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Abstract: Ni-B binary coating and Ni-B-W ternary coating were successfully prepared on titanium
alloy (TC4) substrates by electroless plating to improve the hardness and wear resistance, followed
by annealing treatment for better mechanical properties and tribological properties. The morphology,
composition, microstructure, mechanical properties, and tribological behaviors of the coatings were
characterized. Both as-plated coatings were amorphous, while the composition and morphology
of the Ni-B-W coating differed from those of the Ni-B coating. Additionally, the Ni-B-W coating
had better mechanical and tribological properties with a more considerable hardness (13.5 GPa), a
minor friction coefficient (0.42), and a lower wear rate (0.10 x 10~7 cm?®/(N-m)). After annealing,
both coatings were crystalline. In parallel to the as-plated coating, the annealed coatings showed
larger hardness values because of the formation of hard phases. Moreover, the crystalline grain
of the coatings grew as the annealing temperature rose from 350 °C to 650 °C. Accordingly, the
coatings showed a minor hardness value, a major friction coefficient, and severe wear under the same
conditions. Above all, the Ni-B-W coating annealed at 350 °C showed the best performance, with
an average grain size of 26.3 nm, hardness of 15.9 GPa, friction coefficient of 0.34, and wear rate of
0.09 x 10~7 cm3/(N-m).

Keywords: Ni-B-W; electroless plating; annealing treatment; tribological property; wear mechanism

1. Introduction

Titanium alloys are widely applied in a great many fields, such as aerospace [1,2],
the automotive industry [3], biomedicine [4,5], and ocean engineering [6], for their excel-
lent properties such as low density, high strength, good biocompatibility, and corrosion
resistance. However, wider applications are limited by their poor hardness and wear resis-
tance [7,8]. The deposition of coatings by laser applications [9,10], plasma spraying [11], and
a combination of electroplate and laser treatment [12] is used to improve the performance
of titanium alloys [13], making great progress in terms of hardness, wear, and corrosion
resistance. Additionally, other technologies such as physical vapor deposition and ultra-
sonic nanocrystal modification can further improve the properties of titanium alloys [14,15].
Nevertheless, the mentioned techniques are challenging for large-scale applications due
to their high cost and need for professional equipment. By contrast, electroless plating
has been used to acquire better surface properties with the advantages of low cost, easy
operation, low equipment requirements, and deposition of uniform coatings. In particular,
electroless plating has been one of the most preferred surface modification technologies for
enhancing the mechanical properties and wear resistance of titanium alloys [1].

Numerous studies of electroless plated nickel-based binary alloy coatings have focused
on coating preparation and performance improvement [16-20]. The study of Ni-B coatings
is relatively less developed compared with that of other binary alloy coatings, such as
Ni-P and Ni-Sn [17,19,21], but they have attracted much attention in the field of electroless
coatings for their superior hardness and excellent wear resistance [22]. However, Ni-B
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coatings are limited by their poor corrosion resistance and toughness [23]. To meet higher
industrial requirements and adapt to more stringent application scenarios, multicomponent
alloy coatings were invented [24]. Ni-B-P coatings are a typical example with excellent
performance in terms of hardness and tribological behavior [25]. Additionally, metallic
elements such as Co, Zn, Cu, Ba, Mo, and W [26-29] are commonly chosen as co-deposition
elements in the preparation of Ni-B coatings. Ba co-deposition reduces the content of B in
the coating, resulting in a denser structure, a larger hardness value, and better corrosion
resistance [30]. Furthermore, a Ni-B-W coating was validated to possess superior corrosion
resistance, good thermal stability, and a high deposition rate [31-34], indicating good
prospects for aerospace, military projects, and other fields.

For instance, the microstructure of a nickel-based alloy coating was analyzed with
regard to boron content, transitioning from a nanocrystalline structure to a hybrid form of
nanocrystalline and amorphous with the incorporation of B. The percentage of amorphous
structure was elevated with rising B content [35-43]. In contrast, an amorphous nickel-
based alloy coating changes into a crystalline structure after annealing treatment, and the
formation of hard phases such as Ni, Ni; B, and Ni3B results in larger hardness values and
better wear resistance. Furthermore, with increasing annealing temperature, the grains
grow and phases decompose, decreasing the hardness of the coating [44,45]. However,
there has been little research about the effect of tungsten on the tribological behavior of
Ni-B coatings, retarding the application process of Ni-B-W coatings.

In this paper, electroless Ni-B and Ni-B-W coatings were first plated on the surface
of a titanium alloy via a new pre-treatment process and then heat-treated at different
temperatures. Thereafter, the microstructural, mechanical, and tribological properties were
investigated to reveal the wear mechanism of Ni-B and Ni-B-W coatings.

2. Materials and Methods

Ni-B and Ni-B-W coatings were prepared on TC4 substrate by electroless plating. The
chemical composition of the substrate is given in Table 1. Titanium and its alloys have
an affinity to be oxidized due to their active chemical properties, which could affect the
bonding performance between coating and substrate. It is essential to eliminate the native
oxide film on the surface of the substrate. Consequently, the substrate was mechanically
polished with SiC papers up to 3000 grit, then cleaned ultrasonically with acetone for 8 min.
Subsequently, the substrate was immersed in alkaline degreasing, acid leaching, secondary
zinc leaching, and activation treatment solutions to increase the active sites on the substrate
surface. After the pretreatment, the surface of the substrate was fully activated.

Table 1. The chemical composition of TC4.

Element Ti Al Vv Fe C N H (0]
Wt.% 89.82 6.12 3.97 0.05 0.01 0.01 <0.1 0.01

The substrate was immersed in electroless bath solution during the electroless plating
of the Ni-B and Ni-B-W coatings. Each coating experiment took two periods of plating for
4 hin total, where the plating bath was replaced by a fresh one after the first 2 h reaction.
In particular, the substrate should be cleaned with deionized water before subsequent
plating to avoid pollution of the former solution. The electroless plating was carried out in
a glass cell with a capacity of 100 mL, placed in a thermostatically controlled bath, where
the composition of the plating bath and the operating conditions were as given in Tables 2
and 3. NiCl, and NaBH, were used as the oxidant and reductant, respectively, for both
Ni-B and Ni-B-W coatings. Na, WO, was used to incorporate W into the Ni-B-W coating.
After the process of electroless plating, the samples were thoroughly rinsed with deionized
water, dried, and kept in desiccators for characterization. A schematic diagram of the
electroless plating process is shown in Figure 1.
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Table 2. The electroless bath compositions of the Ni-B and Ni-B-W coatings.

. Bath Composition (g/L)
Coatings NiCl,-6H,0 NaOH CoH;gN, NaBH, Pb(NO;), Na,WO0,-2H,0
Ni-B 24.00 39.00 59.00 0.60 0.01 -
Ni-B-W 24.00 39.00 59.00 0.60 0.01 20.00

Table 3. The deposition conditions and annealing temperatures of the Ni-B and Ni-B-W coatings.

Deposition Conditions Annealing
Sample No. PH Temperature Time Temperature
C) (b Q)
A0 13+ 0.5 90+1 242 -
Al 13 £05 90 +1 242 350
A2 13+ 0.5 90 +1 2+2 500
A3 13+ 05 90+1 242 650
B0 13 £05 90 +1 2+2 -
B1 13+ 0.5 90 +1 242 350
B2 13+ 0.5 90+1 242 500
B3 13 £05 90 +1 242 650
Pretreatment

3om L ( 100m L C 6oml 4

e
—Aceione —f :Q(E,?' z'fg s i NaCr.0; 11g SnCl, 0.15g
A = Na 3g HE 4.4ml 7050,  0.8g HCl  Sml
L ﬁ ) Qn-l’O‘ 33) | Hal 25m17/ HF $m
Sanding Ultrasonic Alkaline degrease  Acid pickling Secondary zinc dipping Sensitization
R 90°C RT 9 90°C
8min 13min 3min 6min+10min 3min

Electroless plating

Dry . Storage

Figure 1. Schematic diagram of the electroless plating process.

Some of the deposited coatings were annealed in a muffle furnace at 350 °C, 500 °C, or
650 °C for one hour with a heating rate of 10 °C/min, followed by furnace cooling to room
temperature, with the specific annealing temperatures for each sample shown in Table 3.
The surface morphology and composition of the coatings were investigated by scanning
electron microscope (SEM, FEI-NOVA NANOSEM 230-USA) equipped with an energy
dispersive X-ray spectrometer (EDS X-MAX50). An inductively coupled plasma-optical
emission spectrometer (ICP-OES, 5100, Agilent, Palo Alto, CA, USA) was used to examine
the accuracy of B content measurement by EDS. Cross sections of the coatings were acquired
by machining cutting and polishing to investigate the cross-sectional morphologies and
thickness by optical microscope (BX51-P, Olympus, Japan). Crystalline structures and phase
compositions of the coatings were identified by glancing-angle X-ray diffraction (XRD,
X'Pert PRO, Holland) with Cu K« radiation.

The hardness and elastic modulus of the coatings were obtained using a nano-indenter
(G200, Keysight, Santa Rosa, CA, USA) employed with a Berkovitch diamond indenter. The
maximum indentation depth was limited to less than one-tenth of the coating thickness to mini-
mize the influence of the substrate on the results. Moreover, ten indentations were performed
on each sample, and the reported hardness and elastic modulus values are the averages of the
measured results. Vickers indentation was also carried out to calculate the fracture toughness
(Kc) according to the formula (1) Kc = 0.016(E/H)%%-(P/c!?). In formula (1), E and H are the
elastic modulus (GPa) and nano-hardness (GPa), and P and c are the load (N) and average
crack length (m) of the Vickers indentation test. The applied load was 1000 gf (10 N).
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The adhesive strength of the coatings was measured using a scratch tester (MFI-4000):
the maximum load was 100 N, the loading speed was 100 N/min, and the scratch velocity
was 5 mm/min. The tribological behavior of the coatings was characterized using a linearly
reciprocating ball-on-flat sliding tribometer (MFT3000, Rtec, San Jose, CA, USA). As for
the tests of tribological behavior, Al,O3 balls with a diameter of 4 mm were used as the
sliding counter body, the sliding distance was 3 mm, the sliding speed was 2 mm/s, the
applied load was set as 20 N, and the sliding time was 30 min. Before the wear tests, the
samples and Al,O3 balls were ultrasonically cleaned in ethanol for two minutes and dried
using dry air. Each sample was subjected to three tests to ensure the reproducibility of
the results. Subsequently, the wear tracks on the pieces were analyzed using white light
scanning profilometry (Rtec, San Jose, CA). The wear rates (k) were calculated based on the
cross-sectional profile of the wear tracks according to formula (2): k = VAF-L), where F is
the applied normal load (N), L is the sliding distance (m), and V is the wear volume (cm?).
Additionally, the wear volume (V) could be obtained by V = 2nRSy where R and Sy are the
sliding track radius and worn cross-sectional area, respectively.

3. Results and Discussion
3.1. Compositions of Ni-B and Ni-B-W Coatings

Figure 2 shows the EDS results of the Ni-B and Ni-B-W coatings, which are consistent
with the corresponding ICP results. Additionally, the composition of the coatings is shown
in Table 4. The content of B in the Ni-B coating was 8.53 wt.%, which decreased to 7.51 wt.%
in the Ni-B-W coating. Both coatings were referred to as boron-rich Ni-based coatings—a
similar result to previous papers [42]. In addition, W was detected in the composition of
the Ni-B-W coating, indicating that a ternary Ni-B-W coating was deposited successfully by
the incorporation of Nay WOy, in the process of electroless plating. Besides this, the presence
of O was probably due to WO on the surface of the coating [46].

Table 4. The compositions of the Ni-B and Ni-B-W coatings.

Wt.%
Coating
Ni B \4 (0]
Ni-B 91.47 8.53 - -
Ni-B-W 86.72 7.51 242 3.35
(a) (b)
Ni i
Ni-B-W
Ni
3 Niw
BJ| ‘\ Ni pj W w w
" T T T T T T I L B —
0 2 4 6 8 100 2 4 6 8 10
Energy(keV) Energy(keV)

Figure 2. The EDS patterns of coatings: (a) AQ, (b) BO.

3.2. Morphologies of Ni-B and Ni-B-W Coatings

Surface and cross-sectional images of the as-plated Ni-B and Ni-B-W coatings are
shown in Figure 3a~d. According to Figure 3a, the Ni-B coating showed a “cauliflower”
morphology, owing to the high content of B [25], while the Ni-B-W coating possessed a
more compact structure, as shown in Figure 3b. Figure 3c,d shows that the thicknesses of
the Ni-B and Ni-B-W coatings were about 28.6 um and 41.3 um, with deposition rates of
7.2 and 10.3 pum/h, respectively. Ni-B-W showed an increased deposition rate, which could
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be a result of additional active sites due to the presence of W [47]. According to Figure 3e,
the white light scanning results show that the surface roughness values of the Ni-B and
Ni-B-W coatings were 846.8 nm and 627.3 nm respectively, indicating that W could make
the coating smoother.

28.6pm
NS iy
Ni-B 41.3um
04—

Ni-B-W

846.8nm 627.3nm

Figure 3. Surface SEM images and cross—sectional optical images of coatings: (a) and (c) A0; (b) and
(d) BO. The roughness of A0 and B0 is plotted in (e).

Additionally, surface SEM images of the coatings annealed at different temperatures
are shown in Figure 4a~f. It could be concluded that the annealed coatings showed a
smother and denser surface as the annealing temperature increased [48].

Figure 4. Surface SEM images of coatings annealed at different temperatures: (a) Al, (b) A2, (c) A3,
(d) B1, (e) B2, (f) B3.

3.3. Microstructure of Ni-B and Ni-B-W Coatings

XRD was used to analyze the phases present in the coatings, as shown in Figure 5.
The diffraction peaks of the as-deposited Ni-B and Ni-B-W coatings showed amorphous
structures, which was related to the amorphization of Ni promoted by B and W [31,49]. In
addition, both the Ni-B and Ni-B-W coatings annealed at different temperatures showed
crystallization. The diffraction peaks of the Ni-B coating annealed at 350 °C were identified
as those of Ni, Ni3B, and Ni,B phases, while the metastable Ni, B phase disappeared in the
coatings annealed at 500 and 650 °C. Likewise, Ni and Ni3B phases were identified in the
diffraction peaks of the Ni-B-W coating annealed at 350 °C. Meanwhile, the Ni,;B phase
was detected and then disappeared at 500 °C and 650 °C, respectively.
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Figure 5. The XRD patterns of coatings as-plated and annealed: (a) Ni-B, (b) Ni-B-W.

Above all, the metastable Ni;B phase appeared at a higher temperature in Ni-B-W
coatings, which indicated that Ni-B-W coatings had better thermal stability [31]. Besides
this, the diffraction peaks of annealed Ni-B-W coatings were shifted slightly compared
with the standard peak of Ni (PDF#70-1849). Combined with the fact that W atoms with
larger radii dissolve well in the crystal structure of Ni, it could be concluded that the Ni in
these coatings should possess a solid solution structure [48]. Moreover, the XRD peaks of
Ni-B and Ni-B-W became sharper with rising annealing temperature, which is related to
the development of grains.

Additionally, the XRD results were analyzed quantitatively as follows. The averaged
grain size, crystallization, and phase composition of the annealed coatings were calculated
as shown in Figure 6. The average grain sizes of the Ni-B and Ni-B-W coatings changed from
32.3 nm and 26.3 nm, respectively, to 90.1 nm and 91.1 nm, respectively. Meanwhile, the
crystallinity of the Ni-B and Ni-B-W coatings changed from 88.74% and 80.11%, respectively,
to 93.58% to 96.4%, respectively, with increasing annealing temperature from 350 °C to
650 °C, as shown in Figure 6a,b. Likewise, the phase compositions of the Ni-B and Ni-B-W
coatings are summarized in Figure 6c. It can be seen that the contents of Ni, Ni,B, and NisB
phases largely depended on the annealing temperature, which was probably correlated to
the transformation of the metastable Ni;B phase [45].

120 120

]
e

a) 2 Ni-B 2 Ni-B-W (b) 3 Ni-B 2 Ni-B-W 0 Ni-B B2 Ni-B-W
o5 97.9 - @ Ni £ Ni,B ) Ni
P 1ot | o 9w 9135 93.8 X 100 4
E < 81 H
£ 80 - > 80 Z 80
T = H
S wd 56,6 58.1 £ w4 £ o
g 8 =
T 04 33 Z 40 & 04
o 25 5 z
20 4 AT S 204
-
0 T L) T 0 T L) L} 0 T
350 500 630 330 00 650 350
Temperature (°C) Temperature (°C) Temperature(°C)

Figure 6. The characteristics of crystallization of electroless Ni-B and Ni-B-W coatings annealed at
different temperatures: (a) grain size, (b) crystallinity, (c) mass fraction.

3.4. Mechanical Properties of Ni-B and Ni-B-W Coatings

The nano-hardness values of TC4 alloy and the coatings are shown in Figure 7. The
hardness of the coatings was raised compared with that of the substrate, which illustrated
that TC4 alloys (3.7 Gpa) were strengthened by electroless plating with Ni-B (7.1 Gpa) and
Ni-B-W (13.5 Gpa) coatings. Additionally, the Ni-B-W coating possessed an increased hard-
ness value compared to the Ni-B coating under the same conditions, which should be due
to the presence of W [50]. The hardness of the coatings first increased at a lower annealing
temperature, which was probably due to the crystallization and solution strengthening by
Ni-W. Then, the hardness decreased with the rising of the annealing temperature, likely
resulting from the grain growth and hard phase (Ni3B) reduction, as shown in Figure 6c,
since NizB has a similar structure to cementite, which possesses high hardness [47,51].
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Figure 7. The nano-hardness of electroless Ni-B and Ni-B-W coatings.

Meanwhile, the fracture toughness of the coatings was calculated according to equation
(1), as shown in Table 5. The fracture toughness of the BO coating increased to 109% that of
the A0 coating, with a value of 3.1 MPa-m®?; additionally, coatings A1, A2, and A3 and
coatings B1, B2, and B3 had higher fracture toughness than A0 and B0, respectively, which
indicated that W addition and heat treatment could improve the fracture toughness of
electroless nickel-based coatings. Afterward, there were long cracks at the four top corners
of the indentation of the A0 coating, while the cracks in the BO coating were shorter and
could only be found at high magnification, as shown in Figure 8. Furthermore, a crack was
deflected in the BO coating according to Figure 8b, having been blocked by hard particles
such as Ni-W solid solution. Consequently, the stress was released and the propagation of
cracks was terminated, thus toughening the coating [52].

Table 5. The fracture toughness of Ni-B and Ni-B-W coatings.

Modulus of Average Fracture

Sample Nanohardness Elasticity Load Crack Toughness
H (GPa) E (Gpa) P (N) Length Kc

¢ (x10~5m) (Mpa-m??)
A0 71 106.2 10 3.7 2.8
Al 14.6 109.8 10 2.8 29
A2 9.9 113.5 10 23 5.0
A3 59 110.1 10 22 6.9
BO 13.5 72.1 10 25 31
Bl 15.9 82.6 10 23 33
B2 12.3 80.3 10 22 3.9
B3 6.3 78.7 10 2.1 6.1

Figure 8. SEM images of Vickers indentation on polished coating surfaces: (a) A, (b) BO.

The fracture toughness of the coatings was verified by adhesion scratch tests, as shown
in Figure 9. In our study, LC2 was used to describe the adhesive strength of the Ni-B and
Ni-B-W coatings, representing the load where the first chipping was observed at the edges
of the scratch. The acoustic emission signals gave the same results. The adhesion of the
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Ni-B-W coatings was higher than that of the Ni-B coatings and increased with the annealing
temperature, showing a similar regularity with the former results.
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Figure 9. Sound signals and optical images of scratches in the adhesion test: (a) A0, (b) Al, (c) A2,
(d) A3, (e) BO, (f) B1, (g) B2, (h) B3.

3.5. Tribological Properties of Ni—B and N—B—W Coatings

The friction coefficient of TC4 shows an unstable state throughout the whole process.
The annealed Ni-B and Ni-B-W coatings entered a regular wear stage more quickly during
the tribological tests than did the as-deposited coatings, as shown in Figure 10, which
may be related to the low hardness and easy adhesion to the friction pair ball. Increased
stability of the friction process and lower friction coefficient were observed in the Ni-B-W
coatings compared to the Ni-B coatings, as shown in Figure 10b,c. For example, the friction
coefficients decreased from 0.49 for A0 to 0.4 for BO, which was observed as an improvement
in coating peeling due to the rising toughness. Furthermore, the friction coefficients of the
annealed coatings increased and then decreased with increasing annealing temperature.
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Hard phases, such as Ni, NiB, and Ni3B, formed after the annealing treatment, making the
friction pair (Al,O3) difficult to embed into the coatings [45]. Additionally, the existence of
these hard phases enhanced the ability of the coatings to resist plastic deformation, so the
friction coefficient of the annealed coatings was smaller than that of the deposited ones [53].

0.7
=
06

— B0
— B1
- — — B2
2 05 -
2

S 0.4

=03

02

<9

2

= 0.1

0.0
0

0.04 0.0
300 600 900 1200 1500 1800 0 300 600 900 1200 1500 1800 0 300 600 900 1200 1500 1800
Time(s) Time(s) Time(s)

Figure 10. Profiles of the coefficient of friction: (a) TC4, (b) A0-A3, (c) BO-B3.

Additionally, the wear rates of the coatings were calculated and are shown in
Figure 11b according to the cross-sectional profiles shown in Figure 11a. Compared with
the TC4 substrate, the wear rates of electroless coatings A0 and B0 decreased by 35.4% and
99.5%, respectively. The wear rate of the B0 coating decreased to 8% that of the A0 coating,
with a value of 0.10 x 10~7 cm?/(N-m), which was attributed to the improved hardness and
fracture toughness due to the presence of W. As the annealing temperature increased, the
wear rates of the coatings decreased then increased with the lowest wear rate for coatings
Al and B1, with values of 0.16 x 107 and 0.09 x 10~7 cm®/(N-m), respectively.

5

(a) B3 B2 Bl B0 \‘l AZ \I\.‘Al]\v

Depth(pm)

0.10 009 0.10
AU A 722 VA4

-20

0 2("0 4("0 6("0
Width(pm)

Figure 11. The cross—sectional profiles of wear tracks and the corresponding wear rates of the TC4
and coatings: (a) the cross—sectional profile lines; (b) the wear rates.

3.6. Wear Mechanism of Ni-B and Ni- B-W Coatings

Further investigations, such as the morphology and element composition inside the
wear trace, were undertaken to explore the wear mechanism of the Ni-B and Ni-B-W
coatings. The wear trace morphology of A0 and B0 coting were shown in Figure 12.
The wear scar morphology of the A0 coating was relatively smooth, as can be seen in
Figure 12a. Grooves, pits, and scaly wear scars were found at a larger magnification, as
shown in Figure 12b,c. The scaly morphology is a typical appearance of abrasive wear,
a plastic deformation pattern caused by stress concentration during the period of wear.
Consequently, it could be concluded that coating A0 showed the form of moderate abrasive
wear. In addition, adhesive and oxidation wear occurred in A0, which is supported by the
presence of oxygen and aluminum according to the EDS results, as shown in Figure 12d.
By contrast, the grooves in BO were smaller and shallower, and the contents of Al and O
in the wear scar were a little lower compared to those in A0, as shown in Figure 12¢ f,g h,
respectively. Therefore, the wear forms of the Ni-B-W coating included slight abrasive
wear, adhesive wear, and oxidation wear.
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Figure 12. SEM images and EDS patterns inside the wear tracks of coatings: (a—d) A0, (e-h) BO.

Above all, it was revealed that the presence of W reduced the friction coefficient and
the brittleness of the Ni-B coating. The Ni-B-W coating also possessed higher hardness and
better fracture toughness to reduce the pressed depth of the abrasive particles and resist
deformation during the process of the wear test. As a result, Ni-B-W showed a slight wear
morphology. Consequently, the Ni-B-W coating showed a smaller wear rate than did the
Ni-B coating.

The wear scar morphologies of both the Ni-B and Ni-B-W coatings annealed at different
temperatures are shown in Figure 13. As for Ni-B coatings, a slight scratch of the cell body
occurred on the surface of the Al coating, according to Figure 13a, which revealed the
mechanism of slight abrasive wear. With increasing annealing temperature, the cell body
was completely worn out for the A2 coating, showing a scaly morphology with a few
shallow pits, as shown in Figure 13b; this indicated a combination of slight adhesion and
adhesive wear during the wear process. The hardness of the coatings decreased with the
annealing temperature; thus, the friction pair ball could embed into the coatings more
easily, leading to coating spallation as shown in Figure 13c. Ni-B-W coatings presented a
similar wear pattern to Ni-B coatings as the annealing temperature increased.

—
- delamination
shallow pit

Figure 13. SEM images inside the wear tracks of coatings: (a) A1, (b) A2, (c) A3, (d) B1, (e) B2, (f) B3.

The microstructure of the annealed coatings changed from amorphous to crystalline
structure, and the mechanical properties of the coatings were greatly improved, thus
improving the wear resistance of the coating. Nevertheless, with the increase in annealing
temperature, the grain size increased, decreasing the coating hardness [46]. Consequently,
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the wear of the coating was more serious during the tribological tests, resulting in an
increased friction coefficient, more small pits, and a larger area of material peeling, which
aggravated the wear and significantly reduced the wear resistance.

4. Conclusions

Ni-B and Ni-B-W coatings were successfully deposited on TC4 alloy substrates by
electroless plating. The as-deposited Ni-B and Ni-B-W coatings were amorphous and
possessed increased hardness values compared with the substrates. The W content in the
Ni-B-W ternary coating was 2.42 wt.%, and its hardness, fracture toughness, and adhesion
were increased by 20.5%, 8.9%, and 70.4%, respectively, compared to those of the Ni-B
coating. Additionally, the friction coefficient and wear rate of the Ni-B-W coating were
decreased by 18.4% and 91.8%. Furthermore, the deposited amorphous coatings turned
into crystal coatings after one hour of annealing at 350, 500, and 650 °C, with the best
performance observed after the heat treatment at 350 °C. The friction coefficient of the
annealed coatings increased with the annealing temperature, while the wear rate increased
first and then decreased for the Ni-B and Ni-B-W coatings. Both the Ni-B and Ni-B-W
coatings showed a hybrid wear form of abrasive, adhesive, and oxidation.
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