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Abstract

Titanium alloys are excellent structural materials in engineering fields, but their poor tribological properties limit their
further applications. Electroless plating is an effective method to enhance the tribological performance of alloys, but it
is difficult to efficiently apply to titanium alloys, due to titanium alloy’s strong chemical activity. In this work, the elec-

of titanium alloys in the engineering fields.

troless Nickel-Boron (Ni-B) coating was successfully deposited on the surface of titanium alloy (Ti-6AL-4V) via a new
pre-treatment process. Then, linearly reciprocating sliding wear tests were performed to evaluate the tribological
behaviors of titanium alloy and its electroless Ni-B coatings. It was found that the Ni-B coatings can decrease the wear
rate of the titanium alloy from 19.89x107> mm? to 0.41x107> mm?, which attributes to the much higher hardness

of Ni-B coatings. After heat treatment, the hardness of Ni-B coating further increases corresponding to coating crystal-
lization and hard phase formation. However, heat treatment does not improve the tribological performance of Ni-B
coating, due to the fact that higher brittleness and more severe oxidative wear exacerbate the damage of heat-
treated coatings. Furthermore, the Ni-B coatings heat-treated both in air and nitrogen almost present the same tribo-
logical performance. The finding of this work on electroless coating would further extend the practical applications
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1 Introduction

Titanium alloys are considered remarkable structural
materials in the engineering fields due to their excellent
properties, such as low density and high strength-to-
weight ratio. However, low hardness and poor tribologi-
cal properties limit the scope of their applications [1].
Till date, several traditional treatment techniques have
been employed to improve the tribological properties of
titanium alloys. However, these conventional methods
inevitably induce other defects on the surface of titanium
alloys [2—4]. For instance, Wagner [2] reported that sand-
blasting can cause dislocation and macro residual stresses
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because of the plastic deformation and atomic stacking.
Also, Weng et al. [3] found that laser cladding produced
excessive residual stresses due to high heating and cool-
ing rates during the cladding process. Moreover, laser
cladding introduces cracks and pores in the laser clad-
ding layer, which reduce the improvement efficiency of
titanium surface properties. On the other hand, thermal
spraying can only coat the region which the torch or gun
can “see” because of the line-of-sight nature of deposition
processes [4]. This shortcoming makes it challenging to
control the interface bonding between the resultant coat-
ing and substrate material.

Electroless plating does not require an external power
supply, and the electroless Ni-B coating exhibits some
excellent characteristics such as high density, fine grains,
uniform thickness, low porosity, and good wear resist-
ance [5-7], which make it to be an ideal surface modi-
fication technology. Electroless Ni-B coatings can be
deposited on several metal substrates, such as stainless
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steel [6], pure copper [6], magnesium alloy [8] and lower
carbon steel [9, 10], and the resultant coatings dem-
onstrate excellent mechanical and tribological prop-
erties. Correa et al. [8] reported that the wear rate of
electroless Ni-B coating was lower than the magnesium
alloy, by roughly two orders of magnitude. Arias et al.
[9] revealed that the friction coefficient of heat-treated
electroless Ni-B coating was only half of the low car-
bon steel substrate, which was attributable to the cau-
liflower morphology of electroless coating and boron
acting as a solid lubricant. Therefore, the electroless
Ni-B coating is expected to greatly prevent the wear of
titanium alloy, once it could be successfully deposited
on the titanium alloy’s surface. However, as the chemi-
cal activity of titanium alloys is extremely strong, a thin
oxide film readily forms on their surface when exposing
to air, which reduces the bonding strength between the
coating and substrate, and hinders the deposition of the
coating [11]. The deposition of Ni-B coating on titanium
alloys is much more difficult as compared to other com-
mon alloys. Therefore, few studies have focused on the
deposition technology and tribological performance of
electroless Ni-B coating on titanium alloys. Developing a
new pre-treatment process that can achieve deposition of
electroless Ni-B coating on titanium alloy has become a
pressing need. Simultaneously, it is necessary to under-
stand how Ni-B coating can improve the wear resistance
of titanium alloy.

After the Ni-B coating deposition, its crystal phase
structure was affected by heat treatment process [12].
The as-plated Ni-B coating has been reported to be an
amorphous structure [6, 7]. An appropriate heat treat-
ment can induce crystallization and grain growth of
coating, which would influence its mechanical and tri-
bological properties. Krishnaveni et al. [7] found that the
hardness of electroless Ni-B coating was increased from
570 HV,,, to 908 HV , after heat treatment at 450 C.
Mukhopadhyay et al. [13] reported that the Ni-B coating
deposited on AISI 1040 steel substrate presented a better
wear resistance and lower friction coefficient when heat-
treated at 300 “C, compared to 100 “C and 500 “C. Shajari
et al. [14] found that the wear mechanism of Ni-B coating
on nickel aluminum bronze transformed from adhesive
wear to abrasive wear, as the heat treatment tempera-
ture increased. Besides, the heat treatment atmosphere
also affected the mechanical properties of coatings. For
instance, Vitry et al. [15] reported that the heat treatment
in an ammonia-based atmosphere resulted in the outer
layer of Ni-B coating with poor mechanical properties. In
spite of these studies, the effects of heat treatment on the
tribological properties of electroless Ni-B coating on tita-
nium alloy have not been completely addressed.
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In this study, an electroless Ni-B coating was first
deposited on the surface of titanium alloy (Ti-6Al-4V)
with a new pre-treatment process and then was heat-
treated in air and nitrogen. Thereafter, tribological
behaviors of titanium alloy and its electroless Ni-B coat-
ings were investigated and compared to understand the
mechanism of enhanced wear resistance of Ni-B coatings
and to reveal the effect mechanism of heat treatment on
the tribological properties of Ni-B coating.

2 Materials and Methods

2.1 Pre-Treatment of Titanium Alloy

Ti-6Al-4V titanium alloy (TC4) with the dimensions of
15%10x3 mm was used as the substrate material (pro-
vided by the Baoji Titanium Industry Company, China).
First, use 320, 800, 100, 1500, 2000, 3000# SiC sandpapers
in sequence to polish the substrates and obtain a uniform
surface roughness. This step was followed by ultrasonic
cleaning of the samples in acetone for 8 min and soaking
in an alkaline bath of Na,CO;, NaOH, and Na,PO, for 13
min at 85 ‘C to degrease them. Afterward, the samples
were dipped in a solution of HF and HCI at room tem-
perature (RT) for 2 min to further remove the oxide layer.
The surfaces of samples were then activated (hydrogenat-
ing treatment) in an acidic solution for 65 min to form
a hydride conversion film to prevent surface oxidation.
During each above-mentioned pre-treatment step, three
TC4 titanium alloy samples were treated simultaneously,
and magnetic stirring at 500 r/min was used to minimize
the fluctuations in ion concentration and prevent the
local overheating [16]. In the interval between each step,
the samples were flushed with distilled water to ensure
that there was no residual solution on their surfaces. The
concentrations of specific reagent, solution volume, and
temperature during the pre-treatment process before
plating Ni-B coating on TC4 titanium alloy are shown
in Figure 1. Notably, three pieces of TC4 samples were
treated simultaneously following the steps above and are
considered as one set of samples.

2.2 Electroless Bath

After pre-treatment, three samples in one set were
immersed in one 300 mLl electroless Ni-B plating bath
at 90 °C to ensure that the bath loading was less than
50 dm?/L. The components of electroless Ni-B plating
bath are listed in Table 1. The above plating parameters
were preliminarily designed based on Refs. [12, 13, 17—
19]. Then, they were further optimized, such as adjust-
ing the bath composition and concentration, to adapt
the titanium alloy substrate. The pH of the solution was
adjusted to above 12 using sodium hydroxide to pre-
vent the hydrolysis of sodium borohydride and sponta-
neous formation of nickel boride (Ni,B) in the aqueous
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Figure 1 The pre-treatment flow diagram before plating Ni-B coating on TC4 titanium alloy

Table 1 The components of electroless Ni-B plating bath

Bath composition g/L

Nickel chloride (NiCl,) 25.00
Sodium hydroxide (NaOH) 30.00
Ethylenediamine (C,H,(NH,),) 55.00
Sodium borohydride (NaBH,) 0.80
Lead nitrate (Pb(NO;),) 0.01

solution [20]. During electroless plating, the plating bath
was continuously stirred at a speed of 500 r/min by a
magnetic stirring apparatus. A fresh electroless plating
bath was employed for each electroless plating to avoid
any variation in the composition of plating bath during
long-term storage. Notably, a double bath plating system
was adopted, i.e., the plating bath was replaced by a fresh
one after the first deposition of 2 h. The same deposition
parameters were used in the double bath plating system
to ensure the composition and thickness consistent in
each layer of coating. With the consistent thickness, the
dual-layer coating could present a better wear resistance
than single-layer coating due to its better load bearing
ability and crack resistance [21]. Moreover, dual-layer
coating was reported to provide lower residual stresses
and better adherence to metallic substrates [22].

2.3 HeatTreatment

The samples were heat-treated into a tube furnace at
350 °C for 3 h and naturally cooled to room temperature.
Since 300-350 “C was found to be the crystallization tem-
perature of Ni-B coating [23], 350 ‘C was chosen as the
heat treatment temperature to transform coating struc-
ture from amorphous to crystal structure. Heat treat-
ment for 3 h was chosen to ensure that the electroless
Ni-B coating can crystallize. Moreover, the samples were
heat-treated in air and nitrogen, respectively, to study
the effect of heat treatment atmosphere on the tribologi-
cal performance of electroless Ni-B coatings. There were
three samples in one set, as shown in Figure 1. Two of
them were heat-treated in air and nitrogen and labeled

as air-treated and nitrogen-treated coating, respec-
tively. The third one was the sample without heat treat-
ment, which was labeled as as-plated coating. To ensure
reproducibility, three sets of samples were prepared and
treated, and the following chemical/mechanical tests
were performed.

2.4 Chemical/Mechanical Analysis and Tribological
Characterization

The morphology of coatings was observed using an opti-
cal microscope (BX51-P, Olympus, Japan), white light
scanning profilometry (MFT3000, Rtec, San Jose, CA),
and scanning electron microscopy (SEM, EVO18, Zeiss,
Oberkochem, Germany). The elemental composition
of as-plated Ni-B coating was analyzed via inductively
coupled plasma-optical emission spectrometer (ICP-
OES, 5110, Agilent, USA). The O content of heat-treated
samples was analyzed using energy dispersive spectrum
(EDS, EVO18, Zeiss, Oberkochem, Germany). The crys-
tal phase structure of electroless Ni-B coatings was then
analyzed using an X-ray diffractometer (XRD, D8 Focus
Bruker, USA). Cu Ka radiation was used (A = 1.54187 A),
operated at 40 kV and 40 mA, with an X'Celerator ultra-
fast detector based on real time multiple strip technology
with Bragg-Brentano geometry. The scans were per-
formed in the 20 range from 3° to 90° at the step scan of
0.03° and 60 s per step in a continuous mode.

Moreover, nanoindentation was conducted to meas-
ure the mechanical properties of samples using nano-
indenter (G200, Keysight, USA) equipped with a
Berkovitch indenter. Before nanoindentation tests, the
titanium alloy and its Ni-B coating samples were first pol-
ished to make their surface roughness less than 25 nm.
In the nanoindentation test, the maximum indentation
depth was ~1 um on the Ni-B coatings, which was less
than 10% of the coating thickness (~25 um). It can not
only avoid the interference of titanium alloy substrate
but also the effect of surface defect caused by polishing
on the hardness and modulus measurements. All tests
were repeated 20 times and averaged to ensure reliabil-
ity and repeatability. Furthermore, the micro-hardness of
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unpolished samples was also measured, using the micro-
hardness tester (HXD-1000TMC/LCD, China) equipped
with a Vickers indenter, under a low load of 100 g, hold-
ing for 15 s. The binding force between coating and tita-
nium alloy substrate was evaluated by ramping load
scratching test using a diamond tip with a radius of 30
pm.

The tribological behavior of TC4 titanium alloy and
Ni-B coatings was characterized using a linearly recip-
rocating ball-on-flat sliding tribometer (MFT3000, Rtec,
San Jose, CA), as per ASTM G133-05 standard test
method [24]. The samples served as the flat and Al,O,
balls (4 mm in diameter and 9 MOhs hardness) were
used as counterbodies. The sliding distance was 3 mm,
sliding speed was 2 mm/s, applied load was set as 10 N,
and sliding time was 60 min. Before the wear tests, the
samples and Al,O; balls were ultrasonically cleaned in
ethanol for 2 min and dried using dry air. To ensure the
reproducibility of experimental results, each sample was
subjected to at least three tribological tests. Then the all
wear tracks on the samples were analyzed using white
light scanning profilometry (Rtec, San Jose, CA) after
cleaning the wear debris. The wear depth and volume
were estimated based on the cross-sectional profile of the
wear tracks. Moreover, the surface damage and elemen-
tal composition of wear tracks of samples were obtained
using a scanning electron microscope (SEM) equipped
with an energy dispersive spectrum (EDS) system. The
wear tracks on Ni-B coatings were also analyzed using an
X-ray photoelectron spectrometer (XPS, ESCALAB Xi+,
ThermoFischer, USA) with an Al Ka source (1486.6 eV).
The vacuum degree in the chamber was 8x107° Pa. All
the survey scans were completed in 10 sweeps each with
pass energies of 100 eV. The narrow scans had the step
size of 0.05 eV, dwell time of 40-50 ms, and pass energy
of 20 eV.

3 Characterization of Chemical and Mechanical

Properties of Ni-B Coatings
3.1 Elemental Composition and Phase Structure

of Electroless Ni-B Coatings

ICP analysis reveals that the as-plated Ni-B coating con-
tains 91.51 wt% nickel, 7.80 wt% boron, and 0.69 wt%
lead. It is proved that the electroless nickel boron coat-
ing has been successfully deposited on the surface of tita-
nium alloy. After heat treatment, the air-treated coating
was oxidized and an oxygen concentration of ~3 wt% was
detected by EDS.

Figure 2 shows the XRD pattern of the three electro-
less Ni-B coatings. For the as-plated Ni-B coating, the
typical single broad diffraction peak of Ni indicates the
amorphous structure within the coating. The incorpo-
ration of boron in the coating during plating impedes
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Figure 2 XRD pattern of as-plated electroless Ni-B coating and Ni-B
coatings heat-treated in air and nitrogen atmospheres

crystallization, for coating with >5 wt% boron, thus the
structure appears X-ray amorphous [7, 17]. After heat
treatment, the number of characteristic peaks increased
compared to those for as-plated coating, and also, the
width of the peaks decreased. These results suggested
that after heat treatment the coatings were crystallized
and precipitated in the nickel boride phases, Ni,B and
Ni;B. The formation of the nickel boride phases after heat
treatment was determined by the boron content of the
electroless Ni-B coating [17, 25]. Vitry et al. [17] reported
that only Ni;B phase formed in Ni-B coating when boron
content was less than 6 wt%, while Ni,B phase started to
form when the boron content exceeds 6 wt% after heat
treatment. Their finding agrees well with the results in
this work.

3.2 Mechanism of the Exoskeleton Arm Surface Properties
of Electroless Ni-B Coatings
Figure 3 shows the surface images of titanium alloy and
its Ni-B coatings, as well as the cross-sectional image of
as-plated Ni-B coating. Consistent with the other studies,
the Ni-B coating displayed a typical cauliflower-like tex-
ture (Figure 3(b)) [26, 27]. After heat treatment, the cau-
liflower-like texture could still be observed on the surface
of the samples (Figure 3(c, d)). The surface morphology
is related to the growth mode of electroless Ni-B coating.
As shown in Figure 3(e), the deposition begins with the
formation of nodules that grow in a columnar morphol-
ogy [28]. The cross-section of as-plated coating showed
that the substrate was tightly coated with a coating thick-
ness of ~25 pm. The surface roughness of these samples
is presented in Table 2. The roughness of titanium alloy
was the lowest (measured after grinding by sandpaper,
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Figure 3 SEM images of the surface of (a) TC4 titanium alloy
substrate, (b) as-plated Ni-B coating, () air-treated Ni-B coating,
(d) nitrogen-treated Ni-B coating and (e) the cross-section

of the as-plated electroless Ni-B coating after etching by 2% nital
solution

prior to the pre-treatment process), followed by those
of as-plated, nitrogen-treated, and air-treated coatings,
respectively. A significant increase in surface roughness
of Ni-B coating after heat treatment was due to grain
growth during the heat treatment process [13, 14].

3.3 Mechanical Properties of Electroless Ni-B Coatings

Nanoindentation tests were performed to measure the
mechanical properties of the titanium alloy and its Ni-B
coatings. Figure 4 shows the typical load-displacement
curves of four kinds of samples obtained by nanoindenta-
tion. The average nano-hardness and elastic modulus by
20 nanoindentation measurements are shown in Table 2.
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Figure 4 |oad-displacement curves for TC4 titanium alloy and its
three Ni-B coatings as obtained by nanoindentation at the maximum
indentation depth of ~1 um

The nano-hardness and elastic modulus were calculated
using the well-known Oliver-Pharr method [29]. In addi-
tion, the micro-hardness of these samples was measured
by a Vickers indenter, and the results are also shown in
Table 2. It is clear from Table 2 that a significant increase
in mechanical properties was observed as a result of heat
treatment. The XRD results from Figure 2 provide evi-
dence of crystallization for the explanation of changes
in mechanical properties. The amorphous structure of
as-plated coating is less packed as compared with that
in crystallized phases in heat-treated coatings, there
resulting in a lower hardness. Notably, both the nano-
hardness and micro-hardness of the three Ni-B coatings
were 1-2 times higher than that of titanium alloy, reveal-
ing the excellent mechanical properties of Ni-B coatings.
Although heat treatment further improved the hardness
of as-plated Ni-B coating, it hardly affected the elastic
modulus of Ni-B coating. Moreover, creep was observed
in the load-displacement curves of all the samples,
wherein the creep displacement at the peak load was 64.9
nm for TC4 titanium alloy, 59.2 nm for as-plated coating,
58.9 nm nitrogen-treated coating, and 57.7 nm for air-
treated coating. These results indicate that the three Ni-B

Table 2 The surface roughness and mechanical properties of TC4 titanium alloy substrate and its Ni-B coatings

Roughness (nm)

Micro-hadness (HV)

Nano-hardness (GPa) Modulus (GPa)

TC4 76.7 £5.7

As-plated coating 364.7 £259
Air-treated coating 7172 +338
Nitrogen-treated coating 629.7 £ 80.2

3035+289 34+04 101.8+54

6485+779 70£10 106.2 £ 6.1

9510+ 84.1 9.8+05 1093 £89
1077.9 £106.0 122+12 1139+ 105
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Figure 5 (a) The evolution of friction coefficients and (b) the average
friction coefficients of TC4 titanium alloy substrate and three Ni-B
coatings

coatings had better creep resistance than titanium alloy.
Moreover, the binding force between the as-plated Ni-B
coating and titanium alloy was detected as high as 10.4 N
by ramping load scratching test. It reveals that, profiting
from our new pre-treatment process, the electroless Ni-B
coating was firmly deposited on the surface of titanium
alloy, even if titanium alloy was a difficult-to-plate metal.

4 Result and Discussion in Tribological Behaviors

4.1 Friction Properties of Titanium Alloy and Its Ni-B
Coatings

The evolution of friction coefficients of titanium alloy

and its Ni-B coatings as obtained by rubbing against the

AL, O, ball are presented in Figure 5(a). The friction coef-

ficient of titanium alloy shows a clear fluctuation, it is
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related to its severe wear process [30]. The friction coef-
ficients of Ni-B coatings are relatively stable, but some
run-in processes can be observed in the early stage. The
run-in process was only ~90 s for the as-plated coating,
but it became much longer for both the heat-treated
coatings. The process was ~1400 s and ~1000 s for air-
treated and nitrogen-treated coatings, respectively. It
indicates that the as-plated coating attains stable wear
process more easily than the other two heat-treated coat-
ings. The steady average friction coefficients of titanium
alloy and its coatings are displayed in Figure 5(b). The
friction coefficient of as-plated coating was the lowest
at 0.25; thus, as-plated Ni-B coating reduced the friction
coefficient of titanium alloy. After heat treatment in air
and nitrogen atmospheres, the friction coefficients of the
coatings were increased to ~0.35. The difference in steady
friction coefficients is mainly related to the different wear
mechanisms between samples, which will be discussed in
detail in the next sections.

4.2 Enhanced Wear Resistance of Ni-B Coating

As shown in Figure 6(a), after the wear test, optical pro-
filometry images of wear tracks on titanium alloy and
its Ni-B coatings were scanned via white light scanning
profilometry. Accordingly, the wear volume of these
samples was estimated from the cross-sectional pro-
file lines of these tracks (Figure 6(b)). The width and
depth of the wear track in titanium alloy were more
than those for the Ni-B coatings, wherein the width
was 5-6 times larger while the depth was 4-7 times
greater than those of the Ni-B coatings. The estimated
wear volume of titanium alloy was 19.89x107% mm?,
while those of as-plated, air-treated, and nitrogen-
treated coatings were 0.41x107> mm?, 0.99x10~% mm?,
and 0.74x1073 mm?, respectively. Following electroless
plating, the wear volume of titanium alloy was reduced
by 96.42%. All the wear track depths for the three elec-
troless Ni-B coatings were less than 4 pm, indicat-
ing that the coatings were not completely removed by
sliding wear (~25 pm thickness in Ni-B coating). Fig-
ure 7 shows the SEM images of wear track in the tita-
nium alloy and three Ni-B coatings. The wear track in
the titanium alloy was rougher than in the three Ni-B
coatings, along with clear wear grooves and adhesive
spots (see the right image of Figure 7(a)). In contrast to
the titanium alloy, the wear track in the as-plated Ni-B
coating was smoother with some fine grooves along
the sliding direction, as shown in Figure 7(b). Differ-
ent from the as-plated coating, several delamination
and micro-cracks appeared within the wear tracks of
both air-treated and nitrogen-treated Ni-B coatings.
For the heat-treated coatings, the coating is of higher
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Figure 6 (a) Optical profilometry images of wear tracks and (b)
the corresponding wear volume in TC4 titanium alloy and its three
Ni-B coatings, wherein the inset in (b) shows the cross-sectional
profile lines of wear tracks in (a)

hardness but simultaneous greater brittleness due to
crystallization of the structure. The greater brittleness
is confirmed by the long radial-like cracks throughout
the coating surface. Similar conclusion on the brittle-
ness due to heat treatment was also given elsewhere
[31]. Upon the reciprocating sliding contact, the defor-
mation is readily accompanied by the formation of
micro-cracks. As the reciprocating cycle increases,
these micro-cracks are prone to merge into a net and
eventually lead to the delamination of the deformed
materials. In contrast, the as-plated coating exhibits a
smooth wear track, in which the micro-cutting grooves
can be evidently observed. Unlike the coating in heat-
treated coatings which is vulnerable to cracking under
friction shear stress, the coating in as-plated coating
can undergo the wear process through plastic deforma-
tion. This is because the as-plated coating can relieve
the friction shear stress effectively by accommodating
the strain through plastic deformation due to its high
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(d) ; £
Figure 7 SEM images of the wear track in (a) TC4 titanium alloy
substrate, (b) as-plated coating, (c) air-treated coating, and (d)
nitrogen-treated coating (The images on the right line are enlarged
SEM images within the white box of images on the left line)

toughness, thereby avoiding the stress concentration on
the front of a propagating micro-crack.

Figure 8 displays the optical images and cross-sectional
profile lines of the wear scars on the counterbody Al,O4
balls after rubbing against titanium alloy and three Ni-B
coatings. The sliding track length on Al,O; balls rubbed
against titanium alloy was significantly longer and the
surface is rougher than those obtained after rubbing
against three Ni-B coatings. There were no significant
differences in the sizes of wear scars (sliding track length)
on the Al,O; balls rubbed against the three Ni-B coat-
ings. However, more wear particle adhesion was observed
on the Al,O; balls when rubbed against the heat-treated
coatings than when rubbed against as-plated coating.
The cross-sectional profile lines in Figure 8(b) show that
both the counterbodies rubbed against titanium alloy and
heat-treated coatings had material loss, as indicated by
a few sunken profile lines at the location of wear scars.
However, for the Al,O, balls rubbed against as-plated
coating, the cross-sectional profile line was convex at the
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Figure 8 (a) The optical images of the wear scars on the Al,O; balls
after rubbing against TC4 titanium alloy and its Ni-B coatings, and (b)
the corresponding cross-sectional profile lines of the Al,O; balls in (a)
(The white dashed line in (a) is the location of the cross-sectional
profile lines, which is perpendicular to the sliding direction,

and the gray dashed line in (b) is the schematic profile line

of the non-wear Al,O; ball's surface)

(c : (@ ,
Figure 9 SEM images of micro-indentation impress on (a) TC4
titanium alloy substrate, (b) as-plated coating, (c) air-treated coating,
and (d) nitrogen-treated coating under the load of 100 g
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location of wear scars, which suggests that a tribolayer
was transferred on the surface of counterbody.

The higher wear volume of titanium alloy and longer
sliding track length of its counterbody Al,O; balls indi-
cate the more serious wear of titanium alloy/ Al,O4 ball
pair than the Ni-B coatings/ Al,O; ball pairs. In other
words, electroless Ni-B coatings greatly improved the
wear resistance of titanium alloy. Moreover, the wear
mechanism of titanium alloy is different from its three
Ni-B coatings. For titanium alloy/ Al,O; ball pair, owing
to low hardness and high flow plasticity of titanium alloy,
some material build-up occurred on both sides of the
wear track in titanium alloy. Combined with the obvi-
ous adhesive spots in the wear track of titanium alloy
(Figure 7(a)) and rougher wear scar on the Al,O4 ball, it
reveals that visible adhesive wear occurred on the tita-
nium alloy’s surface, which is consistent with other tri-
bological investigations of titanium alloys [32, 33]. Also,
the fluctuations in the friction coefficient of titanium
alloy (Figure 5) concurs with the characteristics of severe
adhesive wear [30]. However, the wear track in the as-
plated Ni-B coating is smoother with some fine grooves,
signifying that the Ni-B coating is primarily abrasive
wear. The high hardness of Ni-B coating greatly resisted
wear rubbing by Al,O4 ball, which transformed the wear
mechanism from the adhesive wear on titanium alloy to
the abrasive wear on the as-plated Ni-B coating.

No disastrous fracture or brittle exfoliation was
observed during the wear process of the as-plated Ni-B
coating. This observation reveals another key information
that the electroless Ni-B coating could be firmly depos-
ited on the surface of titanium alloy via the pre-treatment
method proposed in this work, even though the coating
suffered from strong reciprocating friction. As a difficult-
to-plate metal, the titanium alloy was successfully coated
by the electroless Ni-B plating along with the display of
excellent tribological performance, which would further
extend the practical applications of titanium alloys in the
engineering fields.

4.3 Effect of Heat Treatment on the Wear Resistance
of Electroless Ni-B Coating

The results presented in Table 2 and Figure 4 indicate
that heat treatment improved the hardness of electro-
less Ni-B coatings. Although featuring a higher hard-
ness, the heat-treated coatings showed a lower wear
resistance in comparison to the as-plated coating (as
shown in Figure 6). This is ascribed to the increased
brittleness resulting from the transformation from
amorphous to crystallized structure and precipitation
of nickel boride phases as a result of heat treatment.
Similar conclusion was also given elsewhere [31]. The
increase in brittleness will facilitate the micro-crack
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nucleation [34], as verified by the long radial-like cracks
throughout the coating surface in Figure 9. Owing
to the accumulation of dislocation under alternating
shear stress, the micro-cracks were readily initiated
and propagated along the grain boundaries within the
Ni-B coating [5, 35]. Therefore, the modified structure
and accumulated thermal stress in the Ni-B coatings
following heat treatment resulted in the micro-cracks
and delamination of coatings during the reciprocat-
ing friction (Figure 7(c, d)). Under the frictional shear-
ing, the exfoliated coating chips became wear particles
which got transferred to the surface of Al,O4 ball and
scattered around the wear scars (Figure 8(a)). The brit-
tleness was significant increased due to heat treatment
by leading to the crystallization of amorphous struc-
ture of as-plated coating. Under reciprocating slid-
ing wear, the brittle heat-treated coatings are prone to
micro-crack nucleation and propagation, causing to
the delamination of coating, while the as-plated coat-
ing with a high toughness can relieve the friction shear
stress effectively by accommodating the strain through
plastic deformation, avoiding the stress concentration
on the front of a propagating micro-crack. Moreover,
the amorphous structure and better ductility of the as-
plated coating, the coating material could be removed
by ploughing or scratching from the asperities. The
removed materials were accumulated and adhered to
the wear scar of Al,O; ball to form a tribolayer (Fig-
ure 8(b), convex cross-sectional profile line). This tri-
bolayer weakened the shear stress to prevent the Ni-B
coating and Al,O4 ball from wear. Therefore, the as-
plated coating features a higher wear resistance than
the heat-treated coating. These results also reveal the
reason for the heat-treated coatings having higher fric-
tion coefficients with stronger fluctuations relative to
the as-plated coating (Figure 5).

Furthermore, the difference in tribochemical reac-
tions may be another reason for the worse wear resist-
ance of heat-treated Ni-B coatings relative to as-plated
coating. Figure 10 shows the elemental content of non-
wear surface of Ni-B coatings and their wear tracks, as
well as the elemental content at the center of wear scars
on the Al,O, balls after rubbing against the three Ni-B
coatings. As per the results from Figure 10(a), there was
much higher O content in the wear tracks as compared
to their non-wear surface, indicating the possible oxide
wear of Ni-B coating. Moreover, a higher O content
was found in the wear tracks of heat-treated coatings
than that of the as-plated coating. This result implies
that, as compared to the as-plated coating, more severe
oxidation wear may occur in the heat-treated coatings,
which will be further proved by XPS analysis in Fig-
ure 11. Moreover, higher nickel content was found on
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Figure 10 Elemental content of (a) the non-wear surface of Ni-B
coatings and the wear tracks, and (b) of the wear scars on the Al,O;
balls after rubbing against three Ni-B coatings, as detected by EDS

the counterbody rubbing against as-plated coating, fur-
ther proving that more coating material was transferred
to the surface of counterbody, to form a tribolayer, as
shown in Figure 8.

To verify the formation of oxide during wear, XPS anal-
ysis was performed on the wear track of Ni-B coatings
after rubbing against Al,O; ball. Figure 11 displays the
oxygen 1s, nickel 2p and boron 1s spectra [36] of wear
tracks in the three Ni-B coatings. As per the oxygen 1s
spectra, Al,O,, NiO, B,0O; and Ni(OH), were found on
the surface of wear tracks for all the three Ni-B coatings.
Herein, Al,O; is from transferred material on the alu-
mina counter-surface, while B,O,, NiO, and Ni(OH), are
the oxidation products formed during the wear process.
As per the nickel 2p and boron 1s spectra, NiO, Ni(OH),
and B,0; were found, which further verifies the occur-
rence of oxidation wear of Ni-B coating. In the oxygen 1s
spectra, after excluding the impact of Al,O,, the area of
O peak was largest for the air-treated coating, followed
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Figure 11 The XPS spectraof O 1s(a, d, g), Ni2p (b, e h) and B 1s (c, f, i) of wear tracks in the as-plated coating (a—c), the air-treated coating (d-f),

and the nitrogen-treated coating (g-i) after rubbing against alumina ball

by nitrogen-treated coating and as-plated coating. The
XPS results are in good agreement with the results of
EDS shown in Figure 10(a). All the XPS and EDS results
further verify that as compared to the as-plated coating,
more severe oxidation wear occurred in the heat-treated
coatings. On the one hand, the relatively severe oxidation
of heat-treated can be attributed to higher friction tem-
peratures produced during the wear process because of
greater friction coefficients. On the other hand, the larger
wear scar on the heat-treated coatings (see Figure 6) pro-
vides greater chance of reacting between coating and
oxygen, making the more severe oxidation of heat-treated
coatings than as-plated coating.

Moreover, in the B 1s spectra of the wear track for the
as-plated coating (Figure 11(c)), there are two peaks,
where the peak at 188 eV corresponds to elemental B and
the peak at 192 eV is related to boron oxide compound.
However, in the B 1s spectra of the heat-treated coatings,
there is only one peak at 192 eV (Figure 11(f) and (i)). It
thus indicates that there is still some unoxidized boron
element in the as-plated coating, but the boron in the
wear track of the heat-treated coatings has been com-
pletely oxidized. It further verified that the oxidative wear

of the heat-treated coatings is more severe than that of
the as-plated coating.

As shown in the oxygen 1s spectra in Figure 11, for each
sample, the contribution including NiO and Ni(OH), is
significantly larger than that of B,O;. It reveals that the
reaction between Ni and O is the more dominant oxi-
dation than the reaction between B and O. Moreover,
the area of oxide peak including NiO and Ni(OH), was
48953.03 for air-treated coating, 48891.31 for the nitro-
gen-treated coating, and 21123.14 for the as-plated coat-
ing. The more oxidation product, nickel oxide, led to the
intergranular embrittlement of heat-treated Ni-B coat-
ing [37]. Under cyclic shear stress, the decohesive nickel
oxide particles became wear particles at the frictional
interface of coating and Al,O; ball and aggravate the
wear. Briefly, more severe oxidation accompanied with
more production of nickel oxide during the wear process
was one of the reasons for the worse wear resistance of
heat-treated Ni-B coatings than as-plated coating.

Comparing the wear tracks on the air-treated and
nitrogen-treated coatings, the SEM image in Figure 7
displays that there was no significant difference in the
damage mode. Besides, the EDS results in Figure 10(a)
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demonstrate that there were no significant differences in
the chemical component concentration of the two heat-
treated coatings. As shown in Figure 5, the friction coeffi-
cients of two heat-treated coatings were not substantially
different. All the results reveal that the heat treatment
atmosphere barely affected the tribological behavior of
the electroless Ni-B coating. The minuscule difference in
the wear volume (Figure 6(b)) can be attributed to differ-
ences in the hardness of two coatings treated in air and
nitrogen atmospheres.

5 Conclusions

In this work, the electroless Ni-B coating was success-
fully deposited on the TC4 titanium alloy’s surface using
a new pre-treatment process. The coated samples were
further heat-treated in air and nitrogen atmospheres. The
tribological properties of titanium alloy and its electro-
less Ni-B coatings were comparatively investigated based
on these treatments. The main conclusions from these
experimental results are summarized below.

(1) The mechanical properties of the electroless Ni-B
coating were enhanced by the heat treatment,
where the heat-treated coating in nitrogen has a
higher hardness. This is ascribed to the structural
evolution from amorphous to crystallized struc-
ture due to heat treatment and a higher fraction
of nickel boride phases in coatings heat-treated in
nitrogen than those heat-treated in air.

(2) The heat-treatment deteriorates the wear resistance
of as-plated Ni-B coating by increasing the brittle-
ness significantly. The crystallization of amorphous
structure is the main reasons for the increased brit-
tleness, which leads to delamination of wear debris
and thus a low wear resistance. More severe oxida-
tion combined with higher tribochemical produc-
tion of nickel oxide modified the wear mechanism
of heat-treated Ni-B coatings.

(3) Both the air-treated and nitrogen-treated coatings
show almost the same friction coefficient and dam-
age mode in wear response, indicating the same
wear mechanism in reciprocating sliding contact.
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