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Abstract

The toluene-2,4-diisocyanate (TDI) treatment was used to bind isocyanate functional groups (O@C@N–) on the surface
of multi-walled carbon nanotubes (MWCNTs), after which the TDI modified MWCNTs and unmodified MWCNTs were
added to the polyurethane (PU) to produce composite coatings with improved wear properties. When the modified
MWCNTs were added to the PU binder, the grafting TDI can take part in the curing of the PU binder so that chemical
bonding was established between the MWCNTs and the matrix. Friction and wear tests indicated that modified MWCNT
reinforced PU composite coating has the highest coefficient of friction and the highest wear resistance of the examined
composite coating. Furthermore, the effects of sliding speed and applied load on the friction and wear behavior of the
PU coating filled with MWCNTs or MWCNTs-TDI were also studied. The results showed that the coefficient of friction
decreased with increasing sliding speed and applied load, and the anti-wear behavior of the PU coating filled with
MWCNTs-TDI was the best under 320 N at a speed of 3.0 m s�1.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Organic coatings are widely applied for decora-
tion and protection of metals. With the develop-
ment of nanotechnology, nanoparticles have been
increasingly applied to organic coatings [1–5].
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The one-dimensional structure, mechanical
strength and electrical properties of carbon nano-
tubes make them ideal fillers for incorporation into
composite systems for the development of advanced
multifunctional materials [6]. But several issues,
including dispersion of carbon nanotubes within
the matrix and their incompatibility with organic
resin, exfoliation of carbon nanotube bundles and
interaction of carbon nanotube with the host
polymer, have to be addressed in order to realize
the true potential of these composites. Especially
.
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for applications as structural reinforcements, the
interface strength between the carbon nanotubes
and polymers has to be enhanced to maximize load
transfer. The best way of ensuring favorable interac-
tions between matrix and carbon nanotubes is
chemical functionalization of the carbon nanotube
surface with suitable groups. A lot of methods, such
as surface-active agent, coupling agent, fatty acid
and alcohol, can be used to modify carbon nano-
tubes [7–9].

Due to the effects of the reinforcement, CNTs
can be used to fabricate the nanocomposites with
excellent tribological properties. The tribological
behaviors of the UHMWPE-CNTs [10], carbon-
CNTs [11], Ni–P-CNTs composite coatings [12,13],
polyimide-CNTs [14], polytetrafluoroethylene-
CNTs [15] and PMMA-CNTs [16] nanocomposites
have been investigated. It was found that CNTs-
based nanocomposites exhibited excellent anti-wear
life compared with the pure substrates matrix,
which results in the improvements on wear
resistance.

With the aim of improving the dispersion of car-
bon nanotubes and the interfacial adhesion between
carbon nanotubes and the polyurethane matrix, we
design a scheme in which MWCNTs first react with
toluene-2,4-diisocyanate (TDI). TDI is selected
because the active hydrogen atoms of amide of the
polyurethane (PU) matrix might react with isocya-
nate functional groups (O@C@N–) during curing
and form three-dimensional networks throughout
the composite coating, so that the MWCNTs could
be connected with the PU matrix covalently and
take effect desirably. Significant improvements in
the tribological behaviors of the PU composite coat-
ing filled with MWCNTs-TDI (when compared to
both the unfilled PU coating and the one filled with
MWCNTs) were observed even at low loading
(1.0 wt.%).

2. Experiments

2.1. Materials

Single-component polyurethane (PU) was pro-
vided by Xinhua Resin Company of Shanghai,
and the ash content and the isocyanate (O@C@N–)
content were 50 and 5–8 wt.%, respectively. Com-
mercial polyfluo150 wax powder (Mircopowder
company, USA) with an average particle size rang-
ing from 3 lm to 4 lm was selected as starting pre-
cursor materials. Multi-walled carbon nanotubes
(MWCNTs) (purity > 95 wt.%, diameter < 8 nm,
50 lm length) were purchased from Shenzhen
Nanotech Port Co., Ltd. Toluene-2,4-diisocyanate
(TDI) was provided by China Medicine Shanghai
Chemical Reagent Corporation. Dibutyltin dilau-
rate was supplied by Tianjin No. 1 Chemical
Reagent Factory, China. The mixture of acetone/
xylene/cyclohexanone in a volume fraction of 4:2:1
was employed in the present work as a solvent.

In our work, steel 45 (12.7 mm · 12.7 mm ·
19 mm) was used as substrate of the coating. An
AISI-C-52100 ring of 49.2 mm in diameter and
12 mm in thickness (Hardness Hv850) was made
of bearing steel. The chemical compositions of steel
45 and AISI-C-52100 bearing steel are shown in
Table 1.

2.2. Surface treatment of MWCNTs

2.2.1. Oxidation of MWCNTs
MWCNTs were treated with a mixture of H2SO4

and HNO3 with a weight ratio of H2SO4 to HNO3

of 3:1 and a weight ratio of the mixed acid to the
MWCNTs of 400:1 by stirring at 80 �C for 2 h to
obtain acid-modified MWCNTs. Then, the mixture
was vacuum-filtered through 0.2-lm Millipote
PTFE membrane and washed with distilled water
until the pH of the filtrate was 7.0. The filtered solid
was dried under vacuum for 24 h at 60 �C, obtaining
oxidized MWCNTs.

2.2.2. Reduction of MWCNTs

The reduction of the oxidized MWCNTs was
realized using lithium aluminum hydride (LiAlH4)
with the method similar to that of Ma et al. [9]. Typ-
ically, 1.0 g of oxidized MWCNTs were dispersed in
toluene by ultrasonication (in a water bath) for
30 min, and then 250 mg of LiAlH4 was added
gently. The solution was stirred for 1 h at room tem-
perature, followed by adding 200 ml of 2.0 M
hydrochloric acid into the solution to remove the
lithium and aluminum. The reduced MWCNTs
were obtained by filtration of the solution and
washed with toluene, absolute ethanol and acetone,
and then dried in a vacuum oven at 80 �C overnight.

2.2.3. TDI grafting of MWCNTs

The complete scheme for the MWCNTs modified
with toluene-2,4-diisocyanate (TDI) can be illus-
trated in Fig. 1. The typical grafting of MWCNTs
proceeded as follows. A 150 ml round-bottomed
flask was charged with 0.5 g of the reduction



Table 1
The chemical compositions of the AISI-C-52100 bearing steel and steel 45 (in wt.%)

C Si Mn P S Cr Ni Cu Fe

Steel 45 0.42–0.5 0.17–0.37 0.50–0.80 0.035 0.035 0.25 0.25 0.25 Balance
Bear steel 0.98–1.1 0.15–0.35 0.25–0.45 1.3–1.6 Balance

HOO C

COO H

COO H

LiAlH4

OH

OH
  OH

HN O3/H2SO4

NCOOCN

CH3

N2,70 °C

NCO-COO NH

CH3

OH

NCO-COO NH

CH3

Fig. 1. Fabrication procedure of MWCNTs-TDI.
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MWCNTs, 50 ml benzene, 20 ml TDI and 2–3
drops dibutyltin dilaurate. The mixture was stirred
at 80 �C for 10 h under a slow stream of N2. The
solid was separated by filtration through a 0.2-lm
Millipore PVDF membrane, thoroughly washed
with benzene and dried at 60 �C for 24 h under vac-
uum to obtain MWCNTs modified with TDI
(MWCNTs-TDI).

2.3. Coating preparation

The manufacture process of the composite coat-
ing was as follows: To obtain a slurry of MWCNTs
and Polyfluo150 wax powder (PFW), PFW and
MWCNTs with desired proportion were dispersed
in the mixed solvent with ultrasonic stirring for
15 min. Then, both the PU binder and the suspen-
sion was carefully mixed by mechanical stirring
and ultrasonication. The quantity of the solid lubri-
cant of PFW used was 30% of the mass of PU bin-
der. The coatings on blocks were prepared by
spraying the prepared slurry with 0.2 MPa nitrogen
gas using spray gun. The surface of steel 45 sub-
strates was rinsed with acetone and roughened by
spraying corundum. All the samples were cured in
a container with relative humidity of 50–60% and
temperature of 25 �C. After solvent evaporation, a
thin film was obtained on the substrate. The thick-
ness of the cured coatings was 50–60lm.

2.4. Evaluation of the tribological behavior of the PU

coatings

An MHK-500 ring-on-block wear tester (made
by the Jinan Testing Machine Factory, China) with
a similar configuration to a Timken tester was used
to evaluate the friction and wear behaviors of the
PU composite coatings. The contact schematic of
the frictional couple is shown in Fig. 2. A steel ring
was rotated against the PU coating filled with
MWCNTs or MWCNTs-TDI at speeds of 1.28–
3.84 m s�1 and load of 320–620 N. The sliding time
of 60 min was used in all friction tests. Before each
test, the steel ring was abraded with 900 grade water
proof abrasive paper. Then the steel ring was
cleaned with acetone followed by drying. The



Fig. 2. Contact schematic for the frictional couple.
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sliding distance was calculated from the product of
the sliding speed and the sliding time. The wear life
of the coatings was calculated after dividing the slid-
ing distance by the corresponding coating thickness
in micrometers. All the friction and wear tests were
carried out at 20–25 �C and a relative humidity of
40–60%. After the wear test, SEM (JSM-5600LV)
was used to observe the worn surfaces of the PU
coatings filled with MWCNTs. Prior to SEM obser-
vation, specimens were Au coated.

3. Results and discussion

3.1. Morphology of MWCNTs

Fig. 3a and b show TEM images of the pristine
MWCNTs and oxidized MWCNTs, respectively.
Compared with that of pristine MWCNTs, the final
product after 2 h of mixed acid treatment was
observed clean tubes with no apparent catalyst
particles.
Fig. 3. The TEM images of pristine MW
3.2. TGA and FTIR of MWCNTs and modified

MWCNTs

Fig. 4 shows the FTIR results of the MWCNTs
obtained at different processing steps. The FTIR
spectrum (Fig. 4a) of the oxidized MWCNTs shows
the two bands appeared at 1730 and 1160 cm�1,
which are attributed to the C@O and C–O stretch-
ing vibrations of the carboxylic groups (–COOH),
respectively. The FTIR spectrum of the reduced
MWCNTs (Fig. 4b) shows the reduction of the –
COOH groups to –OH groups, as verified by the
disappearance of the band at 1730 cm�1 and the
appearance of a band at 1384 cm�1. Because the –
OH groups were introduced on the surface of
MWCNTs, it is very beneficial for these functional
groups to anchor TDI molecule on the surface of
MWCNTs through the covalent bond between the
–OH groups of MWCNTs and –N@C@O groups
of TDI.

After modification with TDI, the characteristic
peaks of the TDI are observed at about 3373
cm�1, 2924 cm�1, 2886 cm�1, 2278 cm�1, 1562
cm�1, 1480 cm�1, respectively. The two new peaks
at 3373 cm�1 and 2278 cm�1 are attributed to –
NH2 and –N@C@O stretching mode. In addition,
the new peaks observed at 1562 cm�1 and
1480 cm�1 should be attributed to benzenoid unit
of TDI. According to the FTIR results, it was con-
cluded that the surfaces of MWCNTs were coated
with TDI through covalent bond and physical
attraction.

In order to estimate the effect of surface modifi-
cation on the thermal stability of the MWCNTs,
thermal scans of MWCNTs and MWCNTs-TDI
were carried out from 25 �C to 700 �C by the
TGA in nitrogen atmosphere in Fig. 5. It can be
CNTs and oxidized MWCNTs.
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Fig. 4. The FTIR results of the MWCNT obtained at different
processing steps: (a) the oxidized MWCNTs; (b) the reduced
MWCNTs and (c) the TDI modified MWCNTs.
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seen that the weight loss of pristine MWCNTs at
500 �C is negligible. The MWCNTs-TDI show mass
loss around 250 �C, which corresponds to the degra-
dation of the TDI. The broad degradations
observed at higher temperatures (>500 �C) are
related to the thermal decomposition of the
MWCNTs. Mass loss values from the thermograms
indicate the TDI contents ranging from 20% to 25%
by weight of pristine MWCNTs added.

3.3. Friction and wear behaviors

The sliding wear behavior of the PU coating are
compared in Fig. 6 as a function of untreated and
treated MWCNT content. It can be seen that the
coefficient of friction obviously increases when con-
tents of MWCNTs and MWCNTs-TDI are below
3.0 wt.%. The data show that of the samples studied
0 100 200 300 400 500 600 700

0

20

40

60

80

100

MWCNTs-TDI

MWCNTs

T
G

/%

Temperature/˚C

Fig. 5. The TGA curves of MWCNTs and MWCNTs-TDI.
the coefficient of friction has its highest value when
3.0 wt.% of MWCNTs or MWCNTs-TDI are pres-
ent. The coefficient of friction of the material filled
with MWCNTs sharply decreases from 3.0 wt.%
to 5.0 wt.%, then increases but at a slower rate with
further increase of the content of MWCNTs and is
higher in comparison with that of the unfilled one.
This reason is that MWCNTs comprise an array
of such nanotubes that are concentrically nested like
rings of a tree trunk, which endows it without self-
lubricating characteristics. When the contents of
MWCNTs-TDI exceed 5.0 wt.%, the coefficient of
friction linearly decreases with increasing content
of MWCNTs-TDI. The wear life of the PU coating
filled with 1.0 wt.% of MWCNTs is increased by
nearly 70% as compared with that of the unfilled
one. As the contents of MWCNTs are increased
up to 1.0 wt.%, the wear life increases gradually.
The wear resistance of the PU composite coating
filled with 3.0 wt.% of MWCNTs-TDI is improved
by about 150% as compared with that of the unfilled
one. With further increasing content of MWCNTs-
TDI, the wear life of the PU coating linearly
decreases. As a result, additions of MWCNTs or
MWCNTs-TDI are able to enhance the coefficient
of friction of and the wear life of the PU coating,
especially, the wear life is the best when the content
of MWCNTs-TDI is at 3.0 wt.%. At the first stage
of sliding wear, the PU matrix on a sample’s surface
was removed in a brittle mode. The MWCNTs were
then exposed to the sliding interface. Because the
MWCNTs have a high strength, they reduce the
wear rate significantly. Nevertheless, the MWCNTs
underwent severe deformation leading to the
removal of their caps and distortion of their walls
which causes the increase of the coefficient of fric-
tion of the PU coating. Therefore, it can be con-
cluded that MWCNTs can significantly improve
the tribological performance of the PU composite
coatings. The favorable effects of MWCNTs on
the tribological properties are attributed to
improved mechanical properties and unique topo-
logical structure of the hollow nanotubes [17].

The coefficient of friction and the wear life of the
unfilled and the PU coating filled with 1.0 wt.% of
MWCNTs or 1.0 wt.% of MWCNTs-TDI under
different applied loads at a speed of 2.56 m s�1 are
shown in Fig. 7. It can be seen that the coefficient
of friction of these coatings tends to decrease with
the increase of applied load. Compared with the
unfilled and the PU coating filled with MWCNTs,
the one filled with MWCNTs-TDI exhibits a the
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highest coefficient of friction throughout applied
loads. At the same time, all PU composite coatings
have excellent anti-wear abilities under lower
applied load. But under higher applied load, they
fail in many cases since higher applied load will lead
to severe plastic deformation of the PU composite
coating owing to the mechanical incompatibility
between the PU coating and the substrate [18].
Compared with the unfilled PU coating, the one
filled with MWCNTs or MWCNTs-TDI appears
to have better anti-wear behaviors under different
applied loads. The results indicate that addition of
MWCNTs or MWCNTs-TDI could improve the
ability of carried load of the PU coating. Due to
an increased active group resulting from the grafting
TDI, it is believed that this is beneficial for
MWCNT/matrix miscibility and hence enhances
MWCNT/matrix adhesion by chain entanglement
and/or chemical bonding between the grafting
TDI and the matrix PU binder.

Variations of the coefficient of friction and the
wear life of the unfilled and the one filled with
1.0 wt.% of MWCNTs or 1.0 wt.% of MWCNTs-
TDI with sliding speed under 320 N are shown in
Fig. 8. It can be seen that the coefficient of friction
of the coatings records a slight decrease with
increasing sliding speed, but then increases at a
slower rate with further increasing sliding speed.
Moreover, it is also found that the wear life of the
coatings is adversely affected by increasing sliding
speed. The wear life of the coatings obviously
increases when sliding speed is below 3.0 m s�1

and then slightly decreases as the sliding speed rises
from 3.0 m s�1 to 3.84 m s�1. Accordingly, it should
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Fig. 9. FTIR spectra of the worn surface of the PU coating filled
with 1.0 wt.% of MWCNTs-TDI at different sliding speeds
(320 N, 60 min): (a) the unworn surface; (b) at 1.28 m s�1 and
(c) at 3.84 m s�1.
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be pointed out that the PU coating filled with
MWCNTs-TDI has the best anti-wear behaviors
at a speed of 3.0 m s�1. The MWCNTs in the com-
posite coating will slowly release onto the metal sur-
face during the wear and friction test. The
MWCNTs on the surface serve as spacers, prevent-
ing rough contact between counterparts, thereby
slowing the wear rate considerably. It is supposed
that the variations in the coefficient of friction and
the wear life with sliding speed are closely related
to the friction-induced heat. Namely, since the fric-
tion-induced heat plays a larger role in the frictional
interface at a higher sliding speed than at a lower
one, the degradation and decomposition of the PU
matrix and PFW fillers would be accelerated and
hence the wear of the composite coating becomes
more severe at high sliding speed above 3.0 m s�1.
3.4. FTIR analysis

To investigate the surface structure changes of
the worn surface at different sliding speeds, FTIR
spectra were obtained for the worn surface of the
PU coating filled with 1.0 wt.% of MWCNTs-TDI
in Fig. 9. It can be seen that the strong absorption
bands of -OH, –NH2, –CH, –N@C@O and –C@O
appear on the original coating (Fig. 9a), but these
bands fade or disappear with increasing sliding
speed. Especially, –N@C@O peak at 2272 cm�1 is
consumed slightly when sliding speed was at
1.28 m s�1 (Fig. 9b), but greatly at 3.84 m s�1

(Fig. 9c).
The chemical reactions during the curing process

of the PU coatings could be described as follows:
RANCO + H2O! [RANHACOOH] ð1Þ

[RNHACOOH]!RANH2 + CO2 ð2Þ

RANCO + R0ANH2!RANHACOANHAR0

ð3Þ
Because the curing of the PU binder was strongly
dependent on the reactions between the –N@C@O
radical in the binder and the –OH and –NH2 radi-
cals originated from PU matrix, a certain curing
temperature was essential for the curing chemical
reactions [19].

According to the results of FTIR analysis of the
worn surface at different sliding speeds, it can be
concluded that the structural change of the PU coat-
ing filled with MWCNTs-TDI during the friction
process was due to the friction heat, which caused



H.-J. Song et al. / European Polymer Journal 43 (2007) 4092–4102 4099

C
R

O
M

O
L

E
C

U
L

A
R

N
A

N
O

T
E

C
H

N
O

L
O

G
Y

disordering and partial decomposition of the PU
binder.

3.5. TG analysis

The effect of the MWCNTs on the thermal stabil-
ity of the PU coating was estimated using TGA
analysis. The TGA curves were obtained by heating
the sample up to 800 �C at a rate of 20 �C/min with
N2 gas purging. As shown in Fig. 10, the unfilled PU
coating began to degrade at approximately 200 �C
and was completely decomposed at 500 �C, and
approximately 1.0 wt.% of the MWCNTs in the
PU composite coating began to degrade at approx-
imately 300 �C and was completely decomposed at
650 �C. Furthermore, Fig. 10 indicates that the
MWCNTs filled PU composite coating decompose
at higher temperature, which suggests that the
incorporation of MWCNTs increases the thermal
stability of the PU composite coating. It is well-
known that the enhanced thermal conductivity of
a polymer composite can facilitate heat transport
and increase its thermal stability through the incor-
poration of high thermal conducting MWCNTs
[20].

3.6. SEM analysis

In order to understand the effect of the
MWCNTs and MWCNTs-TDI on the friction and
wear behavior of the PU composite coating, the
worn surface morphologies of the composite coat-
ing as well as wear debris were studied by SEM.

Fig. 11 shows the SEM morphologies of the worn
surfaces of the unfilled and filled PU coatings under
0 100 200 300 400 500 600 700 800 900
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100
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T
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Fig. 10. TGA curves of the unfilled and MWCNT 1 wt.% filled
PU composite coating.

M
A

320 N and 2.56 m s�1, respectively. It can be seen
that evident plucked marks appear on the wear scars
of the unfilled PU coating (Fig. 11a), while a close
view (Fig. 11b) shows that micrometer size blocks
of the PU coating materials have left the surface
of the materials. This is indicative for fatigue-delam-
ination generated under repeated loading during
sliding. Fatigue wear has been regarded as a main
mechanism responsible for the sliding of the unfilled
PU coating against a hard counterpart [21]. The
model is based on the sub-surface crack nucleation
and coalescence due to shear deformation of the
softer surface induced by the traction of the harder
asperities [22]. For the PU coating filled with
1.0 wt.% of MWCNTs, the worn surfaces are char-
acterized by slight scuffing (Fig. 11c). Close exami-
nation of the pictures at higher magnification
(Fig. 11d) shows that severe wear associated with
the detachment of bulk materials for the unfilled
PU coating is replaced by adhesion for the PU coat-
ing filled with 1.0 wt.% of MWCNTs. Furthermore,
the worn surfaces of the PU coating filled with
1.0 wt.% of MWCNTs-TDI only show the traces
of mild wear (Fig. 11e). With a magnified view, as
seen in Fig. 11f, the image of the filled PU coating
identifies the presence of some individual MWCNTs
embedded within the PU matrix, which imply that
the MWCNTs were well separated in PU matrix
and protected from aggregating with one another
by functionalization. These phenomena must be
correlated with the role of the grafted TDI. Actu-
ally, MWCNTs are very difficult to be uniformly
dispersed in PU binder because of the strong attrac-
tion between the MWCNTs and the limited shear
force during compounding. Consequently, the PU
coating filled with MWCNTs usually contains a
number of loosened clusters of MWCNTs, which
may lead to extensive material loss as a result of dis-
integration and crumbling of the agglomerate of the
MWCNTs under tribological conditions.

OM analysis of transfer films formed on the
counterpart ring surface for the unfilled and filled
PU coating is shown in Fig. 12. Fig. 12a reveals that
the thick, discontinuous transfer films formed on
the surface of the counterpart ring, and were easy
to be scaled off during friction process, so the pro-
tection from transfer films was non-existent any-
more. However, the transfer films of the PU
coating filled with 1.0 wt.% of MWCNTs or
1.0 wt.% of MWCNTs-TDI sliding against the
counterpart ring are comparatively thin, uniform
and continuous (Fig. 12b and c), which agreed well



Fig. 11. SEM micrographs of the worn surfaces of the unfilled PU coating and the one filled with MWCNTs or MWCNTs-TDI (320 N,
2.56 m s�1, 60 min). (a) the unfilled; (b) the higher magnification of (a); (c) with 1.0 wt.% of MWCNTs; (d) the higher magnification of (c);
(e) with 1.0 wt.% of MWCNTs-TDI; (f) the higher magnification of (e).

Fig. 12. Optical micrographs (OM) of the transfer films formed on the counterpart ring surface for the unfilled and filled PU coating
(320 N, 2.56 m s�1, 60 min): (a) the unfilled; (b) with 1.0 wt.% of MWCTs and (c) with 1.0 wt.% of MWCNTs-TDI.
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with its relatively excellent wear-resistance proper-
ties as compared with the unfilled coatings. As is
well-known, the tribological behaviors of polymers
and their composites sliding against a ring under
dry friction conditions are strongly influenced by
their ability to form a transfer film on the counter-
face. Once transfer films are formed, subsequent
interaction occurs between the polymer and a layer
of similar material [23].

Therefore, it can be inferred that 1.0 wt.% of
MWCNTs or 1.0 wt.% of MWCNTs-TDI can
strengthen interactive force between the transfer
films and the counterpart surface and facilitate for-
mation of transfer films on the surface of steel ring,
which results in much lower wear for the PU com-
posite coating.
The PU coating filled with 1.0 wt.% of
MWCNTs-TDI was selected as an example to inves-
tigate effects of the sliding speeds on the worn sur-
face, as is shown in Fig. 13. It can be seen that the
worn surfaces of the filled PU coating are smooth
at 2.0 m s�1 under 320 N, and the adhesion and
plough marks on the worn surfaces are nearly invis-
ible (see Fig. 13a). With the increase of sliding
speed, the plastic transfiguration of the coating
material was enhanced. It can be seen that the sam-
ple surface was intenerated and viscous flow
occurred at 3.0 m s�1 and 3.84 m s�1 (see Fig. 13b
and c). Moreover, we find that there are some holes
on the surface of the coating when sliding speed is at
3.84 m s�1. According to the above FTIR analysis,
the curing reaction of the PU binder would be too



Fig. 13. SEM pictures of the worn surfaces and wear debris of the PU coating reinforced with 1.0 wt.% of MWCNTs-TDI under different
sliding speeds (320 N, 60 min); (a) 2.0 m s�1; (b) 3.0 m s�1; (c) 3.86 m s�1; (d) debris of (a); (e) wear debris of (b); (f) wear debris of (c).
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quick and accelerate the evaporation of the solvent
or CO2 from the coating when the sliding speed was
too high, which leads to many holes on the surface
of the coating and makes the anti-wear and mechan-
ical properties of the coating deteriorate.

Fig. 13d, e and f show SEM micrographs of the
wear debris of the PU coating filled with 1.0 wt.%
of MWCNTs-TDI under different sliding speeds.
It is seen that the size of the wear debris varies from
each other under different sliding speeds. The size of
the wear debris under 3.0 m s�1 is much smaller
than that under 2.56 m s�1 or 3.84 m s�1. As a
result, the fine debris and/or MWCNTs pulled out
from the composite coating would provide lubricat-
ing effect at the interface between the surface of
coating material and the steel ring.

4. Conclusion

Modification of MWCNTs through grafting
active TDI monomers which increased the interfa-
cial interaction between the MWCNTs and the PU
matrix through chemical bonding represents an
attractive route to give full play to MWCNTs in
improving the tribological performance of the PU
coating. The addition of untreated MWCNTs into
the polyurethane coating can enhance the wear life
of it at lower filler loading, but a more significant
improvement of the tribological properties can be
obtained by incorporating the MWCNTs modified
with TDI. The key effects of the modified MWCNTs
lie in the strengthening interactive force between the
transfer film and the counterpart surface and facili-
tating formation of transfer film on the steel ring
surface besides the increase of the interfacial adhe-
sion between the MWCNTs and the PU matrix.

The applied load and sliding speed have great
effect on the PU composite coating. With the
increase of applied load, the wear life of the PU
composite coating decreased. The reason was that
under high-applied load, the PU composite coating
fails in many cases since high-applied load will lead
to severe plastic deformation of the PU coating
owing to the mechanical incompatibility between
the PU coating and the substrate. The differences
in friction and wear behaviors of the PU composite
coating under different sliding speeds appeared to be
mainly ascribed to the influence of the contact tem-
perature of the two relative sliding parts.
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