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Abstract

The unmodified and hexamethylene diisocyanate (HDI) modified TiO, nanotubes, were used for fabricating TiO, nano-
tubes (TiNTs)/polyurethane (PU) composite coating. The effects of applied load and sliding speed on the tribological
behavior of the composite coating were investigated using a block-on-ring wear tester. Compared to the TiO, nanotubes
filled PU composite coating, the HDI modified TiO, nanotubes (TiNTs-HDI) filled one had the lower friction coefficient
and higher wear life under various applied loads and sliding speed. Scanning electron microscope (SEM) investigation
showed that the TiNTs-HDI filled PU coating had smooth worn surface under given applied load and sliding speed,
and a continuous and uniform transfer film formed on the surface of the counterpart ring, which helped to reduce the wear
of the coating. The improvement in the tribological properties of TiNTs-HDI/PU composite coating might due to an
improvement in interfacial adhesion between TiNTs and PU after HDI treatment. The strong interfacial coupling of
the composite coating made TiNTs-HDI not easy to detach from the PU matrix, and prevented the rubbing-off of PU
composite coating, accordingly improved the friction and wear properties of the composite coating.
© 2008 Elsevier Ltd. All rights reserved.
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materials are less suitable because of their lower
mechanical strength. The solution for these applica-
tions is the production of compounds especially
reinforced with different materials and additives.

1. Introduction

The US Army utilizes polyurethane coatings as
camouflage ‘top-coats’ on all Army tactical vehicles

and aircraft. These coatings not only serve to
camou-age vehicles but also provide protection
against chemical warfare agents [1]. However, if
the coating requires higher loads and small clear-
ance over the entire lifetime, Common coating
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Much of the current interest in nanotubular
materials was initiated by the discovery of carbon
nanotubes, which are promising for many applica-
tions, particularly in the field of electronic materials.
Although noncarbon nanotubes were identified in
the early 1990s, relatively little research has been
carried out on their synthesis and characterization.
Other nanotubular materials represent a diverse
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chemistry, significantly extend the area of possible
applications, possess unique combinations of physi-
cochemical properties, and are often easier to syn-
thesize than carbon nanotubes. These properties
and relatively low synthesis costs can render noncar-
bon nanomaterials attractive for technological
applications [2].

TiO,, which is the most common compound of
titanium, is often used in many applications ranging
from anticorrosion, self-cleaning coatings, and
paints to solar cells and photocatalysts [3-6].
Recently, much effort has been directed at obtaining
TiO, nanotubes with a large surface area and high
photocatalytic activity [7-10]. However, the friction
and wear behavior of the TiO, nanotube filled poly-
mer composites has not previously been performed.
By reinforcing polyurethane with TiO, nanotubes, it
might be feasible to develop high performance poly-
urethane-based composite coating applicable under
friction and wear conditions.

With the aim of improving the dispersion of TiO,
nanotubes and the interfacial adhesion between
TiO, nanotubes and the polyurethane matrix, we
design a scheme in which TiO, nanotubes first react
with hexamethylene diisocyanate (HDI). HDI is
selected because the active hydrogen atoms of amide
of the polyurethane (PU) matrix might react with
isocyanate functional groups (O=C=N—) during
curing and form three-dimensional networks
throughout the composite coating, so that the
TiO, nanotubes could be connected with the PU
matrix covalently and take effect desirably.

The objective of the present investigation is to
study the tribological characteristics of random ori-
ented TiO, nanotubes reinforced polyurethane com-
posite coating under various experimental
conditions.

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 polyfluol50 wax powder (Mircopowder
Company, USA) which have excellent chemical
resistance to acids, bases and solvents and have
release and non-stick properties with an average
particle size ranging from 3 to 4 um was selected
as the solid lubricant. DB-551 (y-aminopropyl tri-
methoxysilane) was commercially provided by the
Diamond New Material of Chemical Inc., China.
Hexamethylene diisocyanate (HDI) was provided
by Fluka. Dibutyltin dilaurate was supplied by
Tianjin No.l Chemical Reagent Factory, China.
The mixture of acetone/xylene/cyclohexanone in a
volume fraction of 4:2:1 was employed in the pres-
ent work as a solvent.

In our work, steel 45 (12.7 mm x 12.7 mm X
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. Synthesis of TiO» nanotubes

Experimental details were as follows: commercial
TiO, powders (HRj3; crystalline rutile with surface
area of 210 m?/g, average diameter < 20 nm) were
used as the TiO, nanotubes precursors. The TiO,
nanotubes were synthesized with the method similar
to that of Kasuga et al. [11], The details of the prep-
aration procedures are as follows: 0.5 g of the pre-
cursor was mixed with 40 ml of NaOH aqueous
solution with the concentration of 10 mol/l, followed
by hydrothermal treatment at 130 °C in a Teflon-
lined autoclave for 15 h. The treated powders were
washed thoroughly with water and 0.1 mol/l HCI
aqueous solution until the pH value of the washing
solution lower than 7.0, and finally, the white prod-
uct was annealed at 400 °C for 2 h in air.

2.3. Surface treatment of TiO> nanotubes

The TiO, nanotubes were preheated at 120 °C in
vacuum for 24 h to eliminate possibly absorbed

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

C Si Mn S Cr Ni Cu Fe
Steel 45 0.42-0.5 0.17-0.37 0.50-0.80 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
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water on the surface of the particles. Then, 0.5 g of
TiO, nanotubes was added into a three-neck flask
with 50.0 ml toluene and dispersed through ultra-
sonication (in a water bath) for 30 min. Then
10 ml of 1.0 wt.% toluene solution of DB-551 was
added and stirred for 6 h at 60-65 °C for silaniza-
tion. After the reaction, the DB-551 treated TiO,
nanotubes were obtained by filtration of the solu-
tion and washing with toluene, absolute ethanol
and acetone, and then drying in a vacuum oven at
80 °C overnight.

The complete scheme for the TiO, nanotubes
modified with hexamethylene diisocyanate (HDI)
can be illustrated in Fig. 1. The typical treatment
of TiO, nanotubes proceeded as follows. A 150 ml
round-bottomed flask was charged with 0.5g of
the DB-551 treated TiO, nanotubes, 50 ml benzene,
20 ml HDI and 2-3 drops dibutyltin dilaurate. The
mixture was stirred at 80 °C for 10 h under a slow
stream of N,. The solid was separated by filtration
through a 0.2-um Millipore PVDF membrane, thor-
oughly washed with benzene and dried at 60 °C for
24 h under vacuum to obtain TiO, nanotubes mod-
ified with HDI (TiNTs-HDI).

2.4. Coating preparation

The unmodified and HDI modified TiNTs, were
used to reinforce the polyurethane coating. Before
the fabrication of composite coating, the two type
TiNTs were sonicated the aggregation and to sus-

c|101-r3
OH . 75C
OH— + CH;0——S1— (CHy)sNH,

OH |

OCHs

OCHs

— 0 ——81—— (CHy)sNH,
OH——

—OH  oCH;

Ny

——————— = OCN{CH)4NH-C— O—

70T

pend the TiNTs in solution. The polyurethane resin
and the solid lubricant of polyfluo150 wax (PFW)
powder were added to the solution for forming the
TiNTs/polyurethane composite slurry. The quantity
of PFW used was 30% of the binder of the polyure-
thane mass. The coatings on the steel substrates that
were rinsed with acetone and roughened by spraying
corundum were prepared by spraying the prepared
mixture with 0.2 MPa nitrogen gas using spray
gun. All the samples were cured in a container with
relative humidity of 50-60% and temperature of
25°C. After solvent evaporation, a thin coating
was obtained on the substrate and then cured at
60 °C, 120 °C for 2 h, respectively. The thickness
of the cured coatings was 30-50 pm.

2.5. Evaluation of the tribological behavior

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 behavior of the PU
composite coating. The contact schematic of the
frictional couple is shown in Fig. 2. A steel ring
was rotated against the PU coating at speeds of
1.28-3.84 m/s and load of 320-1620 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 slid-
ing distance was calculated from the product of

———i

+ O=C=N-(CH,)3-N=C=0

—OH gCHB |D|
—0 —SI—(CHy)3NH- C - NH(CH)NCO

OCH;

Fig. 1. The complete scheme for the TiNTs modified with hexamethylene diisocyanate (HDI).
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Fig. 2. Contact schematic for the frictional couple.

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%.

3. Results and discussion
3.1. Morphology and structure of TiNTs

Fig. 3 shows SEM images of the TiNTs after
hydrothermal treatment for 15h in a 5M NaOH
solution at 150 °C, the middle width of the obtained
TiNTs is 20 nm and the length is 2 pum. It was found
that non-capped TiNTs tended to agglomerate and
did not permit identification of a single tube owing
to the high surface energy of nanotubes (Fig. 3a).
After HDI modified TiNTs, The HDI-modified
TiNTs in Fig. 3b show much better dispersibility.

It demonstrates that after the surfaces of TiNTs
were modified by HDI, the aggregation of TiNTs
was greatly reduced.

The corresponding X-ray diffraction patterns
recorded from the as prepared nanotubes are shown
in Fig. 4. The crystal of the nanotubes is very fine.
All the relatively sharp peaks could be indexed as
anatase TiO, with crystalline cell constants of
a=23.785 and ¢=9.513 A, which are basically in
agreement with the reported values Joint Commit-
tee on Powder Diffraction Standards (JCPDS) Card
No. 21-1272. There are no characteristic peaks of
impurities, such as sodium titanium oxide, indicat-
ing that complete ionic exchange from Na™ to H*
is achieved.

3.2. FTIR analysis

Fig. 5 shows the FTIR results of the TiNTs
obtained at different processing steps. The FTIR
spectrum (Fig. S5a) of the unmodified TiNTs
shows the two bands appeared at 3430 and 500-
780 cm ™!, which is attributed to the —OH and
Ti—O stretching vibrations, respectively. The
absorption at 1060 cm ™! reflects Si—O—Si structure
that is produced by hydrolysis and polycondensa-
tion of the coupling agent (Fig. 5b). The absorption
peaks near 2900 cm ™!, 1455cm ™' and 1400 cm ™!
are ascribed to CH;— and —(CH,)— groups of the
coupling agent. Because the —NH, groups were
introduced on the surface of TiNTs, it is very bene-
ficial for these functional groups to anchor HDI
molecule on the surface of TiNTs through the cova-
lent bond between the —NH, groups of TiNTs and
—N=C=0 groups of HDI. These peaks are visibly
enhanced by subsequent HDI treatment for more
introduced —(CH,)— groups and their location

50KV X30000 WD79mm  100nm

MONE SEI 50kV  X20000 WD 2./mm 1pm

Fig. 3. The SEM micrograph of TiNTs: (a) the unmodified TiNTs; (b) HDI modified TiNTs.
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Fig. 4. XRD patterns of the prepared TiO, nanotubes.
] with monomers to produce a layer of HDI connect-
10 p y
5% ing with TiO, nanotubes via coupling agent.
0.8 3.3. Friction and wear behaviors
@
g 0.71 c
£ 061 The steady-state friction coeflicient and specific
‘g 051 AN wear life of the PU composite coatings under dry
E i ¢ sliding was shown in Table 2. It is seen that addition
& 04 of 1.0 wt.% of TiNTs or TiNTs-HDI can lead to a
0.37 decrease in the friction coefficient of the PU coating.
0.2 The PU coating reinforced with 1.0 wt.% of TiNTs—
01 —_— ——— HDI holds the lowest friction coefficient among the
4000 3000 2000 1000 0 three composite coatings. Furthermore, we found

wavenumber/cm-!

Fig. 5. The FTIR results of the TiNTs obtained at different
processing steps: (a) The unmodified TiNTs; (b) the DB-551
modified TiNTs; (c) the HDI modified TiNTs.

shifted a little because of the effect of
—CH,—N=C=0, which comes from monomers of
HDI. Significantly, the new absorption at
2273 cm™! that reflects —N=C=0 double bond
groups appear after HDI treatment. From the spec-
tra, it can be deduced that the coupling agent DB-
551 has been grafted on TiO, nanotubes and reacted

that TiNTs—HDI as the filler were superior to TiNTs
in terms of the ability to increase the wear resistance
of the PU coating. The wear life of the PU coating

Table 2

The friction coefficient and wear life of composite coating under
water lubrication and dry sliding (applied load of 320 N and
velocity of 2.56 m/s)

Composite coating Friction Wear life
coefficient, (m pm™")

PU + 30% PFW 0.175 535

PU + 30% PFW + 1.0% TiNTs 0.158 2287

PU +30% PFW + 1.0% TiNTs-HDI  0.137 2737
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filled with 1.0 wt.% of TiNTs is increased by nearly
200% as compared to that of the unfilled one. The
wear life of the one filled with 1.0 wt.% of TiNTs—
HDI is improved by about 250% as compared to that
of the unfilled one. The friction-reduction and anti-
wear ability of the modified TiNTs with HDI as
lubricant additive can be explained by well disper-
sion and superior property of TiNTs. Because the
unmodified TiNTs presented poor dispersion in
PU binder, the large TiNTs bundles were easily
formed in PU coating, resulting in the friction coef-
ficient increasing. However, TiNTs were released
from the TiNTs/PU composite coating during slid-
ing and transferred to the interface between the PU
composite coating and the steel counter-face. The
TiNTs in the interface served as spacers, preventing
the direct contact between the two mating surfaces,
thereby slowing the wear rate. After modified with
HDI, the TiNTs could be dispersed in PU binder
uniformly. So, two mating wear surfaces were easily
filled with the dispersed TiNTs during the wear pro-
cess, and then the TiNTs on wear surface could serve
as spacers, preventing rough contact between the
two mating wear surfaces, thereby decreasing the
wear loss considerably. In addition, owing to TiNTs
being shortened, the short and tube shape of the
TiNTs would provide very easy shear and more eas-
ily slide or roll between the two mating wear sur-
faces, so the friction coefficient decreased greatly.
The variations of friction coefficient and wear life
with applied load are depicted in Fig. 6. It was very
evident that the friction coefficient and the wear life
of the filled PU composite coating all decreased with
increasing applied load. It is worth to note that the
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PU coating containing the modified TiNTs with
HDI presented lower friction coefficient and higher
wear life than the one containing TiNTs. It is
known that polymers are a visco-elastic materials
their deformation under load is viscoelastic. There-
fore, the variation of friction coefficient with load
follows the equation u = KN"~' where u is the coef-
ficient of friction, N is the load, k constant and # is
also a constant, its value 2/3 <n <1 [12]. According
to this equation, the friction coefficient decreases
with the load increase.

It is well known that wear process involves frac-
ture, tribochemical effects and plastic flow. Transi-
tions between regions dominated by each of these
commonly give rise to changes in wear rate with
load. Furthermore, this result is closely related to
structure characteristics, and chemical effects
occurred in frictional processes as well as transfer
film formation on the counterface.

Fig. 7 shows effect of sliding speed on the friction
coefficient and the wear life of the TiNTs or TiNTs—
HDI filled PU coatings under 320 N. It can be seen
that the friction coefficient of the TiNTs or TiNTs—
HDI filled PU coating slightly decreases with
increasing sliding speed. The wear life of the two-
filled PU coating slightly increases when sliding
speed is below 2.56 m/s and then decreases as the
sliding speed rose from 2.56m/s to 3.84 m/s.
Accordingly, it should be pointed out here that the
PU coating filled with 1.0 wt.% of TiNTs-HDI pre-
sented lower friction coefficient and higher wear life
than the one filled with 1.0 wt.% of TiNTs when the
sliding speed is below 3.84 m/s. It could be rational
to infer that the sliding surface temperature of the

3000 -
2500 4 \ —=—TiNTs

4 —e— TiNTs-HDI

E{' 2000 4

E 1500

5 \.\

= 10004 \.\.

\l

500

750 1000 1250 1500 1750
Applied Load/N

250 500

Fig. 6. Effect of applied load on the friction coefficient and the wear life of the PU coating filled with 1.0 wt.% of TiNTs or 1.0 wt.% of

TiNTs-HDI under 2.56 m/s.
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Fig. 7. Effect of sliding speed on the friction coeflicient and the wear life of the PU coating filled with 1.0 wt.% of TiNTs or 1.0 wt.% of

TiNTs-HDI under 320 N.

PU nanocomposite coatings increased with sliding
speed, which resulted in micro-melting of the nano-
composite coating surface. Such a kind of micro-
melting could be speeded at a relatively larger sliding
speed, owing to the extended sliding distance. There-
fore it might be rational to deduce that the formation
of a transfer films of the nanocomposite coating on
the counterpart steel surface was speeded as well at
a relatively larger sliding speed.

Subsequently, a decreased friction coefficient and
increased wear life was observed with the change
from the sliding of the steel against the nanocom-
posite coating to that of the nanocomposite coating
against its transfer film on the counterpart steel
surface.

As a matter of fact, there are numerous sliding
applications in which water or oil is either deliberately

0.21 1

[ Jimmersion in water

0.18 - I immersion in oil

0154 = " I
0.12
0.09

0.06 1

Friction coefficient u

0.03 1

0.00

10 20 30 40 50 60
Immersion time/day

introduced as a coolant, e.g. in rolling mill bearing, or
present as a working fluid, e.g. in pumps. Thus, it is
imperative to carry out the corresponding research
on the tribological behavior of polymer composite
coating at different work conditions. Fig. 8 shows
the effect of immersion time in water or liquid paraffin
on the tribological behavior of the 1.0 wt.% of
TiNTs-HDI filled PU coating. It can be seen that
the friction coefficient and the wear rate of the filled
PU composite coating immerged in water all
increases with increasing immersion time. However,
the friction coefficient of the one immerged in liquid
paraffin retains nearly unchanged when immersion
time increases further, and the wear life first increases
with immersion time increase and then retains
unchanged when immersion time goes up further. It
is worth to note that the filled PU coating immerged

[ Jimmersion in water

3000 1 M immersion in oil

2500 1

Wear life/m. gm!
— — [\
[ %A S
S (o] S
[} (=} [«]
1 1 1

500 A i

I I | I I
10 20 30 40 50 60
Immersion time/day

Fig. 8. Effect of immersion time in water or oil on the friction coefficient and the wear life of the PU coating filled with 1.0 wt.% of TiNTs—

HDI (520 N, 2.56 m/s).
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in liquid paraffin presented lower friction coefficient
and higher wear life than that in water.

When the TiNTs-HDI filled PU coating immerged
in water, water might be penetrated into the matrix by
atwo-step mechanism: first, water is absorbed by cap-
illary action into the voids associated with interfaces
between the fillers and the PU binder; then, a slow dif-
fusion of water into the void of the bulk PU resins
takes place [13,14]. The swelling of surface layers
increases the shear strength of composite coating,
thus, enhancing its friction coefficient. Furthermore,
water absorption of polymer coating can cause loss
of adhesion and blistering. Water penetration enables
corrosion agents to diffuse through coating, forming
electrolyte on metal surface, accompanying electro-
chemical dissolution. Thus, the structure of the
TiNTs-HDI filled PU coating immerged in water
can be greatly deteriorated, leading to the decrease
of the friction and wear behavior.

Presented in Fig. 9 are the typical evolutions of
the friction coefficient of 1.0 wt.% TiNTs-HDI filled
PU coating as a function of the sliding time at
2.56 m/s and under different load. It can be seen
that the frictional process contains the severe fric-
tion process and the smooth friction process, and
the friction coefficient at the severe friction process
is much higher than that at the smooth friction pro-
cess. At the same time, as applied load increases, the
friction coefficient of the filled PU coating is also
following the reverse trend. When applied load is
increased, the newly formed debris would form a
more integrated but thinner films on the worn sur-
face and as a result, the smaller debris and more
integrated but thinner film on the worn surface
would bring about smaller friction coefficient

0.184

u
<
o)

L

N

0.14+

-
= ] —=— 320N
< —e—520N
g 0.12 —a— 820N
S 1 —v—1120N
= 0.104 —— 1620N
=] 1 A
E) 0.08 _§>. 4:¢:¢:¢‘¢——v—v——v‘v
2 ] —t=
0067
4 — K- Kk
0.04 T T T T T T

0 10 20 30 40 50 60
Sliding time/min
Fig. 9. Effect of sliding time on the friction coefficient of the

TiNTs-HDI filled PU coating under different applied load
(sliding speed: 2.56 m/s).

because of decreased degree of two-body abrasive
wear [15].

3.4. TG analysis

The effect of the TINTs—HDI on the thermal sta-
bility of the PU coating was estimated using TGA
analysis. The TGA curves were obtained by heating
the sample up to 780 °C at a rate of 20 °C/min with
N, gas purging (Fig. 10). As shown in Fig. 10, the
unfilled PU coating began to degrade at approxi-
mately 200 °C and was completely decomposed at
500 °C, and approximately 1.0 wt.% of the TiNTs—
HDI in the PU coating began to degrade at approx-
imately 300 °C and was completely decomposed at
600 °C. Furthermore, Fig. 10 indicates that the
TiNTs-HDI filled PU composite coating decom-
poses at higher temperature, which suggests that
the incorporation of TiNTs—HDI increases the ther-
mal stability of the PU coating. It is well-known
that the enhanced thermal conductivity of a poly-
mer composite can facilitate heat transport and
increase its thermal stability through the incorpora-
tion of high thermal conducting TiNTs-HDI.

3.5. SEM analysis

Fig. 11 shows the SEM morphologies of the worn
surfaces of the unfilled and TiNTs or TiNTs-HDI
filled PU coating under 320 N and 2.56 m/s, respec-
tively. The worn surface of the unfilled PU coating
shows signs of adhesion and abrasive wear
(Fig. 11a). The corresponding surface is very rough,
displaying plucked and ploughed marks indicative of
adhesive wear and ploughing. While a close view

?vl.%‘l‘iNTs-H[)L’PU coating

PU coating

Weight %
5 3

0 150 300 45 600 750 900
Temperature/°C

Fig. 10. TGA curves of the unfilled and 1 wt.% TiNTs-HDI
filled PU composite coating.
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28kU X108, 000 1Mm

28kU  X10,800 lmm

Fig. 11. SEM images of the worn surface of the unfilled and TiNTs or TiNTs-HDI filled PU coating (320 N, 2.56 m/s and 60 min): (a) the
unfilled; (b) the higher magnification of (a); (c) with 1.0 wt.% of TiNTs; (d) the higher magnification of (c); (e) with 1.0 wt.% of TiNTs—

HDI; (f) the higher magnification of (e).

(Fig. 11b) shows that micrometer size blocks of the
PU coating materials have left the surface of the
materials. This is indicative for fatigue-delamination
generated under repeated loading during sliding.
Fatigue wear has been regarded as a main mecha-
nism responsible for the sliding of the unfilled PU
coating against a hard counterpart [16]. 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 asper-
ities [17]. This phenomenon corresponds to the rela-
tively poorer wear resistance of the unfilled PU
coating in sliding against the steel. By contrast, the
scuffing and adhesion on the worn surface of the
PU/1.0 wt.% TiNTs composite coating are consider-
ably reduced (Fig. 11c). We can see a relatively
smooth, uniform, and compact worn surface, which
is in good agreement with the considerably increased
wear resistance of the PU/TiNTs composite coating.
Therefore, it can be deduced that the incorporation
of TiNTs contributes to restrain the scuffing and
adhesion of the PU matrix in sliding against the steel
counter face. However, close examination of the pic-
tures at higher magnification (Fig. 11d) shows that
micro-cracks in the region of the nanotube/matrix
interface occurred, caused by poor dispersion in
PU binder. With the propagation of these interfacial
cracks, the nanotubes exposed to the asperities of the
counterpart are finally removed, leaving voids on the
worn surface. Moreover, it should be to note that

the worn surface of the PU/TiNTs-HDI composite
coating shows a similar appearance to that of the
PU/TiNTs coating, as shown in Fig. 11e. It is hard
to observe wear tracks and plastic deformation and
exfoliation on the worn surface. The wear scars were
only observed on the protruding parts of surface,
which indicated that abrasive wear and adhesive
wear were not predominant. The improvement on
tribological behaviors of the TINTs-HDI filled com-
posite coating could be attributed to the enhance-
ment of the interfacial adhesion strength of the
nanotubes and matrix after nanotube surface treat-
ments. With a magnified view, as seen in Fig. 11f,
the image of the filled PU coating identifies the pres-
ence of many individual TiNTs-HDI embedded
within the PU matrix, which imply that the
TiNTs-HDI were well separated in PU matrix and
protected from aggregating with one another by
functionalization. These phenomena must be corre-
lated with the role of the grafted HDI. Actually,
TiNTs-HDI are very difficult to be uniformly dis-
persed in PU binder because of the strong attraction
between the TINTs—HDI and the limited shear force
during compounding. These results indicate that the
PU/TiNTs-HDI composite coating exhibited higher
wear resistance than the PU/TiNTs composite coat-
ing at sliding condition.

The prominent friction and wear mechanisms of
PU/TiNTs or PU/TiNTs-HDI composite coating
in dry sliding against a steel ring counterpart may
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be attributed to the following factors: firstly, tribo-
logical results suggest that both applied stress during
indentation and frictional stresses transfer to the
TiNTs or TiNTs-HDI. TiNTs or TiNTs-HDI addi-
tion might contribute to increasing the local com-
pressive and shear strength. Secondly, the
incorporation of TiNTs or TiNTs-HDI in PU coat-
ing helps to considerably increase the mechanical
properties of the composite coating, hence the PU/
TiNTs or PU/TiNTs-HDI composite coating show
much better wear resistance than the unfilled PU.
Secondly, TiNTs-HDI dispersed uniformly in the
composite coating can prevent the close touch of
the two contact surfaces between the steel ring coun-
ter face and the composite coating, which slows the
wear rate and reduces the friction coefficient. Finally,
during the course of friction and wear, TiNTs are
released from the PU/TiNTs composite coating
and transferred to the interface between the compos-
ite coating and the steel counter face. The self-lubri-
cate properties of TINTs—HDI result in reduction of
the wear rate and the friction coefficient.

The tribological behaviors of the filled PU coat-
ing are strongly influenced by their ability to form
a transfer film on the counterface. Once a transfer
film is formed, subsequent interaction occurs
between polymer coating and transfer films of simi-

100um

lar composition instead of polymer counterface. In
order to further study the friction and wear mecha-
nism of the TiNTs or TiNTs-HDI filled PU com-
posite coating, we investigated the micrographs of
the counterpart surface of three kinds of PU com-
posite coating at 320 N and 2.56 m/s. The micro-
graphs of the transfer films formed on the surfaces
of steel rings are shown in Fig. 12. It can be seen
from Fig. 12a that the transfer film of the unfilled
PU coating appears to be rough and discontinuous,
and is easy to scale off during friction process, so the
protection from transfer film is nonexistent. In con-
trast, the transfer films of the TiNTs or TiNTs-HDI
filled coatings (Fig. 12b and c) appear to be much
smoother than that of the unfilled coating. The con-
tinuous transfer films can effectively reduce the
‘direct contact’ of the composite coating with asper-
ities of the metallic counterpart surface. As a result,
the sub-surface stresses of the composite coating can
be maintained at lower values and thus lower fric-
tion coefficient and higher wear life are achieved.
The results indicate that the TiNTs can strengthen
the bond between the transfer film and the counter-
part surface, which is able to keep the softer com-
posite material from being damaged.

The PU coatings filled with 1.0 wt.% TiNTs-
HDI are selected as an example to investigate effect

Fig. 12. Optical micrographs (OM) of the transfer films formed on the counterpart ring surface for the unfilled and filled PU coating
(520 N, 2.56 m/s, and 60 min): (a) the unfilled; (b) with 1.0 wt.% of TiNTs; (c) with 1.0 wt.% of TiNTs-HDI.

Fig. 13. SEM pictures of the worn surfaces of the PU coating reinforced with 1.0 wt.% TiNTs-HDI under different applied load (60 min):

(a) 520 N; (b) 1120 N; (c) 1620 N.
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of applied load on the worn surface. The worn sur-
faces of the 1.0 wt.% TiNTs filled PU coating are
shown in Fig. 13a—c under different applied load.
It can be seen that the worn surfaces of the filled
PU coating are smooth at 2.56 m/s under 520 N
(see Fig. 13a). When applied load is under 1120 N,
there are some adhesion marks and cracks on the
worn surfaces (see Fig. 13b). However, with further
increase of applied load, the wear became from mild
to severe, which can be seen from the comparison
between Fig. 13b and c¢. The worn surface under
1620 N clearly shows large amounts of cracks (see
Fig. 13c), which indicates that the serious fatigue
wear is the main wear mechanism of the filled PU
coating when sliding under higher applied load. It
can be inferred that large area of frictional surface
of the filled PU coating would flake away if the
applied load increases further and the coating would
be seriously damaged.

5. Conclusions

1. Grafting of HDI onto TiO, nanotubes increased
the interfacial interaction between the nanotubes
and the PU matrix through chemical bonding. It
proved to be an effective way to further enhance
the nano-effect of the nanotubes on the improve-
ments of the tribological performance.

2. The dispersion of TiNTs in the PU coating is
improved by modification with HDI, and the
friction-reduction and anti-wear ability of TiNTs
as lubricant additive are also improved by modi-
fication with HDI effectively.

3. The PU/TiNTs-HDI nanocomposite coating
registers lower friction coefficient and higher
wear life than the unfilled and TiNTs filled PU
nanocomposite coating under dry sliding. TiNTs
or TiNTs-HDI strengthen the structure of the
PU coating and effectively reduce its adhesive
and ploughing wear, and enhance the formation
of the transfer films with better quality on the
counterpart steel surface, which together with
the load-carrying capacity of the TiNTs or
TiNTs-HDI contributes to improve the fric-
tion-reduction and wear-resistance of the TiNTs
or TiNTs-HDI filled PU composite coating.
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