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Abstract: Multi-walled carbon nanotubes (MWNTs) were wet-milled in the presence of ammonia and cationic surfactant and then
used as reinforcements to prepare Ni-P-MWNTs composite coatings by electroless plating. The tribological performances of the
composite coatings under dry condition were investigated in comparison with 45 steel and conventional Ni—P coating. Micrographs
show that short MWNTs with uniform length and open tips were obtained through the wet-milling process. The results of wear test
reveal that the Ni-P-MWNTs composite coatings posses much better friction reduction and anti-wear performances when compared
with 45 steel and Ni—P coating. Within the MWNTs content range of 0.74%—1.97%, the friction coefficient and the volume wear rate
of the composite coatings decrease gradually and reach the minimum values of 0.08 and 6.22x10™"° m*/(N-m), respectively. The
excellent tribological performances of the composite coatings can be attributed to the introduction of MWNTSs, which play both roles
of reinforcements and solid lubricant during the wear process.
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1 Introduction

Since the discovery of carbon nanotubes (CNTs) in
1991 by IIJIMA [1], lots of researches on the structures
and properties have been done. According to theoretical
calculations and in-situ measurements, CNTs have
exceptional optical, electrical and mechanical properties,
which predicate that CNTs possess promising
applications in many fields such as physics, chemistry
and materials [2—4]. Considered as the strongest fiber [5],
CNTs have elastic modulus as high as 1.8 TPa and the
tensile strength reaches 67 GPa. Moreover, because of
the closed tubular structure of graphite sheets, CNTs are
expected to form the desirable weak interaction with the
contacting couple during wear process [6]. Thus, more
and more studies have been investigated to use CNTs to
prepare composite materials with excellent tribological
performances [7-9].

However, the poor dispersion of CNTs is an urgent
problem to be solved due to their high length-diameter
ratio and their van der Waals interactions [10]. To
improve the dispersion, most researchers aimed to

functionalize CNTs with various chemical groups [11,
12], but less attention was paid to cutting CNTs by ball
milling. Ball milling is a mechanical process during
which the high-pressure is generated locally by the
collision of milling balls. Many researchers [13,14]
found that milling CNTs under dry condition, alone or
with other powder, can substantially reduce the length of
CNTs. Accordingly, good dispersion is available due to a
mild entanglement degree of CNTs. CHEN et al [15] and
DENG et al [16] have used the dry-milled CNTs to
prepare Ni—P based composite coating by electroless
plating, which shows desirable tribological performances
under the lubrication condition. Recent researches
indicated that the CNTs obtained by wet-milling have
more open tips and functional groups than those obtained
by dry-milling [17,18]. These features are effective to
enhance the wettability and thus improve the dispersion
of CNTs in aqueous solution.

In this work, multi-walled carbon nanotubes
(MWNTs) were wet-milled in the presence of a new
milling medium. The milling effect was studied in
comparison with ordinary dry-milling. The wet-milled
MWNTs were used as reinforcements to prepare
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Ni—P-MWNTs composite coatings by electroless plating.

The tribological performances of the composite coatings
under dry condition were investigated and the
mechanism  was  discussed. @ The  tribological
performances of conventional Ni—P coating and 45 steel
were also tested for comparative purpose.

2 Experimental

2.1 Milling of MWNTs

MWNTs used in the study were prepared by a
catalytic chemical vapor deposition (CVD) method with
purity higher than 95%, 1-2 pm in length and 20—40 nm
in outer diameter. Milling experiments were carried out
in a planetary ball milling apparatus. To obtain
wet-milled MWNTs, 2.0 g of MWNTs, 0.5 g of
cetyltrimethyl benzyl ammonium bromide (CTAB), 60 g
of ammonia, and 100 g of milling ball (GCrl5 steel)
were put into a stainless steel container. The container
was then rolled at a rotor speed of 300 r/min for 6 h.
After ball milling, MWNTs were purified in 4 mol/L
HNO; at 80 °C for 0.5 h, followed by centrifugation,
repeated washing with deionized water until pH>6.5 and
drying. Dry-milled MWNTs were also obtained through
a similar process for comparative purpose. The sole
difference from the wet-milling process is that MWNTs
were milled under dry condition and none of ammonia or
CTAB was involved. The morphological characteristics
of MWNTs, before and after millings, were observed
using a JEM—2100F transmission electron microscopy
(TEM).

2.2 Preparation of Ni—P coating and Ni-P-MWNTs
composite coatings

In the present study, 45 steel was adopted as the
substrate for the plating of Ni-P-MWNTs composite
coatings. The basic bath compositions are listed in Table
1. To improve the bonding force between the composite
coatings and the steel substrate, a Ni—P interlayer coating
was firstly deposited for 0.5 h on the substrate. Then,
Ni—-P-MWNTs composite coatings were deposited for 3
h on the interlayer coating. In order to obtain different
composite coatings, six concentrations of MWNTs in the
plating bath (0.1, 0.3, 0.4, 0.5, 0.6 and 0.7 g/L) were
adopted in the experiments. During the course of plating,
the temperature of the bath was held at (8§7+1) °C and pH
was maintained at 4.6+0.1. Meanwhile, agitation was
used to disperse MWNTs in the plating bath.

Ni—P coating was also prepared with a similar bath
composition and operating parameters. In order to avoid
hydrogen brittleness and increase the hardness, the
as-prepared Ni-P-MWNTs composite coatings and
Ni—P coatings were annealed in vacuum at 400 °C for 1h
before the wear test.

The surface and cross-section morphological
features of the Ni-P-MWNTs composite coating were
investigated by a JSM—6360LV scanning electron
microscopy (SEM) and a MeF3A optical microscopy,
respectively. The contents of MWNTs in the composite
coatings were tested using a LECO/CS—600 carbon-
sulfur analyzer.

Table 1 Bath compositions for electroless plating

Chemical composition Concentration/(g-L™")

NiSO46H,0 21
NaH,PO,-H,0 24
CH;CH(OH)COOH 30

PbCl, 1X107
C16H33(CH;);NBr 0.5

2.3 Friction and wear tests

The tribological experiments of 45 steel, Ni—P
coating and the composite coatings were performed
using a reciprocating ball-on-flat tribometer (UMT-3,
CETR, USA) under dry condition in ambient air. The
relative humidity was 45%—50% and the temperature
was 20-25 °C. Standard GCrl5 steel balls (d9.5 mm)
were used to slide against the samples over a wear track
of 6.0 mm with a speed of 0.1 m/s. The applied load was
10 N and the test time was 0.5 h. The friction coefficients
were recorded throughout the tests. The cross-sectional
areas of wear tracks were measured using a profilometer
and the volume losses were calculated with the help of
corresponding software. The worn surfaces of the tested
samples were observed by SEM. The -elemental
information of the worn surface of the steel ball sliding
against the Ni-P-MWNTs composite coatings were also
analyzed by a K-Alpha 1063 X-ray photoelectron
spectrometer (XPS).

3 Results and discussion

3.1 Morphology and structure of MWNTs

TEM images of MWNTs are shown in Fig. 1. The
MWNTs before milling (Fig. 1(a)) are long, curved and
entangled together, while the milled MWNTs are
obviously shorter. Compared with the dry-milled
MWNTs (Fig. 1 (b)), the wet-milled MWNTs (Fig. 1 (c))
are more uniform in length. The milling medium seems
to play a key role for the differences between the
dry-milled and wet-milled MWNTs. During the course of
dry-milling, MWNTs tend to be compacted by the
milling balls and form large agglomerates [17]. When
impacts are generated on the agglomerates, MWNTs of
the outer part adsorb the majority of the collision energy.
As a result, MWNTs of the inner part of the
agglomerates are not easy to crack, while MWNTs of the
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Fig. 1 TEM images of MWNTs: (a) Before milling; (b) After dry-milling; (c) After wet-milling; (d) HRTEM image of open tip of

wet-milled MWNTs

outer part will fracture and their structure may suffer a
serious damage, which is harmful to the mechanical
properties of MWNTs. For the wet-milling, there is little
chance to form large agglomerates due to both effects of
the liquid media which alter the van der Waals
interaction among MWNTs, and the surfactant (CTAB)

which helps to keep MWNTs well dispersed in the liquid.

In other words, ammonia combining with CTAB helps to
greatly diminish the agglomeration of MWNTs and thus
offers possibilities to uniformly cut the tubes without
severe structural damage.

Another important  difference between the
dry-milled and wet-milled MWNTs is their tips. The tips
of the wet-milled MWNTs are mainly open, while a large
portion of the tips are closed for the dry-milled MWNTs.
The reason for the phenomenon is likely to involve the
structural stability of these tips. Due to the high strain
energy of dangling bonds generated from fractures of
MWNTs, the broken and opened MWNTs are metastable
and thus tend to close their tips to form stable structures.
However, strain energy can be substantially reduced
during the wet-milling process by adsorption and
combination of chemical groups, or by intermolecular
attraction between the MWNTs and the liquid [17]. As a
result, more open tips are available for the wet-milled
MWNTs. This feature helps to obtain improved
wettability and chemical activity, and thus contributes to
the subsequent dispersion of MWNTs in the plating bath.

Figure 1(d) presents a typical HRTEM image of an

open tip of the wet-milled MWNTs, which was generated
from the fracture of MWNTs. It can be observed that the
graphite planes around the fracture field are curved and
deformed, while in most of other fields the width
between the adjacent planes keeps constant, suggesting
that the structural damage of MWNTs was local and the
tubular nature was conserved after the wet-milling
process.

3.2 Characterization of Ni—P-MWNTs composite

coatings

With the help of surfactant and agitation, the
wet-milled MWNTs can be well dispersed in the plating
bath and thus co-deposited with nickel and phosphorus to
form Ni-P-MWNTs composite coatings. Figure 2 shows
the relations between the concentrations of MWNTs in
the plating bath and their mass fraction in the
corresponding coatings. The content of MWNTs in the
composite coatings enhances with the increase of
MWNTs concentration in the bath and hits the maximum
value, 1.97%, at the concentration of 0.5 g/L. It can be
attributed to the increasing physical collusions of
MWNTs with the surface, following the trapping of more
MWNTs in the mechanical locks of the coatings. When
the MWNTSs concentration in the bath is over 1.97%,
however, their content in the coating begins to decrease.
The reason for the decrease can be ascribed to the
agglomeration of MWNTs. It may lead to settling down
of nanotubes and reduction in their actual availability on
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Fig. 2 Variation of MWNTs contents in composite coating with
their concentrations in plating bath

the specimen surface.

Images of the Ni—P-1.97%MWNTs composite
coating are given in Fig. 3. The coating shows a rougher
surface than that of conventional Ni—P coating due to the
introduction of MWNTs. It is observed that there are
many spherical nodules on the surface (Fig. 3(a)). Most
of MWNTs distribute around the nodules in the form of
fibers. This can be explained by the factor that MWNTs
tend to be gradually pushed away from the crystal core
during the crystallization of Ni—P alloy. In addition, from
the cross-section morphology (Fig. 3(b)), it can be
observed that the composite coating is well bonded with
the interlayer and the thickness is uniform.

Fig. 3 Images of Ni-P—1.97%MWNTs composite coating after
heat treatment: (a) Surface morphology; (b) Cross-section

morphology

3.3 Tribological performances and mechanism

The results of wear tests for 45 steel, Ni—P coating
and the Ni-P-MWNTs composite coatings are given in
Table 2. It is seen that both Ni—P coating and the
composites coatings have lower friction coefficients and
lower volume wear rates than those of 45 steel.
Comparing with Ni—P coating, the composite coatings
possess both better friction-reducing ability and better
wear resistance. When the MWNTs content is 0.74%, the
friction coefficient and the volume loss rate decrease by
1/3 and by near 1/2, respectively, as compared with Ni—P
coating. With increasing MWNTs content from 0.74% to
1.97%, the friction coefficient and the wear volume rate
decrease gradually. When the MWNTs content is 1.97%,
the friction coefficient and the volume wear rate of the
composite coating are only 0.08 and 6.22x10"°
m’/(N'm), respectively. These results demonstrate that
the introduction of MWNTs can remarkably improve the
tribological performances of Ni—P coating.

Table 2 Friction coefficients and volume wear rates of 45 steel,
Ni—P coating and Ni-P-MWNTs composite coatings

Friction Volume wear rate/

Sample coefficient  (m*N 'm™)

45 steel 0.60 8.51x 107

Ni—P coating 0.29 2.17X107"
Ni—P-0.74%MWNTs coating 0.19 1.38x 107"
Ni—P-1.44%MWNTs coating  0.15 9.31x10°"
Ni—P-1.71%MWNTs coating ~ 0.11 7.16X10°"
Ni—P-1.97%MWNTs coating ~ 0.08 6.22X107"

Micrographs of the worn surfaces of 45 steel, Ni—P
coating and the Ni—P—1.97% MWNTs composite
coatings are shown in Fig. 4. Deep grooves and dramatic
deformation are observed on the worn surface of 45 steel
(Fig. 4(a)), suggesting a severe abrasive sliding wear.
Ni—P coating shows improved plough wear resistance
with shallow abrasive grooves on the worn surface, while
cracks and flaky debris are visible (Fig. 4(b)). The
morphological characteristics of Ni—P coating can be
attributed to the presence of Ni;P phase, which is formed
during the course of annealing. On one hand, Ni;P is
hard and consequently enhances the wear resistance of
Ni—P coating. On the other hand, the brittle nature of
NizP makes Ni—P coating easy to crack and to develop
fatigue spalling during the wear process.

By contrast, the composite coating displays the
narrowest wear track, as well as a rather smooth worn
surface without visible abrasive grooves or cracks (Fig. 4
(¢)), indicating a mild sliding wear. It has been reported
that MWNTs presented at the grain boundaries can lock
the crack propagation and also strengthen the grain
boundaries via a pinning mechanism [19]. Furthermore,
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Fig. 4 Images of worn surfaces: (a,a’) 45 steel; (b,b") Ni—P coating; (

the presence of MWNTSs within the grain may also act as
a barrier for cracks generated on the worn surface,
terminating further propagation inside the grains, via a
crack bridging phenomenon [20]. Hence, MWNTs can
substantially enhance the toughness and hardness and
thus contributes to a higher wear resistance of the
composite coating.

To further explore the effects of MWNTs on the
tribological performance, XPS was used to determine the
chemical composition and the natures of chemical bonds
presented on the worn surface of the steel ball sliding
against the Ni-P—1.97% MWNTs composite coatings. A
survey spectrum is shown in Fig. 5(a). The main peaks
are distinguished as P2p, Cls, Ols, Fe2p and Ni2p
signals, corresponding binding energy at 132.9, 284.8,
532.0, 710.7 and 856.0 eV. Quantitative analysis, given
in Table 3, shows that the mole fraction of Fe, as the
main constituent of the balls, is only 2.74%, while the

¢,c’) Ni-P—-1.97%MWNTs composite coating

mole fraction of C reaches 61.21%. The curve fitting of
Cls peak was also performed and the results are given in
Fig. 5(b). These bonding energy peaks are assigned to
C===C (sp?) at 284.6 eV, C—C (sp’) at 285.2 eV, C—O at
286.1 eV, N—C==0 at 288.2 ¢V and O—C==0 at 288.9
eV [21,22]. Quantitative results of the curve fitting are
summarized in Table 4. The content of C=C (sp?)
reaches 54.37%, indicating that graphic carbon plays a
dominate role on the worn surface of the steel ball.

All these XPS results suggest that a transfer film,
with the basic constitute being graphitic carbon, has been
formed on the worn surface during the wear process. It is
understood that the graphitic carbon is originated from
MWNTs and their debris, which serves as a good solid
lubricant. In that way, the direct contact between the
friction pairs is avoid and the sliding is well lubricated.
Thus, a very low friction coefficient is available and the
wear volume rate is further decreased.
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Fig. 5 XPS spectra of worn surface of steel ball sliding against

Ni—P-1.97% MWNTs composite coatings: (a) Survey spectrum;
(b) Curve fitting of C1s peak

Table 3 Analysis of XPS survey spectrum for worn surface of
steel ball sliding against Ni-P—1.97% MWNTs composite
coatings

Peak Binding energy/eV Mole fraction/%
P2p 132.9 1.61

Cls 284.8 61.21

Ols 532.0 33.30
Fe2p 710.7 2.74

Ni2p 856.0 1.15

Table 4 Summarized results obtained by curve fitting of Cls

peaks
Peak Binding energy/eV Mole fraction/%
C=C(sp®) 284.6 5437
C—C(sp”) 285.2 22.22
c—0 286.1 16.68
N—C=0 288.2 3.62
0—C=—0 288.9 3.11

4 Conclusions

1) Short MWNTs with uniform length and open tips
were obtained through a wet-milling process in the
presence of ammonia and CTAB. The milled MWNTs
were successfully co-deposited with Ni—P to form
Ni—P-MWNTs composite coatings by electroless plating.
With increasing the MWNTSs content in the plating bath,
the MWNT content in the composite coating goes
through an earlier increase and later decrease.

2) In contrast to 45 steel and Ni—P coating, the
Ni—-P-MWNTs composite coatings reveal significantly
improved friction reduction and anti-wear performances.
With increasing the MWNT content from 0.74% to
1.97%, the friction coefficient and wear volume rate
decrease gradually. As for the Ni—P-1.97% MWNTs
composite coating, the friction coefficient and the
volume wear rate are only 0.08 and 6.22x10™"> m*/(N-m),
respectively.

3) The improved tribological performances of the
Ni—-P-MWNTs composite coatings can be attributed to
two aspects. On one hand, the introduction of MWNTs
can enhance the toughness and hardness and
consequently lead to a higher wear resistance of the
composite coatings. On the other hand, MWNTs and
their debris can make a main contribution to a transfer
film on the worn surface of the counter steel ball during
wear process, which can provide lubricating properties to
the interface.
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