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Abstract: Laser cladding coating with wolfram carbide (WC) as enhanced particles can improve the
performance of nickel-based materials. However, there still exists several problems, such as serious
element segregation and unequal distribution of the reinforcement phase. In order to improve the
mechanical properties further, IN718/WC coatings were prepared by ultrasonic vibration-assisted
laser cladding. The effects of ultrasonic vibration on the ceramic distribution, microstructure, and
wear performance were systematically studied. The results show that ultrasonic vibration can
promote the uniform distribution of WC particles without changing the phase composition of the
coating. The cavitation and acoustic flow induced by ultrasonic vibration interrupt the growth of
columnar dendrites and refine the grains. In addition, the microhardness of the ultrasonic vibration-
assisted coating is enhanced by 15.6% to 475 HV0.2. The average coefficient of friction (COF) of the
ultrasonic vibration-assisted coating is 0.452, which is 17.5% lower than that of the unassisted coating.
The wear volume of the coating is decreased significantly, and the wear characteristics change from
severe adhesive wear to the slight coexistence of abrasive wear and adhesive wear.

Keywords: IN718/WC composite coating; ultrasonic vibration; laser cladding; microstructures;
wear resistance

1. Introduction

Inconel718 nickel-based alloy has been broadly applied in aerospace, marine, and
other industries because of its excellent mechanical properties, such as high oxidation
resistance, low creep, and high corrosion resistance [1,2].

Under the service conditions of high temperature, high speed, and heavy load, the
material surface is prone to wear and fatigue failure, which reduces its service life [3,4].
Therefore, surface modifications are demanded to strengthen its hardness and wear resis-
tance to avoid early failure. The main surface treatment technologies include chemical
vapor deposition, thermal spraying, laser cladding, etc. Among them, laser cladding has
been widely applied due to its advantages of high energy density, low dilution rate, small
heat affected zone (HAZ), and good metallurgical combination [5,6].

Nickel-based powders are widely used in protective coatings of metallic materials
due to their high strength and good corrosion resistance. However, in the increasingly
complex and harsh working conditions, the performance requirements of Ni-based coatings
are higher than before. Scholars have introduced reinforcing phases with high melting
points, hardness, and wear resistance into the original alloy powder to obtain metal-based
ceramic composite powders with better performances. Among these reinforced particles,
WC particles have a strong wetting capacity with nickel-based alloys, which is the ideal
material to enhance the wear property of laser cladding nickel-based coating [7–9]. Huebner
et al. [10] prepared a WC-reinforced IN625 composite coating by using the laser cladding
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process; the WC particles significantly improved the microhardness of the coating, which
was about 25% higher than that of the pure IN625 coating. Wang et al. [11] fabricated a WC-
reinforced Nickel-based coating with high wear resistance on the Ti-6Al-4V substrate and
studied the wear performance through the wear surface morphology, which revealed the
mechanism of ceramic particles improving the micro-ploughing and plastic deformation
on the wear surface. However, there are metallurgical defects such as the maldistribution
of enhancement phases, cracks, and porosities in the coatings due to the density difference
between the ceramic and matrix, as well as the rapid melting and solidification rate in the
cladding process [12,13].

As cavitation, stirring and acoustic flow effects in the molten pool generated by ultra-
sonic vibration have significant effects on both the solidification process and microstructure
evolution; ultrasonic vibration has been widely used in the fields of casting, welding,
metallurgy to eliminate inclusions, porosities, and refining grains [14,15]. Todaro et al. [16]
fabricated a microstructurally graded Inconel 625 sample by adjusting the introduction
time of the high-intensity ultrasonic wave, which showcased the control capability of ultra-
sonic vibration on solidification during the additive manufacturing process. Xu et al. [17]
reported that ultrasonic vibration could improve the properties of Fe-based coatings by
affecting the preferred growth direction of crystallites. Biswas et al. [18] introduced ultra-
sonic vibration into the Ti-6Al-4V laser melting process, showing that ultrasonic vibration
could reduce the number of cracks and the friction coefficient of the coating. As can be
seen from above, the existing research has mainly focused on the influences of ultrasonic
vibration on grain refinement and properties of single-alloy cladding coating, while there
have been few reports on the influences of ultrasonic vibration on WC particle distribution
and properties of composite coatings in laser cladding.

In this paper, ultrasonic vibration was used to prepare IN718/WC coatings. The influ-
ences of ultrasonic vibration on the WC particle distribution, microstructure, microhardness,
and wear resistance were investigated.

2. Materials and Methods
2.1. Experimental Materials

IN718 nickel-based alloy at the size of 50 mm × 40 mm × 5 mm was used as the
substrate (Shenyang Institute of Rare Metals, Shenyang, China). The chemical compositions
of the substrate are shown in Table 1. Raw powders (Shenyang Institute of Rare Metals,
Shenyang, China) were a mixture of 70 wt.% of IN718 alloy powder and 30 wt.% of spherical
WC particles. The average particle size of the composite powders ranged from 50 to 110 µm,
as shown in Figure 1.

Table 1. IN718 substrate chemical composition (wt.%).

Ni Cr Nb Mo Ti Mn Si Al Fe

53.00 18.50 5.00 3.00 0.66 3.00 0.35 0.35 Bal
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2.2. Experimental Methods

The coatings were fabricated by a 2-kW fiber laser system (YLS-2000-TR, IPG, Burnach,
Germany). The vibration frequency of the ultrasonic vibration device (CYCS-300TJ, Chiyu
Ultrasonic Equipment, Jinhua, China) was adjustable from 20 kHz to 80 kHz, and the
maximum amplitude was 30 µm. The experimental device and schematic diagram of laser
cladding process assisted by ultrasonic vibration are shown in Figure 2.
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Figure 2. Experimental device and schematic diagram of laser cladding assisted by ultrasonic vibration.

Orthogonal experiments were carried out on different process parameters based on
the porosity, cracks, and surface forming quality. The optimized laser parameters were
listed as follows: a laser power of 1300 W, a spot diameter of 2 mm, a scanning speed of
450 mm/min, a powder feeding rate of 10 g/min, and an overlap rate of 50%. In order to
investigate the influence of ultrasonic vibration on the microstructure and properties of
the composite coatings, the frequency of ultrasonic vibration was set at 24 kHz, and the
amplitude was 25 µm, according to the previous publication [17,19].

The specimens were cut along the direction perpendicular to the scanning direction
for grinding and polishing. All specimens were corroded with a solution of 30% HCl, 20%
HF, and 50% HNO3. The macrostructure and microstructure of the coatings were observed
by optical microscope (OM; VH-Z100R, Keyence, Osaka, Japan) and scanning electron
microscope (SEM; S-3400N, Hitachi, Ibaraki, Japan), respectively. The phase compositions
analysis of the cladding layers was performed by X-ray Diffraction (XRD; D8 ADVANCE,
Bruker, Ettlingen, Germany). A semiautomatic microhardness tester (HXS-1000, Shante
Instrument, Shanghai, China) was used to measure the microhardness of coatings. The
load of 200 g was applied and maintained for 15 s. The hardness values were measured
at intervals of 0.1 mm along the cross-section from coating surface to substrate. Each
hardness was measured at three points at the same depth to obtain an average value.
Additionally, the wear tests were conducted on the rotary wear testing machine (HT-1000,
Kaihua Technology, Zhejiang, China). On the premise that the wear parameters of different
coatings are consistent, the COF of each coating at the stable wear stage can reflect the
differences of the wear properties. Therefore, according to the previous research, the
wear tests were carried out with a load of 1000 g, a wear diameter of 4 mm, a loading
time of 20 min, and a rotating speed of 500 r/min. The Si3N4 ball with a diameter of
6mm was used as the grinding ball. The profiles of the wear tracks were measured by
laser scanning confocal microscope (LSCM; VK-X200, Keyence, Osaka, Japan), and the
surface morphologies of the worn specimens were observed by SEM to analyze the wear
mechanism of the coatings.

3. Results and Discussion
3.1. Macroappearance

Figure 3 reveals the morphology of typical cross-sectional the composite coatings with
or without ultrasonic assistance. There are no pores or cracks at the bonding interface
between the bottom of the molten pool and the substrate, indicating that the coating has
a good metallurgical bonding with substrate. As can be seen from Figure 3a, the WC
particles in the coating are mainly concentrated at the middle and bottom regions. This
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can be attributed to the density difference between WC and Ni matrix. The convection in
the molten pool without ultrasonic vibration is weak and unable to prevent WC particles
from sinking [20]. As shown in Figure 3b, the dilution rate of the coating increases slightly
after the addition of ultrasonic vibration, and the WC particles gathered at the bottom of
the coating show an upward trend. The cavitation, acoustic flow, and mechanical agitation
generated by vibration enhance the flow of metal melt and significantly improve the spatial
distribution of WC particles.
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3.2. Composition and Microstructure

The XRD patterns of IN718/WC coatings are shown in Figure 4. It can be observed
that the phase composition of the two coatings is consistent. During the laser cladding
process, IN718 powder and WC particles have a metallurgical reaction and generate γ-(Fe,
Ni) solid solution (JCPDS No. 47-1417), Fe3W3C (JCPDS No. 78-1990), (Fe, Cr, Ni)C (JCPDS
No. 31-0619), Fe3Ni2 (JCPDS No. 65-5131), Ni17W3 (JCPDS No. 65-4828), WC (JCPDS No.
73-0471), W2C (JCPDS No. 79-0743), and other phases It can be observed that the intensity
of the diffraction peaks of carbides such as W2C and Fe3W3C increases after ultrasonic
vibration is applied. This can be attributed to the enhancement of convection by ultrasonic
vibration, and the diffusion of W and C elements in the molten pool is stronger, forming
harder phases.
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Through further analysis of the XRD results based on the data in Table 2, it can
be found that all the diffraction peaks shift to the right by a small angle after applying
ultrasonic vibration. According to the Bragg Equation [21]:

2d sin θ = nλ (1)

where d is the spacing between corresponding crystal planes, θ is the included angle
between the incident X-ray and crystal planes, and λ is X-ray wavelength. The increase of
the angle means that the crystal plane spacing decreases.

Table 2. The calculations based on the XRD results.

Without Ultrasonic Vibration With Ultrasonic Vibration

Bragg Diffraction
Angle 2θ (◦) FWHM (◦) Bragg Diffraction

Angle 2θ (◦) FWHM (◦)

35.224 0.261 35.383 0.319
40.918 0.227 41.064 0.297
43.362 0.236 43.496 0.248
50.481 0.219 50.619 0.276
74.291 0.267 74.470 0.361
90.169 0.369 90.323 0.445

In addition, the full width at half-maximum (FWHM) increases at the same diffraction
angle. According to the Scherrer equation:

D =
Kλ

B cos θ
(2)

where D is the value of grain size, K is Scherrer constant, and B is FWHM. In the case of the
same material and diffraction angle, the FWHM is inversely proportional to the grain size.
Therefore, the grain size of the ultrasonic vibration-assisted coating is reduced, indicating a
significant grain refinement effect.

The microstructure characteristics of coatings with or without ultrasonic vibration from
the top region to the bonding area are shown in Figure 5. According to Tiller supercooling
theory [22], microstructure morphology formed in the solidification process is mainly
affected by the ratio of the temperature gradient (G) in front of the solid–liquid interface to
the solidification rate (R). The decrease value of G/R is conducive to the equiaxed dendrites
formation. The correlation between R of molten pool and laser scanning speed v can be
written as follows [23]:

R = v cos α (3)

where α is the included angle between the scanning direction and normal line of the molten
pool boundary. The α value tends to be 0◦ at the top region, which indicates that the G/R
at the liquid–gas interface at the top region is the smallest, resulting in the coexistence of
short dendrites and equiaxed dendrites, as presented in Figure 5(a1). The G/R value at the
middle region of the coating increases, which leads to long columnar dendrite formation
with well-developed primary dendrite arms, as shown in Figure 5(a2). Although the G at
the molten pool bottom is slightly lower, the R at the bottom is close to 0, and G/R reaches
the maximum. Consequently, Figure 5(a3) presents that a small number of cellular crystals
and a large number of columnar dendrites are generated at the bonding interface.
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bottom region.

As shown in Figure 5(b1–b3), in contrast to unassisted laser cladding, significant
microstructure refinements occur in the coating after the application of ultrasonic vibration.
It can be observed that large numbers of equiaxed crystals fill the whole top region and
are more evenly distributed in Figure 5(b1). The microstructure of the coating has an
obvious equiaxed tendency in the middle region, with the diminution of the length of
the dendrites in Figure 5(b2). This can be attributed to the stirring action of ultrasonic
vibration during crystal growth, which accelerates the flow of metal melt and reduces
the temperature inhomogeneity and temperature gradient of the whole melt. Therefore,
the G/R value at the same position is smaller than unassisted coating. Under the ultra-
sonic vibration treatment, columnar dendrites are broken into short dendrites, showing a
mixed distribution of misaligned short dendrites and equiaxed dendrites. Although the
microstructure characteristics of cellular dendrites and columnar dendrites at the bottom
region are similar to those of the unassisted coating, the number and length of columnar
dendrites are lower, as shown in Figure 5(b3). The analysis reveals that ultrasonic vibration
promotes the coating microstructure transformation from coarse columnar dendrites to fine
equiaxed dendrites.
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For further understanding of the ultrasonic effects on the dendrite structure, five
regions are selected in Figure 5(a2,b2). The linear intercept method is adopted to measure
the linear length passing through ten secondary dendrites, and the average secondary
dendrite arm spacing λ2 can be calculated. As shown in Table 3, it can be found that
the average λ2 of the ultrasonic vibration-assisted coating is smaller than the unassisted
coating, with a decrease of 16.28%. According to the heat and mass transfer theory, the
relationship between the metal cooling rate V and secondary dendrite arm spacing λ2 is
given as follows [24]:

λ2 = βV−n (4)

where β is a constant related to the alloy, and n ranges from 0.2 to 0.4. Since the coatings
were made by the same powders, the decrease of λ2 proves the increase of the cooling rate,
indicating the influence of ultrasonic vibration on the melt temperature gradient.

Table 3. Secondary dendrite arm spacing.

Specimens
Secondary Dendrite Arm Spacing λ2 (µm)

D1 D2 D3 D4 D5 Average

Without ultrasonic
vibration 2.376 2.573 3.036 2.325 2.316 2.525

With ultrasonic
vibration 2.393 1.784 2.078 2.104 2.210 2.114

The microstructure of the coatings with or without ultrasonic vibration is mainly
composed of dark gray dendrites (points A and C) and light gray inter-crystalline phases
(points B and D). Figure 6 presents the EDS analysis of the points marked in Figure 5(a2,b2).
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Combined with the XRD results, phases A and C are γ-(Fe, Ni) solid solutions, and
phases B and D can be identified as eutectic structures (containing γ-(Fe, Ni), carbides
Fe3W3C, (Fe, Cr, Ni)C). As shown in Figure 6, the content of the W element in phases C and
D is obviously higher than that in phases A and B, which implies that the decomposition of
WC in the ultrasonic vibration-assisted coating is more intense and more reinforcing for
when phases containing the W element are formed. Additionally, by comparing phase A
and phase B, it can be found that severe segregation of the Nb and Mo elements occurs
during the formation of precipitated phases. Under the action of ultrasound, the content
of the Nb element is significantly reduced from 20.33 to 7.71 wt.%, and the mass fraction
of the Nb element is reduced by 62% compared with the unassisted coating. The above
results indicate that ultrasonic vibration promotes the generation of hard phases in the
coating [25] and significantly inhibits element segregation, which is conducive to improving
the comprehensive mechanical properties of the coating.

3.3. Influence Mechanism of Ultrasonic Vibration

Cavitation bubbles occur in the molten pool under the action of ultrasonic vibra-
tion [26]. In the process of expansion, the cavitation bubbles absorb a large amount of heat
from the surrounding metal melt. As the melt temperature decreases, the supercooling
degree of the local region increases. The nucleation energy barrier of liquid metal ∆G can
be calculated as follows:

∆G =
4πγ2

3

(
Tm

∆T∆Hm

)2(
2 − 3 cos θ + cos3 θ

)
(5)

where γ is the free energy of the solid–liquid phases, Tm is the theoretical crystallization
temperature, ∆T is the supercooling degree, ∆Hm is latent heat of melting, and θ is the wet-
ting angle. As the supercooling degree increases, the nucleation energy barrier decreases,
which is conducive to nucleation. At the same time, the intense shockwave generated by
the closure and rupture of the bubble leads to the formation of a high-pressure microre-
gion (about 1000–2500 atm). The abrupt change of pressure greatly increases the rate of
nucleation at the beginning of solidification and ultimately enhances grain refinement.

Figure 7 shows the solidification crystallization process of laser cladding. As shown
in Figure 7a, the temperature gradient G of the unassisted coating maintains a high level,
and the G/R value is larger. Therefore, nucleation occurs at the edge of the solid–liquid
interface, and a large number of coarse columnar dendrites with obvious growth orientation
are formed. As shown in Figure 7b, after the introduction of ultrasonic vibration, the high
pressure generated at the moment of collapse of the cavitation bubble forms a microjet
(about 80 m·s−1–130 m·s−1) [27], which produces the impact force on the solid–liquid
interface. With the continuous growth of dendrites, the circular scour effect caused by
strong convection finally breaks the dendrite tip. On the other hand, the continuous
enrichment of solute occurs at the shrinkage neck of the dendrite root [28]. The intense
stirring of ultrasonic vibration during crystal growth intensifies the thermal convection
around the dendrites and forms a strong thermal disturbance, which makes the root of
the dendrite prone to fuse. Therefore, misaligned broken dendrites are formed in the
coating (marked with green in Figure 7), which can also be found in Figure 5(b2). The
mechanical scour and heat flow promote grain proliferation. With the flow of the molten
pool, the broken dendrites float in the molten pool, which makes the final solidified grains
evenly distributed, as shown in Figure 7c. In conclusion, ultrasonic vibration weakens the
growth conditions of columnar dendrites and promotes the transformation of the coating
microstructure from dendrites with a specific orientation to fine equiaxed crystals.
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3.4. Microhardness Distribution

Figure 8 shows the microhardness distributions along the depths of coatings with
or without ultrasonic vibration. The hardness curves can be divided into three stages,
corresponding to the coating, heat-affected zone, and substrate. The microhardness of
substrate is about 230 HV0.2, while that of the unassisted IN718/WC composite coating
reaches 411 HV0.2. However, as shown in Figure 3a, the microhardness of its bottom
region increases slightly due to the deposition of the WC particles, showing regional
fluctuation. With the action of ultrasonic vibration, the average microhardness reaches
475 HV0.2, which is more than twice the substrate, and 15.6% higher than the unassisted
coating. By analyzing results of SEM and EDS, it can be concluded that ultrasonic vibration
can significantly improve the microhardness of the cladding layer. The microstructure of
the clad coating is refined, and the dislocation movement and grain boundary migration
are hindered by the fine grain-strengthening effect produced by ultrasonic vibration. In
addition, cavitation and acoustic flow generated by ultrasonic vibration contribute to
the decomposition of WC particles and produce more reinforcing phases to improve the
microhardness [29]. Moreover, the segregation of Nb, Mo, and other elements is inhibited,
which makes more strengthening elements dissolved in the γ phase. In addition, the
fluctuation of the microhardness of the coating is decreased obviously under ultrasonic
vibration. Owing to the stirring action generated by ultrasonic vibration, the melt flow is
promoted, and the hard phase is uniformly distributed, which makes the coating hardness
distribution more uniform along the depth direction.
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3.5. Wear Behavior

The dynamic COF curves of three specimens are shown in Figure 9. The substrate
obtains the highest average COF of 0.648, and the unassisted IN718/WC composite coating
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is 15.4% lower, which is 0.548. It indicates that WC particles increase the type and quantity
of reinforcing phases in the coating, which is beneficial to improve the wear resistance of
the coating. Comparatively, under the application of ultrasonic vibration, the COF reaches
the lowest value of 0.452. Relevant studies [30,31] have shown that grain refinement and
reinforcing phases can improve the hardness and wear resistance. Introducing ultrasonic
vibration into the composite coating can refine grains and promote the decomposition of
WC particles. Therefore, the addition of ultrasonic vibration makes a great contribution to
the further improvement of the wear resistance.Coatings 2022, 12, x FOR PEER REVIEW 10 of 14 
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Figure 10a–c shows the 3D contours of the wear marks of the substrate and coatings.
The 2D section of the wear traces are shown in Figure 10d. Both the width and depth of
the matrix wear marks are the largest, and the values show intense fluctuation. When WC
particles are added during the reinforcing phase, the wear marks of the coating become
narrower and shallower. The wear trace morphology of the coating produced by ultrasonic
vibration shows the minimum.
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The wear volume loss of specimens ∆V can be calculated as follows:

∆V = 2πr·S (6)

where r is the friction radius of the track; S is the average area of the cross-section of the
wear mark. Figure 11 shows the wear volume loss of the three specimens. The wear volume
loss of the matrix material is 0.205 mm3 and that of the unassisted IN718/WC composite
coating is reduced by 42.4% to 0.118 mm3. The significantly reduced volume loss indicates
that the addition of WC ceramic particles as an enhancement can improve the surface wear
resistance. The volume loss of the ultrasonic vibration-assisted coating is 0.091 mm3, which
is 55.6% and 22.9% lower than that of the substrate and unassisted coating, respectively.
The results show that ultrasonic vibration can further reduce the wear volume loss.
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The wear volume of the coating is inversely related to the microhardness when the
experimental load and slip distance remain unchanged. With the increase of the surface
hardness, the depth of the grinding ball into the material is shallower, and the volume loss
caused by friction is less. Under the action of ultrasonic vibration, the formation of large
amounts of reinforcing phases improves the coating hardness and the ability of the material
to resist the surface extrusion of the grinding ball. Additionally, the undecomposed WC
particles are evenly distributed in the coating as high hardness phases to prevent the wear
of the grinding ball on the softer coating material. Therefore, the wear volume loss of the
coating is reduced, and the wear resistance of the coating is improved.

To further analyze the wear mechanism, Figure 12 reveals the wear morphologies
of the substrate and coatings. Figure 12a,d shows that there are large numbers of fatigue
spalling areas and severe plastic deformation in the substrate wear mark, indicating that
severe adhesive wear occurred. The friction between the specimen and grinding ball does
not contact the whole surface, but the grinding ball invades the soft matrix through point
contact and plows the surface under the action of tangential force. Due to the small contact
area and excessive local stress, the contact point is torn from the relative motion, resulting
in material spalling and severe plastic deformation.
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Figure 12b,e indicates that the adhesive wear degree of composite coating is better
than that of the substrate, as some large deformation areas disappeared. Although large
scales of spalling still exist and partial connection bonding areas are formed, the area and
depth of the spalling zones are much less than the substrate, indicating that the addition
of WC particles improves the coating wear resistance. WC particles have the function
of dispersion enhancement [32,33], which can disperse the load on the contact point of
WC to reduce the friction on the soft matrix. Therefore, the dispersed WC particles can
effectively reduce the ploughing generated during sliding wear so as to protect the softer
nickel-based materials and reduce wear. Meanwhile, the reinforcing phases produced
by the decomposition of WC improve the hardness and bonding strength of the coating,
effectively reducing the adhesion and shear phenomenon in the wear test. However, due to
the uneven distribution of WC in the unassisted coating, the content of the WC particles in
the top and middle areas (friction area) of the coating is small, leading to the existence of
partial spalling.

As shown in Figure 12c,f, several parts of the original coating are retained after
the sliding wear with several shallow ploughing grooves and slight adhesive pits. It
can be demonstrated that, under ultrasonic vibration, the WC particles distribution is
more uniform, and the increase of WC particles in the top and middle regions makes the
dispersion strengthening effect more significant. Under the effect of the reinforcing phases,
the ability of the coating to resist the invasion of the grinding ball is further enhanced.
Therefore, there are fewer spalling pits on the wear scar of the coating with ultrasonic
vibration. Additionally, the grain refinement enhances the toughness of the coating, thus
preventing the generation and propagation of cracks. It can be inferred that ultrasonic
vibration can effectively reduce adhesive wear, and the wear mechanism of the coating
transforms into a coexistence of slight abrasive wear and adhesive wear.

4. Conclusions

WC-reinforced nickel-based coatings were prepared by ultrasonic vibration-assisted
laser cladding. The influences of ultrasonic vibration on the WC particle distribution,
microstructure, and wear performance were investigated. The main conclusions are
as follows:
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(1) Ultrasonic vibration treatment does not change the phase composition but enhances
the pool convection and optimizes the uniform distribution of WC particles. It
promotes the decomposition of WC particles and element diffusion and thus improves
the dispersion-strengthening effect of the reinforcing phase.

(2) Ultrasonic vibration produces agitation to the liquid melt, which fractures the colum-
nar dendrites and promotes transformation of the coating microstructure from coarse
dendrites to fine dendrites and equiaxed dendrites.

(3) Under the combined effects of fine grain enhancement, dispersion enhancement, and
elemental segregation inhibition caused by ultrasonic vibration, the microhardness is
increased by 15.6% to 475 HV0.2 and presents more uniform distribution.

(4) The friction coefficient of the composite coating decreases from 0.548 to 0.452 with
the assistance of ultrasonic vibration, and the wear mechanism changes to slightly
abrasive wear and adhesive wear.
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