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Abstract

:

Ni-WC composite coatings on 35CrMoV alloy surface were successfully prepared by mechanical vibration field-assisted laser cladding technology. Optical microscopy (OM) and scanning electron microscopy (SEM) were used to study the microstructure of the composite coatings without vibration and at different vibration frequencies; the phase composition of the cladding layer was studied by X-ray diffraction (XRD); and an energy dispersive spectrometer (EDS) was used for elemental plane scanning analysis. The grain growth trend under different convection directions was simulated. The wear resistance and mechanical properties of the composite coating were analyzed by friction and wear testing machine, three-dimensional surface profiler, and microhardness tester. The vibration field generated by the self-improved shaking table device is used to assist laser cladding. The effect of mechanical vibration on the quality of the cladding layer was studied. The results show that compared with the coating without mechanical vibration, an appropriate increase in vibration frequency contributes to the refinement of the grains. The original coarse dendrite structure becomes a fine needle-like structure, and the fine grain size gradually decreases. The application of vibration can improve the effect of grain refinement. The vibration makes the grain size distribution more uniform and the microhardness fluctuation of the cladding layer decreases. The experimental results show that mechanical vibration can improve the microstructure uniformity of the coating by selecting suitable vibration parameters. The average friction coefficient and wear width are reduced, and the microhardness is also increased.
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1. Introduction


Laser cladding is a new laser processing technology with rapid melting and solidification. Through the rapid irradiation of its high-energy laser beam, the powder of the cladding layer is first melted into a molten pool in a short time and then rapidly solidified on the surface of the substrate so as to achieve a good metallurgical combination between the substrate and the cladding layer [1,2]. This is because the laser cladding technology can make the cheap plate and cladding powder form the metallurgical combination of high hardness, high wear resistance, corrosion resistance, and high-temperature oxidation resistance. At the same time, the thermal deformation of the matrix can be reduced, and the dilution rate of the cladding layer is low; therefore, it is widely used to improve the strengthening and repair of metal surfaces [3,4,5].



In recent years, Ni-based alloy powder has been widely used in the field of laser cladding because of its good wettability, abrasion resistance, corrosion resistance, impact resistance, fatigue resistance, and good self-lubrication under high-temperature conditions [6]. As a reinforcing particle in composite materials, WC has the advantages of high hardness and wear resistance and has good wettability between it and the Ni-based alloy powder. The uniform distribution of particles in the cladding layer can significantly improve the wear resistance of the cladding layer, which is an ideal hard phase material of the cladding layer [7,8,9].



In the laser cladding process, complex temperature fields will be generated during the rapid heating and cooling of the substrate surface. Under the influence of such factors, coarse columnar dendrites and uneven distribution of microstructure will often exist in the cladding layer, resulting in cracks or pores and other metallurgical defects [10,11,12]. The introduction of ultrasonic vibration in the laser cladding process has a significant effect on crack suppression and grain refinement. The introduction of ultrasonic vibration can reduce the porosity of the cladding layer, eliminate internal stress, and refine the microstructure, which plays an important role [13,14,15]. The ultrasonic vibration can increase the rate of liquid flow in the molten pool and make the elements evenly distributed, thus reducing the generation of various defects in the cladding layer. Increasing the flow speed of the liquid in the molten pool will also increase the cooling speed of the liquid itself, thus shortening the grain growth time in the cladding layer. In the process of crystal growth, the end and arm of the crystal are broken, and with the flow of liquid in the molten pool, the fine crystal structure formed is evenly distributed in the molten pool [16,17,18]. In addition, external electromagnetic fields have been introduced into laser cladding by some researchers at home and abroad, which has made some progress in reducing internal defects, reducing residual stress, refining and homogenizing microstructure, etc. [19,20,21,22]. The above studies mainly focus on the conditions of ultra-high frequency and high amplitude, and few kinds of literature report the influence of mechanical vibration on the laser cladding composite cladding layer under the conditions of low frequency and low amplitude. Therefore, this paper uses a mechanical vibration to assist the laser cladding process. The effect of mechanical vibration and convection on the quality of the laser cladding Ni-WC cladding layer of 35CrMoV alloy was studied.




2. Materials and Methods


2.1. Experimental Materials


In this experiment, 35CrMoV alloy plate is used as the base, and its composition is shown in Table 1. Before the experiment, the plates were cut to a predetermined size (100 × 60 × 10 mm3). The surface of the substrate was polished with a 60-mesh grinding wheel and cleaned with absolute ethanol to remove the oil stains on the surface of the substrate. Nickel powders with an average diameter of 50 to 100 μm were used as the coating matrix material; WC powder with an average diameter of 100 to 150 μm was used as the reinforcing particle of the coating. The Ni-WC mixed powder used in this experiment is the commercial powder purchased, and the specific composition and content of the mixed powder are provided by the merchant. The mass fraction of WC powder in Ni-WC mixed powder is 60%, and its mixture composition is shown in Table 2. The SEM morphology of the two powders is shown in Figure 1.




2.2. Test Equipment, Parameters, and Test Process


Laser cladding coating was obtained using BS-OF-3000-15-4L universal laser heat treatment equipment. Before coating, the powder mixture was thoroughly mixed with a planetary ball mill for 2 h until it was well mixed and then dried in a drying box at 80 °C for 2 h. Through experimental analysis and verification, the method of coaxial powder feeding is adopted. The technological parameters of laser cladding are as follows: power 2000 W, spot size 15 mm × 3 mm, scanning speed 120 mm/min, feeding rotary speed 300 r/min, lap rate 50%, high-purity argon gas flow rate 15 L/min.



In this experiment, a self-improved shaking table device is adopted, as shown in Figure 2. During the experiment, the vibration device was placed on the laser cladding workbench. The vibration frequency can be adjusted by adjusting the current. Through the previous experimental comparison, different vibration frequencies were determined in the formal cladding, which were, successively 0 Hz, 50 Hz, 150 Hz, and 300 Hz, and the amplitude was set as 1μm. The vibration was finally transmitted to the substrate in a direction perpendicular to the substrate. The clamp is used to fix the substrate on the vibration platform during cladding, and the vibration equipment shutdown delay is set for 60 s after laser cladding. After the experiment, the substrate was cut into samples with sizes of 15 × 10 × 10 mm3 and 10 × 10 × 10 mm3, respectively. The sample was ground and polished with different amounts of sandpaper and finally corroded with aqua regia for 4 s.




2.3. Sample Detect


The microstructure and structure of the coating were characterized by an optical microscope (OM). The microstructure and distribution of the coating were characterized by Nova Nano450 scanning electron microscopy (SEM) and the attached energy dispersive spectroscopy (EDS) analyzer. The phase changes of the coating surface were characterized by X-ray diffraction (XRD). The wear resistance of the sample surface was tested by the MFT-R4000 wear testing machine. The wear morphology of samples was characterized by Contour GT-K 3D optical profilometer. Vickers hardness measurements were performed on a through-thickness section normal to the deposition direction by means of a HMAS-D1000SZ microhardness tester. The load is 9.8 N, and the loading time is 15 s. The same horizontal plane of the cross-section of each sample was measured three times and then averaged.





3. Results and Discussion


3.1. Surface and Cross-Section Morphology of the Coating


Figure 3 shows the macroscopic and microscopic morphology of the cladding layer under different vibration frequencies in the previous experiment. In the preliminary experiment, laser cladding was carried out at different frequencies between 50 Hz and 300 Hz. It can be seen from the figure that the coating with good fusion quality can be successfully prepared on the surface of 35CrMoV alloy by using the mechanical vibration-assisted laser cladding technology. At the same time, the laser scanning track on the matrix surface can be clearly observed. It can be seen from the width of scanning lines that with the increase of vibration frequency, the width of the cladding layer also increases and is close to flat. When the vibration frequency increased from 50 Hz to 180 Hz, the cladding surface roughness gradually decreased. This is because the applied mechanical vibration frequency gradually increases to the resonance frequency of the substrate. When the vibration frequency increases from 185 Hz to 300 Hz, the surface roughness of the cladding layer gradually increases. This is because the frequency of the applied mechanical vibration slowly moves away from the resonant frequency of the substrate. It can be concluded that the appropriate vibration frequency can reach the resonance frequency of the substrate, which can better improve the quality of the cladding layer [14].



In order to analyze the influence of mechanical vibration power on the coating dilution rate, single-channel laser cladding tracks at vibration frequencies of 50, 80, 110, 150, 180, 220, 260, and 300 Hz were observed by optical microscopy. The typical cross-sectional profiles are shown in Figure 3. The measurement results show that with the increase of vibration frequency, the width of the cladding layer increases from 91.3 μm to 146.5 μm, while the depth of the cladding layer decreases from 31.3 μm to 7.3 μm. When mechanical vibration is applied, part of the energy generated by vibration will be absorbed by the atoms or molecules in the molten pool, and the irregular movement of the atoms or molecules that have absorbed energy will become more violent, eventually leading to the improvement of the fluidity in the molten pool. When the vibration frequency is low, the mobility of the molten pool is relatively poor, which leads to poor energy mobility in the molten pool. Therefore, the dilution rate of the coating is relatively high. With the increase of vibration frequency, the fluidity of the molten pool increases relatively. This results in good energy mobility of the molten pool and a relatively low dilution rate of the coating. Through analysis based on previous data, we finally decided to use laser cladding coatings with vibration frequencies of 0, 50, 150, and 300 Hz for further research on the structure and properties of the composite coatings.




3.2. Optical Microscope Analysis of Coating


Figure 4 shows the optical micrographs of the coating surface under different mechanical vibration frequencies. As can be seen from Figure 4, the coating surface is mainly composed of a large number of secondary dendrites, rod-like crystals, equiaxed crystals, and carbides. It can be observed from Figure 4a that when mechanical vibration is not applied, a large number of developed secondary dendrites and carbide particles with relatively large particle sizes exist on the coating surface. When the vibration frequency is 50 Hz, as shown in Figure 4b, a large number of developed secondary dendrites are broken and many broken dendrites are formed. This is because in the process of solidification and growth of dendrite in the molten pool, due to external mechanical vibration, the energy generated by vibration is absorbed by the crystal, and when the crystal grows to a certain length, it will be broken. At the same time, the larger size of carbide particles will be broken after absorbing the external energy. When the vibration frequency is 150 Hz, as shown in Figure 4c, a large amount of secondary dendrite is eventually broken to form a large amount of fine crystal. When the vibration frequency reaches 300 Hz, as shown in Figure 4d, some equiaxed crystal structures appear on the coating surface.



In addition, the mechanical vibration accelerates the flow of liquid in the molten pool, which makes the temperature of the liquid tend to be uniform, leading to a decrease in the temperature gradient. The temperature gradient is calculated using the following formula [23]:


  G =   2 Π K   ( T −  T 0  )  2    η P    



(1)




where K is the thermal conductivity of the material, T is the liquid temperature of the alloy, T0 is the preheating temperature of the substrate,  η  is the laser absorption coefficient, and P is the laser power. It can be seen from the formula that when the temperature gradient decreases under the action of mechanical vibration, the liquid metal temperature T decreases, and the initial substrate temperature T0 remains unchanged, leading to accelerated cooling of the substrate heat dissipation interface. Therefore, the composition and temperature tend to be uniform, which reduces the conditions for secondary dendrite formation and promotes the formation of fine crystals when supercooled.




3.3. Microstructure and Phase Analysis of Coating


To further observe the morphology of the crystal, the microstructure of the coating was further analyzed by scanning electron microscopy. Figure 5 shows the microstructure of the coating surface under different vibration frequencies. It can be seen from Figure 5 that with the increase in vibration frequency, the microstructure refinement in the coating is very obvious. When no vibration is applied, as shown in Figure 5a, massive dendrites exist in the coating. This is because in the process of crystal growth without external conditions, the growth mode of the crystal is affected by its own. However, when mechanical vibration is applied, the crystal growth process is affected by the external field energy. As shown in Figure 5b, when the initially applied vibration is 50 Hz, the thick dendritic crystal will break when it grows to a certain length and form fine needle-like tissue due to the effect of vibration energy transfer during its growth. When the vibration frequency is 150 Hz, a large number of secondary dendrite arms will break. It can also be seen from the figure that some columnar crystals will also break under the condition of vibration, forming a large number of equiaxed crystals, and the grain refinement effect is the most obvious. When the vibration frequency reaches 300 Hz, as shown in Figure 5d, the coarse dendrites will be broken, but a few dendrites are not completely broken. Since mechanical vibrations are applied to speed up the flow of the molten pool, these broken crystals are distributed more evenly in the coating.



Figure 6 shows the evolution of carbide particle morphology in layers under different mechanical vibration frequencies. It can be seen from the figure that the degree of carbide fragmentation is different under different mechanical vibration frequencies. Figure 6a shows that no mechanical vibration is applied, and almost no carbide particles exist on the coating surface. There are some thick dendritic structures on its surface. This is because when mechanical vibration is not applied, the density of carbide particles in the molten pool is large, and a large number of carbide particles will sink to the bottom of the molten pool when the molten pool solidifies, which makes it difficult to find on the surface. However, when mechanical vibration is applied, because the direction of vibration is perpendicular to the processed surface of the substrate, the fluidity of the molten pool will be accelerated, so part of the carbide will solidify on the surface of the coating. When the vibration frequency is 50 Hz, as shown in Figure 6b, there are mainly some fishbone carbides on the surface of the coating. It can be seen from the figure that the boundary of the carbides is broken to a very small degree. When the vibration frequency is 150 Hz, as shown in Figure 6c, the carbide in the layer is broken to a great extent, and a large amount of broken triangular carbide is dissolved into the coating. When the vibration frequency reaches 300 Hz, as shown in Figure 6d, there are mainly some cylindrical carbides in the layer, and the fragmentation degree of carbides is relatively reduced. This may be because when the vibration frequency is 150 Hz, the vibration frequency reaches the resonance frequency of the matrix. This makes the carbide absorb most of the energy transferred by vibration at 150 Hz. Therefore, the degree of fragmentation is the largest.



The X-ray diffraction spectra of WC-Ni composite coatings at different vibration frequencies are shown in Figure 7. It can be seen from the atlas that there is no obvious change in the cladding phase with and without vibration, and the main components of the cladding phase are FeNi3, Mo2C, W2C, (Mo, Fe, Mn)2C, and a small amount of WC phase. The formation of these phases indicates that there is a good metallurgical combination between the matrix and the cladding layer, and the newly generated hard alloy phases are evenly distributed in the cladding layer, which improves the mechanical properties of the cladding layer. The W2C and MO2C produced in the cladding layer are the main reinforcement phases of the coating and Fe and Ni form FeNi3 solid solution in the cladding layer. It can be seen from the figure that the diffraction peak of WC is very weak, indicating that WC particles are almost all dissolved in the Ni-based alloy solvent. Compared to that without mechanical vibration, the intensity of the diffraction peak of FeNi3 solid solution decreases, indicating that mechanical vibration improves the solubility of FeNi3 solid solution in the cladding layer. Diffraction peaks of W2C, Mo2C, and (Mo, Fe, Mn)2C are enhanced, which is conducive to the formation of a stable microstructure [24]. The results show that the mechanical vibration causes the distribution of elements in the cladding layer to be more uniform, the grain size to be finer, and the grain integrity to be improved.



Figure 8 shows the schematic diagram of the laser cladding process assisted by mechanical vibration. The principle of mechanical vibration on microstructure refinement of composite coatings is revealed. When mechanical vibration is not applied, there are mainly some coarse dendrites in the coating. When mechanical vibration is applied in the process of laser cladding, the coarse crystals in the coating will be broken due to the convective effect of vibration (Figure 8a). The vibration promotes the fracture of the crystal, which, in turn, refines the grain size of the structure. During the solidification process of the molten pool, the convection effect caused by vibration produces a stirring effect on the molten pool, which is beneficial to the distribution of elements in the coating. At the same time, the effect of stirring greatly promotes the distribution of chemical components in the molten pool. Finally, the grain size is finer, and the distribution is more uniform. In Figure 8b, the change of crystal growth structure under the condition of external vibration is simulated. The angle between the convection direction and the transverse angle of the crystal are 0°, 30°, 45° and 60° from left to right, respectively. The morphology diagram of crystal step size at the same time, under the condition of vibration or its absence, is drawn by finite element analysis software. It is found that the applied mechanical vibration has a significant effect on the growth direction of the crystal. According to the theory of growth in backflow and no growth in oncoming flow, when vibration is applied, dendrites show strong right dendrite growth. This is because vibration can change the direction of convection in the molten pool, resulting in a different direction from that in the molten pool without vibration, thus changing the original growth path of dendrites. Therefore, mechanical vibration is an effective method to adjust dendrite morphology in the process of molten pool solidification.



In order to further analyze the distribution of elements in the coating by vibration frequency, EDS surface scanning was performed on the coating surface at different frequencies, and the results were shown in Figure 9. The main elements distributed on the crystal are Cr, Si, and W. The Fe and Ni elements are mainly distributed in the intergranular region. This shows that SiC, WC, and Cr3C2 are mainly distributed on the crystal. Fe-Ni solid solution is mainly distributed in the intercrystalline region. When no vibration is applied, there is a certain degree of segregation between the Cr element on the crystal and the Fe element in the intercrystalline region. The degree of segregation of Cr on the crystal and Fe elements in the intercrystalline region is slightly improved when the vibration frequency is 50 Hz. The degree of segregation of the Cr on the crystal and the Fe element in the intercrystalline is further weakened when the vibration frequency is 150 Hz and 300 Hz. The results show that mechanical vibration can improve the segregation degree of Cr and intercrystalline Fe elements and promote the uniform distribution of Si and W elements on the crystal and Ni elements in the intercrystalline region; however, it does not change the atomic concentration of the elements. The reason for this phenomenon is that when the mechanical vibration is continuously applied to the liquid pool, the energy generated by the vibration can break the dendritic structure and the thick coating carbide into fine grains, thus reducing the segregation degree of the elements. As the Stokes deposition rate decreases, the fluidity of the molten pool increases, which eventually weakens the segregation of the microstructure and causes the distribution of elements to become even [25]. According to the grain growth theory, the grain size is determined by the ratio between the nucleation rate and growth rate, and the larger the ratio, the smaller the grain size [26].




3.4. Wear Resistance and Hardness of the Coating


Figure 10a shows the friction coefficient curves of the coating under different mechanical vibration frequencies. Under the same experimental conditions, the material with a small friction coefficient has better wear resistance [27]. It can be observed from Figure 10a that with the increase of wear test time, the friction coefficient of the composite coating without mechanical vibration gradually increases from 0.4 to 0.6. When mechanical vibration is applied, the effect of vibration significantly reduces the average friction coefficient to 0.359. When the initially applied vibration frequency is 50 Hz, the friction coefficient of the coating is significantly reduced, which is lower than that without applied vibration. At the same time, it can be seen that when the vibration frequency is 150 Hz, the time to reach the running-in period is reduced, the friction coefficient of the coating is also the smallest, and the fluctuation of the curve is relatively stable, and the wear resistance is also improved. When the vibration frequency reaches 300 Hz, the friction coefficient is higher than that when the vibration frequency is 150 Hz. Figure 10b shows the average friction coefficient curve of the coating. The average friction coefficient was the lowest when the vibration frequency was 150 Hz (0.359). The results show that when the vibration frequency exceeds a certain value, the wear resistance of the composite coating will be reduced.



In order to further explore the wear resistance of the composite coating under different vibration frequencies, the 3D morphology of the wear marks was measured by a 3D optical profilometer. Figure 11 shows the three-dimensional morphology of the wear surface of Ni-WC composite coating under 5 N loads. By analyzing and comparing the width of the cross-section of the three-dimensional morphology of the composite coating under different vibration frequencies, the excellent degree of wear resistance of the composite coating is compared. As shown in Figure 11a, when no mechanical vibration is applied, the wear width of the wear surface reaches 172 μm. When the first applied vibration frequency is 50 Hz, as shown in Figure 11b, the wear width of the surface abrasion marks decreases to 161 μm. When the vibration frequency is 150 Hz, as shown in Figure 11c, the wear width of the surface abrasion marks decreases to 115 μm, and the wear width reaches the minimum at this time, indicating that the wear resistance of the composite coating reaches the best at the vibration frequency of about 150 Hz. As the vibration frequency continued to increase, when the vibration frequency reached 300 Hz, as shown in Figure 11d, the wear width of the surface increased to 130 μm. This further indicates that when the vibration frequency exceeds a certain value, the wear resistance of the coating will not increase but decrease.



Figure 12a shows the microhardness curve of the coating surface under different vibration frequencies. It can be inferred that the microhardness of the coating increases with the increase in vibration frequency. When the vibration frequency is 0, 50, 150, and 300 Hz, the average microhardness of the coating is 751.71, 790.45, 862.02, and 811.17 HV1 (Figure 12b). It can be seen from the fluctuation of the figure line. The average microhardness of the coating first increases and then decreases with the increase of vibration frequency. The microhardness of the matrix is about 341.4 HV1, and the microhardness of the composite coating is between 600 and 910 HV1. When the vibration frequency is 150 Hz, the curve fluctuation is relatively stable, and the average microhardness is the highest. At this time, the microhardness of the composite coating reaches 901.5 HV1, which is 2.6 times the hardness of the matrix. With the increase of vibration frequency, the average microhardness of the coating first increases and then decreases. It is speculated that the resonance frequency of the matrix may be reached during this process. When the resonance frequency of the matrix is reached, the energy absorbed by the molten pool is the maximum. The flow of the molten pool is greatly accelerated. The tissue is more evenly distributed. The uniformity of the tissue distribution has an important effect on the microhardness of the coating. The more homogeneous the tissue is, the higher the microhardness is. Compared with the matrix, the average microhardness of the composite coating is increased by 15% after the application of vibration. This fully indicates that the application of mechanical vibration can significantly improve the microhardness of the composite coating, indicating that the application of mechanical vibration is an effective method to enhance the mechanical properties of the laser cladding composite coating.





4. Conclusions


	(1)

	
WC-reinforced Ni-base composite coating was prepared on the surface of 35CrMoV alloy by applying a mechanical vibration field, and the dilution rate of the coating decreased with the increase of vibration frequency. With the increase in vibration frequency, the width of the molten pool increases and the depth decreases. Mechanical vibration promotes the fluidity of the molten pool;




	(2)

	
The application of mechanical vibration can cause the coarse grain in the coating to be broken, and the grain size can be reduced at the same time. The grain distribution in the layer is more uniform, and the element distribution is even. In the process of laser cladding, mechanical vibration can effectively improve the cladding effect and improve the quality of the coating;




	(3)

	
When the vibration frequency is 150 Hz, the microhardness of the composite coating reaches 901.5 HV1, which is 2.6 times that of the matrix. The average microhardness of the composite coating increased by 15% after external vibration;




	(4)

	
Under the 150 Hz vibration frequency, the average friction coefficient of the composite coating decreases from 0.544 to 0.359, which is 34% lower than that of the non-vibration composite coating. The wear width is shortened from 172 μm to 115 μm, the wear resistance is remarkable, and the mechanical properties are excellent.
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Figure 1. SEM morphology of power: (a) WC; (b) Ni. 
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Figure 2. Laser cladding equipment and vibration equipment. 
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Figure 3. Morphology of cladding layer and typical cladding profile under different vibration frequencies. 






Figure 3. Morphology of cladding layer and typical cladding profile under different vibration frequencies.



[image: Coatings 13 00840 g003]







[image: Coatings 13 00840 g004 550] 





Figure 4. Optical micrographs of the coating surface at different vibration frequencies: (a) 0 Hz; (b) 50 Hz; (c) 150 Hz; (d) 300 Hz. 






Figure 4. Optical micrographs of the coating surface at different vibration frequencies: (a) 0 Hz; (b) 50 Hz; (c) 150 Hz; (d) 300 Hz.



[image: Coatings 13 00840 g004]







[image: Coatings 13 00840 g005 550] 





Figure 5. SEM diagram of crystal morphology evolution: (a) 0 Hz; (b) 50 Hz; (c) 150 Hz; (d) 300 Hz. 
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Figure 6. SEM diagram of carbide morphology evolution: (a) 0 Hz; (b) 50 Hz; (c) 150 Hz; (d) 300 Hz. 
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Figure 7. XRD patterns of the coating at different vibration frequencies. 
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Figure 8. Schematic diagram and simulation of dendrite evolution under vibrational convection: (a) schematic diagram of dendrite evolution; (b) simulation results of dendrite evolution under different convection directions. 
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Figure 9. Scanning results of coating surface at different vibration frequencies: (a–f) 0 Hz; (a1–f1) 50 Hz; (a2–f2) 150 Hz; (a3–f3) 300 Hz. 
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Figure 10. Friction coefficient curves of the coating at different vibration frequencies: (a) coefficient of friction; (b) average friction coefficient. 
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Figure 11. Three-dimensional morphology of coating wear at different vibration frequencies: (a) 0 Hz; (b) 50 Hz; (c) 150 Hz; (d) 300 Hz. 
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Figure 12. Microhardness curves of coating sections under different vibration frequencies: (a) microhardness; (b) average microhardness. 
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Table 1. Chemical composition of 35CrMoV alloy plate (wt.%).
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	Elements
	C
	Si
	Mn
	Cr
	Mo
	V
	P
	S
	Cu
	Ni





	35CrMoV
	0.30–0.38
	0.17–0.37
	0.40–0.70
	0.80–1.10
	0.15–0.25
	0.10–0.20
	≤0.035
	≤0.035
	≤0.030
	≤0.030
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Table 2. Chemical composition of Ni-WC (wt.%).
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	Elements
	Ni
	W
	C
	Cr
	Si
	Fe





	Ni-WC
	Bal
	57.3
	2.45
	2.36
	1.11
	0.12
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