 100 to 400 nm, and it is
vident that the fragmentation of CNTs during a wear test did
ake place, maybe caused by the high contact stress and abrasion
t the sliding interface, because many CNTs no longer have their
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Fig. 6. Wear debris: (a) Rc/m < 25% and (b) Rc/m > 25%.

aps (see CNTs 1–9 in Fig. 5(c)). The orientation of the CNTs

ith a short length exposed to the sliding surface scatters, but

hose with longer exposed lengths have obviously been aligned
long the sliding direction of the wear test (from right to left in
ig. 5(c)). The fragmentation of the CNTs was also coupled with

p
t
a
t

ig. 7. CNTs in wear debris: (a) conventional TEM mode; (b) HRTEM; note the
oundary between CNT and epoxy and the details of the CNT walls deformation.

ever deformation of the walls. The removal of the CNT caps
eems to occur always at the end exposed to the sliding surface.
he above observation suggests the following wear mechanism.
t the first stage of sliding wear, the epoxy matrix on a sam-

le’s surface was removed in a brittle mode. The CNTs were
hen exposed to the sliding interface. Because the CNTs have
high strength, they reduce the wear rate significantly. Never-

heless, the CNTs underwent severe deformation leading to the
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emoval of their caps and distortion of their walls. Meanwhile,
he rotation of the steel disk aligned the CNTs along the sliding
irection. As a result, the structure seen in Fig. 5(c) was formed
ith aligned capless CNTs.

. Conclusions

The above investigation into the wear of CNT-reinforced
poxy composites brings about the following conclusions:

. The surface coverage area of CNTs, Rc/m, plays a significant
role in the wearability of the composites. With Rc/m > 25%,
the wear rate can be reduced by a factor of 5.5. The improve-
ment of the wear resistance of a high Rc/m composite was due
to the CNTs exposed to the sliding interface which protected
the epoxy matrix effectively.

. In samples with a low Rc/m, material removal was via brittle
fracture; however in those with a high Rc/m it is rather ductile.

. The contact sliding in a wear test can deform a CNT signifi-
cantly and cause its fragmentation.

. When Rc/m is high, the CNTs exposed to the sliding inter-
face reduce the coefficient of friction significantly. However,
when Rc/m is low, the coefficient varies. The mechanism of
the phenomenon needs to be further explored.
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