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Abstract: In aviation, the relative sliding between titanium alloy components causes varying degrees
of wear. This work aimed at reducing abrasion between titanium alloy parts and improving their
service life. Three different Ni-based coatings, WC-10Ni, Ni45, and NiCr coatings, are sprayed on
the surface of Ti6Al4V alloy by HVOF. Test results of the mechanical and tribological properties of
such coatings show that the hardness of the Ni45 and NiCr coatings are 673 HV0.1 and 438 HV0.1,
respectively, which are lower than that of the WC-10Ni coating. When subjected to a high load, the
Ni45 and NiCr coatings suffer a cracking of flat particle interfaces due to the low hardness, which
lowers the fracture toughness more than that of the WC-10Ni coating. The specific wear rates of
the coatings gradually decrease with the increase in the coating hardness and fracture toughness.
However, the cutting of Ti6Al4V by the WC-10Ni coating and the adhesion of the NiCr coating to
Ti6Al4V result in severe wear loss of the Ti6Al4V friction pair. The moderately hard Ni45 coating has
a weaker cutting and adhesion effect on Ti6Al4V than the WC-10Ni and NiCr coatings, respectively,
and the Ti6Al4V friction pair has the lowest wear loss. This study is a viable scheme for the design
of wear-resistant coatings on titanium alloy surfaces and for improving the tribological properties
between titanium alloy components.

Keywords: HVOF; Ti6Al4V alloy; coating; hardness; fracture toughness; tribological properties

1. Introduction

Titanium alloys are widely used in the aerospace, petrochemical, medical devices,
and other fields due to their excellent properties such as high specific strength, corrosion
resistance, fatigue resistance, and low thermal expansion coefficient [1,2]. However, tita-
nium alloys also have the shortcomings of low hardness and poor wear resistance, which
make them extremely sensitive to adhesive wear and fretting wear [3–5]. To improve the
wear resistance of titanium alloy, researchers carried out surface modification of titanium
alloy by plasma carbonization/nitriding, shot peening, and wear-resistant coatings [6–11].
Among these surface modification methods, the preparation of wear-resistant coatings,
which have the advantage of hardness and thickness tunability, is considered to be the most
effective method for enhancing the wear resistance of titanium alloys. Researchers have
made many explorations in the selection of coating materials and process methods, such
as preparing wear-resistant coatings by PVD or CVD [12,13], laser cladding high-entropy
alloy coatings [14–16], thermal spraying coatings [17], etc.

Based on previous studies, mechanical properties play a vital role in improving the
wear resistance of titanium alloys. S. Thirumalvalavan [17] sprayed SiC coatings on the
surface of Ti6Al4V alloy by HVOF, and the surface hardness was increased from 303 HV
to 756 HV. The surface wear resistance was found to be significantly improved by friction
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testing with EN31 stainless steel. Pawlak [12] deposited a WC1−x/C film on the surface
of Ti6Al4V titanium alloy, the surface hardness was increased to 1000 HV, and the wear
rate was reduced by 94%. Li [18] prepared the WC-reinforced Co-based alloy on the
surface of Ti6Al4V alloy by laser cladding. The wear resistance of the coating was found
to be 2–4.5 times higher than that of the titanium alloy substrate by friction with Al2O3.
Li [19] prepared a Ni-WC coating on a commercial pure titanium grade 2 substrate by
electroplating and electron beam remelting, and the surface hardness was increased to
745 HV. The results of a friction experiment using Si3N4 as the friction pair showed that
the wear resistance of the coating was 6 times that of the substrate. CuNiIn is a solid
lubricating material with a low friction coefficient and low hardness, which ensures a
good interface matching between contact surfaces of the titanium alloy parts. Thermally
sprayed CuNiIn coating is widely used to resist fretting wear in the case of a titanium
alloy/titanium alloy contact [5,11,20]. However, owing to the low hardness of CuNiIn,
such a coating suffers a large wear loss in the above-mentioned application, which can
easily lead to contact between titanium alloy and titanium alloys [5,21]. In summary, there
are two main surface wear resistance modification strategies for titanium alloys. One
strategy is to spray a lubricating coating with low hardness, e.g., CuNiIn coating, as the
soft coating can achieve the interface matching between the titanium alloy parts through its
own deformation. Another strategy is to deposit a hard coating and add a self-lubricating
material to reduce the coefficient of friction of the coating. This strategy has been used in
mechanical components exposed to slurries such as in the oil and gas industries [22,23].
However, there is a lack of studies on the sliding tribological properties of titanium alloys
in friction with protective coatings. The effect of the mechanical properties of the coating on
the comprehensive wear properties of the coating–titanium alloy system should be studied.

As Ni-based coatings show a good lubricating property, in this work, three commer-
cially available coatings, WC-10Ni, Ni45, and NiCr coatings, with high, moderate, and
low hardness, respectively, were sprayed on the surface of Ti6Al4V alloy by HVOF. The
effect of mechanical properties such as coating hardness and fracture toughness on the
tribological properties of Ti6Al4V alloy were investigated, and the wear mechanisms of
the different hardness coatings on Ti6Al4V alloy were also mastered. This work aims to
provide technical support for the design and preparation of a wear-resistant coating on
titanium alloy surfaces.

2. Experimental Section
2.1. Experimental Methods and Materials

The substrates for HVOF spraying experiments were Ti6Al4V alloy bars with a size
of 100 mm × 25 mm × 10 mm. The substrates were cleaned with acetone, and then the
surface was blasted with alumina grits size of −24~+30 mesh with a 0.5~0.6 MPa blasting
pressure. WC-10Ni powders with a diameter of 15~45 µm, Ni45 powders with a diameter
of 20~53 µm, and NiCr powders with a diameter of 20~53 µm, were used as feedstock
materials. The composition of powder elements is shown in Table 1. A GTV K2 system
on which the powders were fed into the HVOF flame with two laterally fixed inlets using
N2 as carrier gas was used as spraying equipment. The HVOF parameters are shown in
Table 2.

Table 1. Chemical composition of the powders (wt %).

Element WC Ni Cr Fe B Si C

WC-10Ni 90 10 - - - - -
Ni45 - Bal. 8.00 ≤10 2.0 3.5 0.05
NiCr - 80 20 - - - -
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Table 2. HVOF parameters for spraying coatings.

Parameters Value

Oxygen 950 L/min
Kerosene 24 L/h

Powder feed rate 100 g/min
Spray distance 400 mm

2.2. Microstructure and Performance Characterization

The cross-sectional morphology of the coatings was observed by using a JSM-6510LV
scanning electron microscope (JEOL, Tokyo, Japan). Based on the SEM image analysis, the
porosity of coatings was calculated with 5 images at a magnification of 200X according
to the conventional method adopted for cemented carbide bulk material as well as coat-
ings [24]. The phase structure was analyzed using X-ray diffraction measurement with Cu
Kα radiation on a SHIMADZU XRD-600 diffractometer (Shimadzu, Kyoto, Japan).

The coating microhardness was measured at 0.98 N load with 15 s dwelling time, on
the cross-section of coatings using a TMVS-1 Vickers indentation tester (Beijing Era’s Peak
Technology Co., Beijing, China), and each value was averaged over 10 measurements. The
coating fracture toughness was obtained by Equation (1), employing a Vickers indentation
method under a load of 49 N [25], in which the equation should satisfy 0.6 < c/a < 4.5.

KIC = 0.079P/a3/2 log(4.5a/c) (1)

where P is the indention load, a the average half-length of indentation size, and c the
averaged half-length of the crack extended along the indent diagonal.

The tribological properties of Ti6Al4V friction pair pressured against block coating
samples were tested using Rtec MFT-5000 wear testing machine (Rtec Instruments, City
of San Jose, CA, USA). The coating and the Ti6Al4V friction pair are ground and polished
to a surface roughness Rz 0.8–1.5 µm before testing. The friction test diagram is shown
in Figure 1. The Ti6Al4V friction pair and coatings formed plane/plane contact at a load
of 100 N, and the friction process lasted for 30 min with a sliding distance of 4 mm at a
frequency of 2 Hz.

Figure 1. Friction test diagram.

The morphology and depth of the coating wear trace were analyzed by a white light
confocal 3D morphology tester (Sciences et Techniques Industrielles de la Lumière, Aix-
en-Province, France), and the weight loss of the Ti6Al4V friction pair was measured as
well. Mitutoyo SJ-210 surface roughness tester (Mitutoyo, Kanagawa, Japan) was used to
measure the surface roughness of coating wear traces and Ti6Al4V friction pairs, in which
the test direction was perpendicular to the direction of friction motion. The coating specific
wear rate was obtained by Equation (2), in which the volume of wear trace was integrated
via Origin software:

ω =
V

f × s × t × F
(2)
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where V is the wear volume, f the sliding frequency, t the test time, s the sliding distance
for one trace, and F the pressure load.

3. Results and Discussion
3.1. Coating Microstructure

Figure 2 shows the cross-section of WC-10Ni, Ni45, and NiCr coatings. It can be seen
from the 200× macro morphology of the coating that all the coatings have a dense structure
with a thickness of about 350 µm, and the porosity of the Ni45 coating is slightly higher
than that of the WC-10Ni and the NiCr coatings. All the coatings are free of cracks or
other imperfections and are tightly bonded to the substrate. From Figure 2b, WC-10Ni
coating shows a dense structure without obvious pore or stratification features, in which
WC hard particles are uniformly distributed. The Ni45 coating is distributed with pores
in a diameter of 1–3 µm, similar to other HVOF-sprayed NiCrBSi coatings [26]. The
cross-section morphology of the NiCr coating is shown in Figure 2f. It can be seen that
the microstructure of the NiCr coating is dense without obvious pores and features of a
flattened particle interface.

Figure 2. Cross-section morphology of the coatings: (a,b) WC-10Ni; (c,d) Ni45; (e,f) NiCr.

Figure 3 shows the porosity and surface roughness, Rz, of the coatings. The porosity
values of the WC-10Ni, Ni45, and NiCr coatings sprayed with the same parameters are
0.78%, 1.03%, and 0.63%, respectively, and the corresponding surface roughness values,
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Rz, are 23.4 µm, 43.2 µm, and 52.7 µm. The porosity of the coatings is determined by the
spraying process and parameters, powder material, and particle size [27]. Table 3 shows
the melting point of raw materials. In this study, the NiCr powders were found to melt
better than the WC-Ni powders, resulting in a lower porosity, as the coatings were sprayed
with the same parameters. Other related studies have shown that the NiCr coating sprayed
by HVOF has a denser structure than WC coatings [28,29].

Figure 3. The coating porosity and surface roughness.

Table 3. The melting point of raw materials.

Raw Materials Ni Ni20%Cr NiCrBSi WC

Melting point/◦C 1453 [30] 1400 [31] 993 [31] 2750 [32]

As shown in Table 1, the Ni content in Ni45 powder is close to that in the NiCr coating.
In addition, the addition of B, Si, and other elements can reduce the melting point of the
powder [31,33]. The melting point of NiCrBSi is about 993 ◦C, which is lower than that
of NiCr at 1400 ◦C, so the Ni45 sprayed particles have a higher melting degree than NiCr
particles. However, the porosity of the Ni45 coating is significantly higher than that of the
WC-10Ni coating and NiCr coatings. The reason may be that the Cr, C, and B in the molten
Ni45 particles reacted to form a hard phase and amorphous phase during the thermal
spraying process [33,34], which eventually led to a decrease in the temperature and an
increase in the viscosity of molten particles. The surface oxidation of sprayed particles and
the hardening caused by cooling resulted in more obvious pores in the Ni45 coating than in
the NiCr coating [35]. Meanwhile, the Ni45 particles lack hard particles such as those in the
WC-10Ni coating, and the particle kinetic energy is lower than that of WC-10Ni, resulting
in a higher porosity of the coatings than that of WC-10Ni. Wang et al. [36] studied the
morphology of NiCrBSi and WC-Co particles sprayed by HVOF and found that NiCrBSi
particles have a better spreading property, which leads to easier splashing of particles on
the deposited surface and an increase in the surface roughness. The surface roughness of
a flame-sprayed NiCrBSi coating is higher than that of the NiCrBSi-WC coating and the
surface roughness of the HVOF-sprayed cobalt-based alloy is higher than that of the WC-Co
coating, which can also prove that the deposition process of metal particles is more likely
to cause the particle to spatter [37,38]. This is also the reason why the surface roughness of
the NiCr coating sprayed by HVOF is higher than that of the WC-Co coating [28].

3.2. The Phase Structure

Figure 4 shows the XRD patterns of the powders and coatings. It can be seen from
Figure 4a that there are only the WC phase and Ni phase in the powders, while the W2C
and WC1−X phases are detected in the coating, indicating that WC particles are oxidized
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in the spraying process. The decomposition of WC is common in the process of thermal
spraying and can lead to a reduction in hardness and fracture toughness [39,40]. It can
be seen from Figure 4b that the Ni45 powder and coating mainly consists of γ-Ni, and
other hard ceramic phases such as Cr23C6, Cr7C3, and CrB [30]. Because the spray particles
stay in the supersonic flame for a short time, the phase structure of the coating has no
obvious change compared with the powder. Figure 4c shows the XRD patterns of the NiCr
powders and coating. The dominant phase of the NiCr powder and coating is γ-Ni, which
is consistent with the results in [28].

Figure 4. XRD patterns of the powders and coatings: (a) WC-10Ni; (b) Ni45; (c) NiCr.

3.3. Coating Mechanical Properties

Figure 5 shows the microhardness and fracture toughness of the coating and Ti6Al4V
alloy obtained by the indentation method. The microhardness of the Ti6Al4V alloy is about
314 HV0.1, while those of the WC-10Ni, Ni45, and NiCr coatings are 1156 HV0.1, 673 HV0.1,
and 438 HV0.1, respectively. The fracture toughness of WC-10Ni, Ni45, and NiCr coatings
are calculated by Equation (1). According to the data shown in Figure 4, the WC-10Ni
coating with the highest hardness also has the highest fracture toughness of 4.66 Mpa·m1/2;
the Ni45 coating with the middle hardness has the middle fracture toughness of about
3.43 Mpa·m1/2, and the NiCr coating has the lowest fracture toughness of 1.69 Mpa·m1/2.

Figure 6 shows the indentation morphology of WC-10Ni, Ni45, and NiCr coatings at
49 N load. The cracks in the WC-10Ni coating are generated at the sharp corners of the
indentation in the transverse direction and propagate along the direction parallel to the
interface. The cracks are generated in the stress concentration area at the indentation tip
and propagate along the structures such as pores, interparticle interfaces, and rich adhesive
phase areas, which are the weak sites for coating bonding [39]. Since Ni45 and NiCr coatings
have a lower hardness than WC-10Ni coatings, they are subject to a stronger pinching
and pulling effect by the indenter. In addition to the cracks in the stress concentration



Coatings 2022, 12, 1977 7 of 13

region at the tip of the indentation, the microcracks around the indentation are caused by
interparticle interface cracking.

Figure 5. Microhardness and fracture toughness of the coatings.

Figure 6. Indentation morphology of the coatings: (a) WC-10Ni, (b) Ni45, (c) NiCr.

3.4. Tribology Properties of Coatings in Friction with Ti6Al4V
3.4.1. Friction Coefficient

Figure 7 shows the friction coefficient curves of Ti6Al4V pressured on Ti6Al4V sub-
strate and different coatings. The friction coefficients in different cases are almost the
same in the first 200 s of the wear test, which is defined as the running-in stage. After
this stage, the Ti6Al4V friction pair had already gotten in full contact with the coating,
so the friction coefficients started to show significant differences. The mean values of
the friction coefficients show that the Ti6Al4V/Ti6Al4V friction had the lowest friction
coefficient of 0.34 ± 0.047. The friction coefficient between the coating and the Ti6Al4V
frictional pair is larger than the Ti6Al4V/Ti6Al4V frictional pair. The average friction
coefficients between the WC-10Ni, Ni45, and NiCr coatings and the Ti6Al4V friction pair
were about 0.39 ± 0.056, 0.40 ± 0.054, and 0.44 ± 0.081, respectively. Ti6Al4V/Ti6Al4V
friction shows the mildest friction coefficient curves, while NiCr/Ti6Al4V friction shows
the largest friction coefficient fluctuations.
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Figure 7. Friction coefficient of Ti6Al4V alloy and coatings.

3.4.2. Wear Loss

Figure 8 shows the wear profile obtained by SPIP optical analysis software. It can be
seen that the wear width and depth of the NiCr coating are significantly higher than those
of the Ti6Al4V substrate, Ni45 coating, and NiCr coating, and the wear traces show deeper
furrow-cut features. Although the wear depth of Ti6Al4V alloy is lower than that of the
NiCr coatings, the wear traces still show more pronounced furrow-cut features than those
of the WC-10Ni and Ni45 coatings. The WC-10Ni coating shows the smallest abrasion
depth; that is, it has the smallest wear volume.

Figure 8. Cross-sectional wear trace of Ti6Al4V alloy and coatings.

Three sets of coatings as well as Ti6Al4V friction pairs were used to analyze the wear
loss and the wear trace surface roughness. Figure 9 shows the surface roughness of the
coating and the Ti6Al4V friction pair. In general, the surface roughness Rz of the coating
corresponded with the wear trace profile curves of that coating as shown in Figure 8;
that is, the coating with larger furrow cuttings had a larger roughness. The wear trace
surface roughness values of the Ti6Al4V substrate, WC-10Ni coating, Ni45 coating, and
NiCr coating were about 22.9 µm, 9.5 µm, 14.9 µm, and 38.2 µm, while the corresponding
wear trace roughness values of the Ti6Al4V friction pair were 21.8 µm, 15.5 µm, 20.2 µm,
and 35.7 µm, respectively. Since the Ti6Al4V substrate and the friction pair are made of
the same material, they show almost the same value of the wear trace roughness, and the
friction pair in the friction with the Ni45 coating shows the same roughness as the friction
pair in the friction with the Ti6Al4V substrate.
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Figure 9. Wear trace roughness of the coatings and Ti6Al4V friction pair.

Figure 10 shows the specific wear rates and wear loss of the coatings and the Ti6Al4V
alloy, in which the specific wear rates are calculated by Equation (2). The specific wear rate
of the coating increased with the decrease in coating hardness. The specific wear rates of the
WC-10Ni, Ni45, and NiCr coatings are 0.93 × 10−7 mm3/(N·m),
1.83 × 10−7 mm3/(N·m), and 11.4 × 10−7 mm3/(N·m), respectively. The specific wear rate
of the Ti6Al4V alloy substrate is about 4.3 × 10−7 mm3/(N·m), which is almost 4.6 times
and 2.3 times that of the WC-10Ni and Ni45 coatings, respectively, and much lower than
that of the NiCr coating. There is no linear relationship between the wear loss of the
Ti6Al4V friction pair and the coating hardness. The Ti6Al4V friction pair has a wear loss of
2.54 mg, 8.43 mg, 2.74 mg, and 69.97 mg, respectively, on friction with the Ti6Al4V substrate,
WC-10Ni coating, Ni45 coating, and NiCr coating. It can be seen from the above data that
the wear loss of the Ti6Al4V friction pair in Ti6Al4V/Ti6Al4V friction is close to that in the
Ni45 coating/Ti6Al4V friction, and lower than that in friction with the WC-10Ni and NiCr
coatings, meaning that Ti6Al4V has the lowest wear loss in friction with the Ni45 coating
with moderate hardness. Ni45/Ti6Al4V has the best comprehensive wear performance.

Figure 10. The specific wear rate of the coatings and the wear loss of the Ti6Al4V friction pair.

3.4.3. Wear Morphology and Wear Mechanism

Figure 11 shows the wear trace morphology of the coatings and the Ti6Al4V friction
pair. It can be seen from Figure 11a,b that the Ti6Al4V substrate and Ti6Al4V friction pair
show the same wear trace morphology with obvious fluctuations and furrow cuttings
features on the wear trace surface. Although the substrate and friction pair are polished, the
surface of the material still has fluctuation features. During the friction process, the Ti6Al4V
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alloy deforms and bites together under the normal load first, and then the small material
particles fall off to form abrasive particles under the shear load due to the adhesion between
the substrate and friction pair [41]. As a result, deep and uniform furrow cuttings are
produced on the surfaces of the substrate and the friction pair. In this case, both the Ti6Al4V
substrate and friction pair show an adhesive and abrasive mixed wear mechanism, which
is in accordance with previous studies of sliding tribological properties of Ti6Al4V [42].

Figure 11. Surface wear trace micrographs: (a,b) Ti6Al4V substrate and Ti6Al4V friction pair; (c,d)
WC-10Ni and Ti6Al4V friction pair; (e,f) Ni45 and Ti6Al4V friction pair; (g,h) NiCr and Ti6Al4V
friction pair.
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Figure 11c,d show the wear morphology of the WC-10Ni coating and the Ti6Al4V
friction pair. It can be seen that the surface of the WC-10Ni coating has some wear debris
piled up, while the wear trace morphology of the Ti6Al4V frictional pair shows furrow-cut
features with different depths and widths. As the WC-10Ni coating had a higher hardness
than Ti6Al4V alloy, the high hardness “bulges” of the WC-10Ni coating have a serious
cutting effect on the friction pair, resulting in severe abrasive wear of the friction, which
is the main reason for the large wear loss and high wear trace surface roughness of the
friction pair. It appears that the adhesion between the Ti6Al4V alloy and the Ni binding
phase of the coating results in the wear of the Ni binding phase and thus causes the WC
hard particles to peel off, leading to slight abrasive wear of the WC-10Ni coating. However,
as the WC-10Ni coating had a high fracture toughness, the friction could hardly cause a
large area of particles to peel off [40], and that is the main reason for its low wear loss and
low surface roughness.

Figure 11e,f show the wear trace morphology of the Ni45 coating and the Ti6Al4V
friction pair. The wear surface of the Ni45 coating shows the adhesion of abrasive debris
and the breakage and peeling of the particles, which is the same as the case in other HVOF-
sprayed NiCrBSi wear morphology [43,44]. Due to the low fracture toughness of the Ni45
coating as shown in Figure 5b, cracks are prone to form between particles at a large load,
and then spall off from the surface of the coating under shear stress. The particle spalling
features are observed from the cross-section of the wear trace in other studies [43]. The
stripped hard granules then exert a cutting effect on the friction pair, and as a result, the
cutting effect of the stripped hard granules leads to the formation of furrows on the friction
pair surface and an increase in the surface roughness. Although the ejected particles of the
Ni45 coating have a cutting effect on the Ti6Al4V frictional pair, the abrasion roughness
of the latter is comparable to that of the frictional Ti6Al4V substrate. The cutting effect of
Ni45 on the friction pairs is reduced due to the lower hardness compared to the WC-10Ni
coating, resulting in a lower wear loss for the frictional pairs compared to the friction with
the WC-10Ni coating.

Figure 11g,h show the wear morphology of the NiCr coating and Ti6Al4V alloy
friction pair. Wear traces of NiCr coatings with severe interlaminar spallation show more
pronounced adhesive and abrasive wear features than those of Ti6Al4V substrates. The
hardness of the NiCr coating is higher than that of the Ti6Al4V alloy; however, the fracture
toughness is even lower than that of the Ni45 coating, so that the NiCr particles are more
likely to peel off from the substrate surface under normal and shear loads to form abrasive
particles. Meanwhile, the strong adhesive effect between the NiCr coating and the friction
pair results in a higher friction coefficient than that in friction with the WC-10Ni and Ni45
coatings, leading to a severe adhesive and abrasive wear of the Ti6Al4V alloy friction pair.
The surface roughness and wear weight loss of the coating and the friction pair are much
higher than those in the friction between the friction pair and other coating materials.

4. Conclusions

Ni-based coatings of different hardnesses were sprayed on Ti6Al4V by HVOF, and
the tribological properties of the Ti6Al4V friction pair in friction with the coatings were
investigated. The main conclusions of this paper are as follows.

(1) The HVOF-sprayed WC-10Ni, NiCr, and Ni45 coatings show a dense structure
with a porosity of the former two lower than 1% and the last one of about 1.03%. The Ni45
and NiCr coatings have weaker bearing capacity due to their lower hardness, and their
fracture toughness was also lower, only 3.43 Mpa·m1/2 and 1.69 Mpa·m1/2, respectively.

(2) The wear mechanism between Ti6Al4V and Ti6Al4V, as well as between the NiCr
coating and Ti6Al4V, is a mixed one consisting of both adhesive and abrasive wear, which
results in a great wear loss. The cutting effect of the high hardness WC-10Ni coating on the
Ti6Al4V is significant, resulting in a larger wear loss of the titanium alloy. The moderate
hardness Ni45 coating has a lower cutting effect on the friction pair than the WC-10Ni
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coating and a lower adhesion effect than the Ti6Al4V and NiCr coatings, resulting in the
lowest wear loss on the frictional pairs.

(3) Preparing a moderate hardness Ni45 coating on the surface of Ti6Al4V alloy can
reduce the adhesive wear loss of the titanium alloy substrate and friction pair; thus, it can
offer good surface protection for titanium alloy parts.
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