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Abstract: Titanium alloy has extensive applications in numerous fields, such as in aerospace, ship-
building, petrochemical, and bio-medical. However, under the condition of high temperature (above
700 ◦C), it is difficult to meet the requirements of the performance of the turbine blades, piston rings,
valves, etc. In this paper, the alloy powder is composed of Ni60A, TiN, Al, and Si in accordance with
the proportion of 1:3:4:2 (mass ratio), and the composite coating, such as TiN, TiB, Ti5Si3, and Al3Ti
were synthesized on Ti-6Al-4V alloy by Yttrium Aluminium Garnet(YAG) laser. The friction and
wear experiments were carried out on Ti-6Al-4V alloy and alloyed coatings at different loads (3 N,
6 N, 9 N), and different temperatures (25 ◦C, 350 ◦C, 700 ◦C). The impact of load and temperature
on wear performance were analyzed by analyzing the friction traces. The results showed that the
abrasion loss, wear width, and depth, wear volume, and wear ratio of the alloyed coatings were
less than Ti-6Al-4V alloy, and the surface of furrow was shallow and the wear was less. However,
under high temperature conditions, the alloy coating wears worse than Ti-6Al-4V alloy, and the high
temperature wear resistance is not ideal.

Keywords: Ti-6Al-4V alloy; laser alloying; wear resistance

1. Introduction

With the development of technology and the requirements of deep space and deep-sea
exploration, it is extremely important for equipment and structural parts to be stable, to
serve under severe conditions, such as high stress, strong corrosion, and high temperature.
The density of titanium is 4.506–4.516 g/cm3, which is only about 55% of steel, and the
strength of titanium alloy can reach 500–1400 MPa, which meets the requirements of
aerospace components [1–3]. In addition, titanium alloys have good performance at both
high and low temperatures, and can work for long periods of time at 550 ◦C and −253 ◦C,
accordingly, titanium alloy is called “space metal” [4,5]. Its application in aerospace engine
turbine blades, piston rings, valves, marine heat exchangers, propellers, and other parts
with high material performance requirements, is limited [6,7] due to its large friction
coefficient [5], easy adhesion [8], poor wear resistance [9,10] (Figure 1a), and serious
oxidation under high temperature conditions (Figure 1b). Therefore, improving the wear
resistance of the titanium alloy is of great significance for broadening its application range
in parts and components requiring high performance materials.

The surface properties of titanium alloy can be improved by laser surface alloy-
ing [11,12]. Laser surface alloying is a method of local modification of metal surface. It
aims to change the composition, phase, and microstructure of the material surface, and
then change the performance of the material surface, to meet the performance requirements
of wear resistance, corrosion resistance, and oxidation resistance. Amal M. Nair et al. [13]
synthesized TiCN coating in situ on Tie6Ale4V matrix by laser surface alloying, and the
results showed that the dendritic structure of TiCN increased the hardness of the coating,
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and its corrosion resistance was significantly improved due to the alloying of Ti-6Al-4V
matrix and TiCN. TianY S et al. [14] prepared Ti6Ni6Si7, TiB2, TiNi, and TiN composite
coatings by laser alloying on the surface of pure Ti using tin-B-Si-Ni mixed powder as raw
material. The study showed that the hardness, wear resistance, and oxidation resistance of
the surface of pure Ti were significantly improved.
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Although the hard phase particles of Ti can enhance the surface strength of the
matrix, it will also increase the wear on the matrix. Numerous studies have shown that
the addition of silicon elements can improve the wear resistance and high temperature
oxidation resistance. Fei Weng et al. [15] studied the microstructure and wear properties
of coatings with different silicon contents on the surface of Ti-6Al-4V titanium alloy. The
results showed that the microhardness of the coatings was increased to more than three
times that of the substrate. Within a certain range, concerning the carbon content of silicon,
the higher the wear resistance, the better. YS Tian et al. [16] used nitrogen and silicon
powder laser alloying technology to prepare a composite strengthening coating containing
Si3N4, Ti5Si3, Ti2N, and other compounds on the surface of titanium alloy Ti-6Al-4V. The
addition of Si not only improves the sliding of the coating the wear resistance, but also
makes the coating have good oxidation resistance. Aluminum also plays an important role
in improving the high temperature performance of titanium alloys. Ti-6Al-4V alloy has
poor oxidation resistance due to its low aluminum content. Ti-6Al-4V alloy can only be
used for the production of static and rotating parts of the fan low-pressure compressor
with the temperature around 315 ◦C. Hongxi Liu et al. [17] prepared high temperature
anti-oxidation TiN/Ti3Al intermetallic compound composite coating on the surface of
Ti6Al4V titanium alloy by in-situ laser cladding. The results showed that TiN/Ti3Al
intermetallic compound coating could effectively improve the high temperature oxidation
resistance and mechanical properties of Ti-6Al-4V titanium alloy. It can be observed that
aluminum and silicon elements play an important role in improving the surface properties
of titanium alloys.

According to the survey, TiB [18], TiN [19], TiC [20], and Ti5Si3 [21] have high hardness,
high strength, and high wear resistance, which are often used as reinforcing phases of
composite materials. Moreover, TiB and TiN reinforcements have little influence on the
toughness of Ti-6Al-4V alloy, which can effectively improve the wear resistance of metals
without destroying their toughness. Ni60A contains 3.0~4.5% element B. under the action
of higher laser energy, Ni60A almost completely decomposes. Although the chemical bond
between Ti and N is strong, tin is still partially decomposed, resulting in the existence of
free Ti element, decomposed B, and added Si element to synthesize new phase TiB and
Ti5Si3 in situ. The new phase TiB and UN decomposed tin constitute the reinforcement
phase of the alloying coating, which improves the wear resistance of the titanium alloy.
Therefore, TiB, tin, Al3Ti, and other composite phases can be obtained at the same time,
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which can improve the oxidation resistance and wear resistance of Ti-6Al-4V alloy at the
same time. Therefore, Ni60A/TiN-Al-Si composite powder was planned to be used in
this study.

The tribological properties of the composite coating and Ti-6Al-4V under different
loads and temperatures were compared, and the mechanism of different wear results was
analyzed. This has certain guiding significance for improving the wear resistance and high
temperature resistance of the titanium alloy Ti-6Al-4V under harsh conditions, such as
high temperature.

2. Experiment

The thickness of Ti-6Al-4V alloy is 5 mm. The sample size is 120 mm × 100 mm × 5 mm.
Before laser alloying, the surface of the sample is polished with sandpaper to remove the
surface oxide film, and then cleaned with acetone and ethanol, then dried for standby.

The composite powder in the experiment is Ni60A/TiN/Al/Si, the purity of Al and
Si powder is 99.5% and 99.9%, correspondingly, the particle size is 200–400 mesh and
325 mesh. Moreover, the chemical composition and particle size of Ni60A/TiN composite
powder are shown in Table 1.

Table 1. Chemical composition and particle size of Ni60A/TiN.

Powder Chemical Composition (wt.%) Size (Mesh)

Ni60A
C Cr B Si Fe Ni

150–4000.5~1.1 15.0~20.0 3.0~4.5 3.5~5.5 ≤5.0 others

TiN
N C O Fe Ti

300≥21.5 <0.039 <0.033 <0.020 others

The test adopts the way of prefabricated powder. The preformed powder was uni-
formly covered on the surface of the material by air compressor. Then, under the action
of high-energy laser beam, the prefabricated powder and Ti-6Al-4V alloy were melted
and mixed at the same time, and then rapidly solidified, forming a good metallurgical
combination. Moreover, 0.5% polyvinyl alcohol solution was used as binder and 20 g
polyvinyl alcohol powder was weighed and placed in a beaker containing 380 g distilled
water. Then the beaker was heated in a constant temperature water bath heating furnace,
and continuously stirred until completely dissolved, forming a colorless and transparent
viscous liquid, which was cooled to room temperature for standby.

The 500 W pulsed Yttrium Aluminium Garnet(YAG) laser was used in the experiment.
The laser mode is pulse wave, the rated output power is 500 W, the wavelength is 1.06 µm,
the focal length ƒ = 80 mm, and the minimum focal spot diameter is 0.8 mm. The parameters
used in the experiment are: current I = 200 A, scanning speed v = 5 mm/s, 0 defocus,
argon protection.

The surface of the laser-alloyed samples was polished and 35.6 mm × 25.4 mm × 9 mm
sample pieces were prepared by wire cutting machine. The friction and wear test was
carried out by using multi-function friction and wear test equipment, as shown in Figure 2.

The Si3N4 ceramic balls with a 6 mm diameter were used as the grinding materials.
The load was set to 3 N, 6 N, and 9 N, respectively, and the reciprocating distance was
10 mm. The friction and wear test lasted for 30 min at the speed of 16 m/min. The mass of
the sample was measured before and after the test with a balance of precision of 0.1 mg
and the amount of friction loss was calculated. Moreover, the working temperature (25 ◦C,
350 ◦C, 700 ◦C) was changed to detect the effect of temperature on the friction and wear
properties of Ti-6Al-4V alloy and coating. It should be noted that 25 ◦C is the temperature
at room temperature, and 350 ◦C is the normal working temperature of Ti-6AL-4V, which is
widely used in aerospace, medical, and other fields [22]. However, 700 ◦C is not the normal
working temperature of Ti-6Al-4V, which is obviously higher than the maximum service
temperature of Ti-6Al-4V alloy, but lower than its β—transformation temperature (about
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995 ◦C). At the same time, the temperature is higher than the eutectic temperature of Al Si
alloy (about 577 ◦C) and the melting point of pure Al (about 660 ◦C) [23].
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Figure 2. Multi-functional friction and wear testing machine. (UMT-TL).

The samples after laser alloying were cut into 10 mm × 5 mm × 5 mm blocks by
wire cutting, and then the samples were inlaid along the direction perpendicular to the
laser scanning. The samples were then ground and polished. Finally, the samples were
corroded with HF:HCl:HNO3:H2O = 1:1.5:2.5:95 corrosive solution. After 40 s of corrosion,
the samples were cleaned with absolute ethanol and dried.

Microstructure and composition analysis the metallographic structure of the sample
after corrosion was observed by Quanta400 scanning electron microscope (FEI American),
and the composition of different micro areas of laser alloying coating was analyzed by
Energy Dispersive Spectrometer (EDS). X-ray diffractometer (D/max-2500) was used
to analyze the phase of laser alloying coating, oxide layer and wear surface. HX-1000
microhardness tester was used. The applied load was 1 n and the pressure was maintained
for 15 s. The microhardness of the alloyed coating was detected from the top to the bottom
along the cross section of the coating. The average value was measured three times on the
same horizontal line.

3. Results and Discussion
3.1. Phase Composition and Microhardness Analysis of Alloying Coating

The phase structure of the alloying coating was analyzed by D/Max-2500 X-ray diffrac-
tometer from Japan. Figure 3 shows the X-ray diffraction pattern of the alloying coating.

It can be seen from Figure 3 that the coating contains Ti, SiC, TiN, TiB, Al3Ti, Ti5Si3,
and other phase structure. TiN, TiB, Ti5Si3 have high hardness, strength, and wear resis-
tance, which can improve the hardness and wear resistance of the coating. Under high
temperature conditions, Al3Ti is easily oxidized to form uniform and dense Al2O3, which
can improve the oxidation resistance of the titanium alloy surface layer. Hardness test is
to characterize the force energy of wear resistance by friction with loading abrasive tools,
so hardness can be used as the main parameter of wear resistance of a material. Figure 4
shows the microhardness distribution of the alloy coating. It shows that the microhardness
of the alloyed coating is significantly higher than that of the titanium alloy. The average
microhardness of the alloyed coating is 685 HV0.5, and the microhardness of Ti-6Al-4V
alloy is 343 HV0.5, which is about twice of that. Because the alloy coating contains high
hardness Ti5Si3 and other materials, the specific strength and specific stiffness of Ti Al
compound are higher. The microhardness in the dilution zone is significantly lower than
that in the alloying zone. Due to the dilution effect of the substrate on the coating, the
microhardness of the coating near the substrate increases slightly. In the alloyed coating,
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the hardness far away from the surface is slightly higher, which is caused by the uneven
distribution of hard particles in the coating.
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Figure 4. Microhardness distribution of alloying coating.

From the energy spectrum in Figure 5, it can be seen that the middle part of the
coating mainly contains Ti, N, Si, and a small amount of B. Moreover, the X-ray diffraction
pattern in Figure 3 shows that the coating mainly contains TiN and a small amount of TiB,
Ti5Si3. In the composite of Ni60A, B elements account for 3.0% to 4.5%, so Ni60A is almost
completely decomposed under the action of higher laser energy [24,25]. Although the
chemical bond between Ti and N is strong, TiN is partially decomposed. Free Ti element
and B, Si elements can be in situ synthesis of new phase TiB and Ti5Si3. The new phase
TiB, Ti5Si3 and TiN are both hard particles, which can effectively increase the hardness of
the coating.
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3.2. Impact of Load Variation on Friction and Wear Properties
3.2.1. Effect on Coefficient Friction

At room temperature, the friction coefficient of Ti-6Al-4V alloy and alloying coating
varied with the wear time in the friction and wear test of different loads, as shown in
Figure 6. When the load was 3 N, the friction coefficient of Ti-6Al-4V alloy increased with
the wear time in the first 15 min, then stabilized after 15 min and the friction coefficient
was kept in the range of 0.47–0.53. When the load was 6 N, the pre-grinding period was
reduced to 10 min, then stabilized, and the friction coefficient was kept in the range of
0.40~0.47. When the load increased to 9 N, there was no pre-grinding period, it was directly
into the stable period. The friction coefficient decreased and maintained in the range of
0.39–0.44 eventually, indicating that it was the most stable.
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Ti-6Al-4V alloy was subjected to normal stress and tangential force during the wear
process with Si3N4 ceramic balls, and friction first occurs on the bumps that contact each
other. When the load was 3 N, the normal stress applied to the surface of Ti-6Al-4V alloy
was small, the squeezing force of the bumps on the surface of Si3N4 and Ti-6Al-4V alloy
was also small, the bumps were difficult to be smoothed in a short time, and the surface
of Ti-6Al-4V alloy remained uneven rough state, so the coefficient of frictionin was large.
When the load was increased, the size and number of contact points of the Si3N4 ceramic
ball and the Ti-6Al-4V alloy also increased, and the bumps on the surface of the Ti-6Al-4V
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alloy underwent plastic deformation due to the large squeezing force, and even broke and
flake to formed abrasive debris. The abrasive particles began to wear, and the shear stress
decreased accordingly. At this time, although the contact area of the friction and wear
surface increased, when the metal was in the elastoplastic state, the effective contact area
was proportional to 2/3 of the applied load, so the friction coefficient decreased.

From Figure 6b, it can be seen that, when the load was 3 N, the wear of the alloyed
coating also had a pre-grinding period, but the time was shorter than that of the Ti-6Al-4V
alloy, about 6 min, and the fluctuation range of the friction coefficient was smaller, from 0.39
to 0.42. When the load increased to 6 N, 9 N, the pre-grinding period was no longer obvious,
entering the wear stabilization period faster, and the floating range of the friction coefficient
became smaller, and the stability was better. The friction coefficient of the alloyed coating
under different loads was lower than that of the Ti-6Al-4V alloy. Firstly, the hardness of
the alloyed coating was much higher than that of the Ti-6Al-4V alloy, thereby reducing
the tangential resistance between the Si3N4 ceramic ball and the alloyed coating. Secondly,
the hardness of the titanium alloy was much smaller than that of the Si3N4 ceramic ball.
During the contact and wear between the two, the Ti-6Al-4V alloy was prone to plastic
deformation and adhesion, and the intermetallic compound of the alloyed coating can
effectively reduce the adhesion resistance [26].

3.2.2. Effect on Abrasion Loss

Table 2 shows the comparison of the abrasion loss of Ti-6Al-4V alloy and alloying
coating under different loads. It is apparent from the table that the loss of the alloying
coating under different loads is less than that of the Ti-6Al-4V alloy. With the increase of
the load, the abrasion loss of the material also increases, which coincides with the Archard
wear theorem. Because the larger the load applied in the same wear time, the greater the
positive pressure and shear force on the surface of the material, which make the plastic
deformation and local peeling found on wear surface.

Table 2. The abrasion loss of Ti-6Al-4V alloy and alloying coating under different load.

Load 3 N 6 N 9 N

Ti-6Al-4V alloy 0.5 mg 1.1 mg 2.1 mg
Alloying coating 0.3 mg 0.7 mg 1.4 mg

3.2.3. Effect on Wear Volume and Specific Wear Ratio

Three-dimensional super-depth microscope was used to observe the wear surface of
the sample. As shown in Figure 7, the wear depth (h) and the width (b) of the sample can
be obtained from Figure 7b.
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The wear volume VW and the specific wear rate K can be calculated from the Equa-
tions (1) and (2) [27].

VW =
hl
6b

(
3h2 + 4b2

)
(1)

where VW is wear volume, the unit is mm3, h, b, and l are the wear depth, width, and
length, the unit is mm.

K =
VW
PS

(2)

where K is the specific wear rate, the unit is mm3·N−1·m−1, VW is wear volume, the unit
is mm3, P is the normal load, the unit is N, and S is the sliding distance, the unit is m.

Tables 3 and 4 show the wear volume and specific wear rate of Ti-6Al-4V alloy and
alloying coating under different load. From Table 3, the wear width, depth, and volume of
Ti-6Al-4V alloy increase with the increase of the load. From Table 4 that the wear volume
of the alloying coating also increases with the increase of the load, but its increasing rate is
lower than the Ti-6Al-4V alloy. The specific wear rate is about 50% of titanium alloy, which
is obviously lower than that of Ti-6Al-4V alloy, indicating that alloying coating has good
wear resistance.

Table 3. The wear width, depth, volume, and specific wear rate of Ti-6Al-4V alloy under different load.

Load (N) Wear Width b (mm) Wear Depth h (mm) Wear Volume VW (mm3)
Specific Wear Rate
(mm3·N−1·m−1)

3 0.978 11.796 × 10−3 0.1154 0.080 × 10−3

6 1.100 23.169 × 10−3 0.2549 0.089 × 10−3

9 1.278 37.386 × 10−3 0.4800 0.111 × 10−3

Table 4. The wear width, depth, volume, and specific wear rate of alloying coating under different load.

Load (N) Wear Width b (mm) Wear Depth h (mm) Wear Volume VW (mm3)
Specific Wear Rate
(mm3·N−1·m−1)

3 0.833 8.240 × 10−3 0.0686 0.048 × 10−3

6 0.878 15.961 × 10−3 0.1401 0.049 × 10−3

9 1.144 25.376 × 10−3 0.2903 0.067 × 10−3

3.2.4. Effect on Wear Morphology

Figure 8a,c,e show the wear surface morphology of Ti-6Al-4V alloy under 3 N, 6 N
and 9 N load, respectively, Figure 8b,d,f are their partial magnification. From Figure 8a,b
that the wear marks showed obvious furrow morphology and plastic deformation. In
Figure 8c,d, there was not only a clear furrow, but also some wear debris. As the load
increased, the normal stress and shear force applied on the surface of the Ti-6Al-4V alloy
increased, the Ti-6Al-4V titanium alloy underwent significant plastic deformation, and
adhered to the Si3N4 ceramic ball, partially plastically deformed soft metal and protrusions.
The hard spots were separated from the Ti-6Al-4V titanium alloy under the action of shear
force, which caused abrasive wear during friction during shedding.

A deep grinding furrow on the wear surface as shown in Figure 8e,f, and there was
some metal stripping near the furrow edge. Figure 9 shows the wear cross-section trajectory
curve of Ti-6Al-4V alloy when the load was 9 N. It was obvious that the wear depth was
larger in the middle part, while it was shallow at the edge, because when the load was 9N,
the force on the surface of Ti-6Al-4V alloy was larger. According to the wear cross-section
trajectory curve of Ti-6Al-4V alloy, the wear depth and width increase with the increasing
load, and the depth increase was larger.
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Figure 10 shows the wear surface morphology of alloying coating under 3 N, 6 N, and
9 N load at room temperature. From Figure 10a,b, it can be seen that when the load was 3 N,
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the wear surface was smooth, the furrow was shallow, the degree of plastic deformation
was small, and the metal at the furrow edge was not inclined from breaking away from
the friction surface. As shown in Figure 10c,d, when the load increased to 6 N, the furrow
was deepened, there was a slight plastic deformation on the wear surface, and a small
amount of metal broke away from the surface, resulting in increased grinding particles
on the wear surface. As shown in Figure 10e,f, the depth of the furrow increased with
the increasing load, debris on the wear surface also increased. When compared with the
wear morphology of Ti-6Al-4V alloy under corresponding loads, it was obvious that the
wear resistance ability of alloying coating was better than that of Ti6Al4V alloy at room
temperature, because TiN, TiB, Ti5Si3, and other hard particles existed on the surface of
the alloying coating, in the same condition, serious plastic deformation was relatively
difficult to form and the metal of the coating was not easy to break away from the surface.
Consequently, the amount of debris was less and the wear was not serious.
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Figure 11 shows the wear cross-section trajectory curve of the alloying coating under
different loads. It can be found that the wear depth and width of the alloying coating
increased with the increasing load. As the load increases, the friction coefficient of the
Ti-6Al-4V alloy surface decreases during the friction and wear process, the amount of
wear and the specific wear rate increases, the depth of the furrow of the wear scar surface



Appl. Sci. 2021, 11, 446 11 of 17

increases, and the amount of wear debris increases, indicating that, with the load, the
increase of titanium alloy surface wear is serious. With the increase of the load, the friction
coefficient of the laser alloy coating remains in the range of 0.39~0.42, but the amount of
wear and wear rate increase, and the depth of the furrow of the wear scar surface increases.
The increase in the amount of wear debris indicates that the wear of the alloyed coating
increases as the load increases. Comparing Ti-6Al-4V alloy and alloyed coating, it can be
seen that the wear resistance of laser-alloyed coating is higher than that of Ti-6Al-4V alloy
at room temperature.
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3.3. Impact of Temperature Variation on Friction and Wear Properties

This section discusses the effect of temperature on the friction and wear properties of
Ti-6Al-4V alloy and alloyed coating. The test parameters are as follows: using the Si3N4
ceramic ball with a diameter of 6.3 mm as the grinding material, apply 6 N load, sliding
speed of 16 m/min, and wear for 30 min.

3.3.1. Effect on Friction Coefficient

Figure 12 shows the friction coefficient of Ti6Al4V alloy and alloying coating at
different temperatures. In Figure 12a, the friction coefficient of Ti-6Al-4V alloy fluctuated in
the range of 0.41–0.46 in the stable stage at room temperature. When the temperature rose
to 350 ◦C, the friction coefficient of Ti-6Al-4V alloy decreased to 0.40–0.42, and at 700 ◦C,
the friction coefficient of Ti-6Al-4V alloy was less than 0.40.
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Figure 12 shows that, as the temperature increases, the friction coefficient of Ti6Al4V
alloy during friction and wear gradually decreases, because, as the temperature increases,
the viscosity of the metal increases, the material softens, and the friction resistance becomes
smaller, while the surface of the Ti6Al4V alloy is oxidized, and the oxide film is separated
from the wear debris formed under the load, and accumulates on the grinding surface,
entering the pits or furrows of the wear scar, acting as a lubricant, and reducing the
friction coefficient.

When the temperature rose to 700 ◦C, the friction coefficient of Ti6Al4V titanium alloy
fluctuated greatly. The friction coefficient at the initial stage is large and the stability is
good. As the wear time increases, the friction coefficient decreases, but after 13 min, the
friction coefficient has a non-monotonic changing trend with time. Because the Ti6Al4V
titanium alloy is not fully oxidized at the initial stage, similar to the wear mechanism at
350 ◦C, but with the extension of the wear time, the Ti6Al4V titanium alloy is severely
oxidized. When friction wear is caused on the grinding ball and the oxide layer, the friction
coefficient increases, and then the oxide film will squeeze and deform under the load,
acting as a lubricant, and the friction coefficient will be reduced, so the fluctuation is larger.

As shown in Figure 12b, at room temperature, the coefficient of friction of the coating
was relatively stable, maintaining a range of 0.37 to 0.40. When the temperature rose to
350 ◦C, the friction coefficient of the coating was lower than the value at room temperature
in the initial stage of wear. After the wear lasted for 10 min, the friction coefficient began to
increase beyond the value at room temperature. Because with the prolongation of wear,
the Al3Ti and Ti5Si3 phases on the surface of the coating are oxidized to form oxide films of
Al2O3, SiO2, TiO2. The oxide film is very thin and is mainly Al2O3. Al2O3 is a brittle oxide,
which breaks and flakes under the pressure of the grinding ball to form abrasive debris,
and then contacts the grinding ball with the alloyed coating. Due to the interaction between
the hard phase of the grinding ball and the coating surface and the abrasive debris, the
friction coefficient becomes larger, which is manifested by the wear mechanism of abrasive
wear, oxidative wear, and adhesive wear.

3.3.2. Effect on Abrasion Loss

Table 5 shows the abrasion loss of Ti-6Al-4V alloy and alloying coating at different
temperatures. It is clear from Table 5 that the abrasion loss of Ti-6Al-4V alloy and alloying
coating decreases with the increasing temperature, but the decreasing degree of Ti-6Al-
4V alloy is larger. At 700 ◦C, the amount of abrasion loss of Ti-6Al-4V alloy is less than
alloying coating. It can be seen that the wear resistance ability of alloying coating at room
temperature is better than Ti-6Al-4V alloy, but worse at high temperatures.

Table 5. The abrasion loss of Ti-6Al-4V alloy and alloying coating at different temperatures.

Temperature (◦C) 25 350 700

Ti-6Al-4V alloy (mg) 1.1 0.7 0.2
Alloying coating (mg) 0.7 0.5 0.3

3.3.3. Effect on Wear Volume and Specific Wear Ratio

Tables 6 and 7 show the wear volume and specific wear rate of Ti-6Al-4V alloy and
alloying coating at different temperatures. As shown in Table 6, with the increased in
temperature, the wear width narrowed, the wear depth decreased and the wear volume
reduced. As shown in Table 7, the wear volume of the alloyed coating decreases as the
temperature increases, but the reduction degree is lower than the Ti-6Al-4V alloy. The
specific wear ratio is higher than that of the Ti-6Al-4V alloy, indicating that the wear
resistance ability of alloying coating is relatively poor under high temperature.
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Table 6. The wear width, depth, volume, and specific wear rate of Ti-6Al-4V alloy at different temperature.

Temperature (◦C) Wear Width b (mm) Wear Depth h (mm) Wear Volume VW (mm3)
Specific Wear Rate
(mm3·N−1·m−1)

25 1.100 23.169 × 10−3 0.2549 0.089 × 10−3

350 0.644 19.385 × 10−3 0.1248 0.043 × 10−3

700 0.278 15.743 × 10−3 0.0438 0.015 × 10−3

Table 7. The wear width, depth, volume, and specific wear rate of alloying coating under different temperature.

Temperature (◦C) Wear Width b (mm) Wear Depth h (mm) Wear Volume VW (mm3)
Specific Wear Rate
(mm3·N−1·m−1)

25 0.878 15.961 × 10−3 0.1401 0.049 × 10−3

350 0.789 14.43 × 10−3 0.1259 0.044 × 10−3

700 0.622 11.292 × 10−3 0.0702 0.024 × 10−3

3.3.4. Effect on Wear Morphology

Figure 13 shows the wear morphology of Ti-6Al-4V alloy at different temperatures. As
shown in Figure 13, with increased temperature, the wear width gradually narrowed and
the wear depth was shallow. At room temperature, the wear width was large and there
was a clear and dense furrow, as shown in Figure 13a,b. As shown in Figure 13c,d, when
the temperature was 350 ◦C, the furrow width increased, the number of furrows decreased,
and the amount of debris was reduced. When the temperature increased to 700 ◦C, the
wear surface of the furrow was not obvious, the wear width reduced to 0.278 mm, and
the phenomenon of peeling appeared in the middle of the wear surface, as shown in
Figure 13e,f.Appl. Sci. 2021, 11, x FOR PEER REVIEW 15 of 19 
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According to the wear cross-section trajectory curve of Ti-6Al-4V alloy at different
temperatures, the wear depth and width are decreased with the increase of temperature. As
the temperature increases, the surface material softens and the friction resistance decreases.
At the same time, the peeled oxide layer is stuck on the grinding surface during the friction
and wear reciprocation process, and enters the groove or furrow of the wear scar and
adheres to the surface of the titanium alloy, acting as a lubricant to reduce the wear of
Ti-6Al-4V.

Figure 14 shows the wear-cross section trajectory curve of Ti-6Al-4V alloy at different
temperatures. The width and depth of wear marks at room temperature are the maximum
values at three different temperatures. Figure 15(a), (b) shows that there is a significant
furrow and a small amount of debris on the wear surface of the alloyed coating at room
temperature. When the temperature rises to 350 ◦C, as shown in Figure 15c,d, there is a
significant adhesion mark on the wear surface, and the amount of debris increases. As
the temperature rises to 700 ◦C, the wear width is narrowed, and it is difficult to observe
furrow and the adhesion traces of metal. However, serious brittle flaking are found on the
wear surface, as shown in Figure 15e,f.

At room temperature, the Si3N4 ceramic ball is in contact with the hard phase of
the coating surface to produce a normal stress and shear stress. At the same time, under
the action of normal stress, the abrasive debris slides on the contact surface and rubs
the groove marks. As the temperature increases, the surface metal material softens, the
hardness decreases, and the plastic deformation is serious, causing the dislocation slip
rate to be less than the plastic deformation rate, and the material continuity is destroyed
to form micro-cracks. Micro-cracks continue to spread to the surface of the material to
form macro-cracks, and break away from the surface of the material. The wear goes back
and forth continuously, and the metal detached from the surface of the material is pressed
against the surface of the material again under normal stress. When the temperature rises to
700 ◦C, the surface will be severely oxidized, and the resulting oxide film will be detached
from the metal surface under the action of normal stress and shear force, causing peeling.
Because the oxide layer is thin, the lubrication effect of the oxide film is relatively small,
wear continues, not only resulting in poorer wear resistance than Ti6Al4V alloy.
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It can be seen from Figure 16 that, with the increase of temperature, the wear width and
depth of the alloyed coating decreases, and the wear rate decreases. At room temperature,
the wear width and depth of alloying coating are smaller than that of Ti-6Al-4V alloy. The
reason may be that the surface hardness of the coating is higher than that of Ti-6Al-4V alloy
at room temperature, which can reduce the friction extrusion of Si3N4 ceramic ball on the
surface and reduce the cutting resistance of grinding ball on titanium alloy. However, at
350 ◦C, the wear width of the alloyed coating is larger than that of Ti-6Al-4V alloy, and
the wear depth is smaller than that of Ti-6Al-4V alloy. The wear volume and specific wear
rate of the two alloys are similar. At 700 ◦C, the wear width of the alloyed coating is larger
than that of the Ti-6Al-4V alloy, and the wear depth is smaller than that of the Ti-6Al-4V
alloy. The results show that the wear resistance of the alloyed coating is not ideal at high
temperatures.
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4. Conclusions

In this paper, the wear properties of Ti-6Al-4V alloy and composite coating composed
of Ni60A, TiN, Al, and Si, were investigated by studying the friction coefficient, abrasion
loss, wear morphology, wear volume, and specific wear rate. Conclusions are as follows:

(1) At room temperature (25 ◦C), with the increase of load (3 N, 6 N, 9 N), the wear
width and depth of Ti-6Al-4V alloy increase, and the friction coefficient decreases
from 0.47~0.53 to 0.39~0.44, The results show that the wear resistance of the alloyed
coating is better than that of Ti-6Al-4V Alloy at room temperature.

(2) With the increase of temperature (25 ◦C, 350 ◦C, 700 ◦C), the wear width and depth of
Ti-6Al-4V alloy and alloying coating decrease. The friction coefficient of Ti-6Al-4V
alloy decreases from 0.41~0.46 to 0.36~0.40. The friction coefficient of alloying coating
becomes unstable with the increase of temperature. The wear rate of alloying coating
is lower than that of Ti-6Al-4V alloy at 25 ◦C. At 350 ◦C, the wear rate of the alloy
coating is similar to that of Ti-6Al-4V alloy, but at 700 ◦C, the wear rate is higher
than that of Ti-6Al-4V alloy. The reason is that with the increase of temperature, the
surface alloy material softens, the hardness decreases, the surface oxidation occurs
seriously, and the oxide film breaks away from the metal surface under the action
of normal stress and shear stress, resulting in the insufficient wear resistance of the
alloying coating.

(3) Under the high temperature condition, the wear extent, wear volume, and specific
wear rate of the alloying coating are lower than the room temperature, but the
wear resistance is not satisfactory compared with the Ti-6Al-4V alloy under high
temperature condition, indicating that the alloying coating, with good oxidation
resistance under high temperature conditions, failed to get better wear resistance.
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