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Abstract

:

Laser cladding is a new method to prepare coatings with good quality. Laser power is one of the main factors affecting the quality of laser cladding coatings. An appropriate laser power helps obtain a high-performance laser cladding coating. In order to obtain coatings with good quality, an experiment with different laser powers was designed in this research. Three Inconel 718 coatings with different laser powers were prepared on the surface of a 316L stainless steel substrate. And the effect of different laser powers (1400, 1600, and 1800 W) on the microstructure, phases, and element distribution of coatings (L1–L3) was investigated by SEM, EDS, XRD, and a wear and friction tester. Meanwhile, the microhardness and friction and wear properties of different coatings were analyzed. The results show that the coatings’ phases were the same and composed of γ~(Fe, Ni) solid solution, Ni3Nb, (Nb0.03Ti0.97)Ni3, MCX (M = Cr, Nb, Mo), and so on. The background zones in the L1–L3 coatings were mainly the Fe and Ni elements. The irregular blocks in the coating were rich in Cr, Mo, and Nb, which formed the MCX (M = Cr, Nb, Mo) phase. When laser powers were 1400, 1600, and 1800 W, the average microhardness of the three coatings was 685.6, 604.6, and 551.9 HV0.2, respectively. The L1 coating had the maximum microhardness, 707.5 HV0.2, because the MCX (M = Cr, Nb, Mo)-reinforced phase appeared on the upper part of the coating. The wear rates were 3.65 × 10−5, 2.97 × 10−5, and 6.98 × 10−5 mm3·n−1·m−1. The wear mechanism of the three coatings was abrasive wear and adhesive wear. When the laser power was 1600 W, the coating had the minimum wear rate, which exhibited the best wear resistance. When the laser power was 1600 W, the upper part of the coating to the bonding zone was mainly composed of equiaxed crystals, dendrites, cellular crystals, columnar crystals, and planar crystals. The fine crystals and compounds caused a decrease in wear volume, and they had the most optimal wear resistance.
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1. Introduction


The 316L stainless steel is a chromium–nickel austenitic stainless steel with low carbon content, and has excellent oxidation resistance, corrosion resistance, and high-temperature resistance. Therefore, it is widely used in the fields of medical devices, and navigation, petrochemical, aviation, and automobile manufacturing [1,2,3]. But 316L stainless steel has a single-phase austenite structure. Its hardness and wear resistance are worse than other stainless steels. As a result, 316L stainless steel parts are prone to wear failure during service [4,5,6], causing significant economic losses to enterprises. For example, the minor damage of engine parts for aviation equipment is very serious, but the cost of replacing these critical parts is very high. Therefore, a proper technology is needed in order to prevent this damage. Surface modification technology can effectively strengthen and repair the parts, and improve the hardness and wear resistance, and extend the parts’ service lives [7,8,9]. This is of great significance in industrial production and in the protection of human life and property safety.



At present, there are many surface modification technologies, such as ion implantation technology [10], thermal spraying technology [11], and laser cladding technology [12]. Ion implantation technology requires high experimental conditions and needs to be carried out under high vacuum, which is not easy to operate. Thermal spraying technology is used to atomize the sprayed material and deposit a coating on the surface of one substrate quickly, but this coating usually has some porosities, which makes the wear resistance low. Laser cladding technology uses the irradiation of a high-energy laser beam, which makes the cladding material and substrate melt together. This coating usually has a good metallurgical bonding with the substrate [13]. This has the advantage of heat concentration, a small heat-affected zone, green pollution-free, and good metallurgical bonding [14]. Compared with the other two technologies, laser cladding technology is more suitable for the surface modification of materials.



As laser cladding technology is one of the most commonly used surface modification technologies, researchers have used this technology to prepare laser cladding coatings with different compositions and improve surface properties [10,11]. The cladding material is very important to the quality of the coating. Some high-entropy alloy powders have been used to prepare coatings [15,16]. Some research has also investigated the effect of carbides on the microstructure and hardness of the cladding coating, such as TiC, WC, and VC [17,18]. At present, the most commonly used laser cladding material in actual industrial production is a self-fusible alloy powder [19]. Because the powder contains Si and B elements, which have excellent deoxidation slag-making properties, it is called a self-fusible alloy powder. According to the difference in the main element, the types of self-fusible alloy powder include Co-based alloy powder, Ni-based alloy powder, and Fe-based alloy powder, wherein Ni-based alloy powder has excellent wear resistance, corrosion resistance, and other properties. [20,21,22,23]. So, it is widely used in the field of laser cladding. The Inconel 718 alloy powder has high strength and very good toughness, and it is selected as the cladding material in this research. However, except for the cladding alloy powder, there are many parameters during the process of laser cladding, including laser power, scanning speed, spot diameter, and lap rate, which will directly affect the temperature distribution in the melt pool and the solidification rate. Therefore, the selection of suitable process parameters is a key to obtaining a coating with good quality. The research results indicate that different laser powers will prepare coatings with different qualities [24,25,26]. The proper laser power is helpful to obtain good microhardness and wear resistance [27,28,29]. The research on preparing high-performance Inconel 718 coatings with different laser powers helps improve the service life of 316L stainless steel parts.



In this research, three Inconel 718 alloy coatings with different laser powers were prepared on the surface of a 316L stainless steel substrate by laser cladding technology. The effect of different laser powers on the microstructure and properties of the coatings was studied by SEM, EDS, XRD, and a wear and friction tester. The research results provide a theoretical basis to prepare good quality coatings on the surface of 316L stainless steel substrate during the process of laser cladding.




2. Experimental Materials and Methods


2.1. Experimental Materials


The 316L stainless steel was used as substrate. Its chemical composition is shown in Table 1. The chemical composition was provided by Wuxi Zhonggong Metal Material Co., Ltd. The mass fractions of the Cr and Ni elements are about 16.0–18.5 and 10.0%–14.0%, respectively. The mass fraction of the Mo element is about 2.0%–3.0%. The size of the 316L substrate was 50 × 30 × 10 mm. First, 316L substrate was polished to remove oxide layer on the surface, and then wiped with anhydrous ethanol.



The cladding powder material was Inconel 718. And its chemical composition is shown in Table 2. The chemical composition was provided by Nangong Xindun Alloy Welding Material Spraying Co., Ltd. The mass fractions of the Fe, Co, and Si elements are 14.2, 1.0, and 0.4, respectively. The mass fractions of Cr, Nb, and Mo are 17.0–21.0, 4.8–5.5, and 2.8–3.3, respectively. In order to prevent the presence of moisture, the treatment of drying this Inconel 718 alloy powder was used. In order to place the cladding powder, a hollow polypropylene plate was put on the surface of 316L stainless steel. So, this hollow region would be filled with Inconel 718 alloy powder with a thickness of 1 mm.




2.2. Experimental Design


The laser energy directly affects cladding quality during the process of laser cladding. The value of input energy is proportional to the molten pool’s temperature and inversely proportional to the molten pool’s cooling rate. If the input energy is large, it will lead to overheating or even burning of substrate. Otherwise, if the input energy is small, it will lead to the formation of poor metallurgical bonding. When the laser power is stable, this laser cladding process can be regarded as an energy source moving along with a preset scanning path. At this time, the temperature distribution in the molten pool is shown in Equation (1) [30]:


  T   t , r   = 2 P       c ρ       4 π λ   t       3           1   2     e x p   −   c ρ   r   2     4 λ t      



(1)




wherein P is laser power, W; r is the distance between the energy source and test point, m; c is the specific heat capacity, J/(kg·K); λ is the thermal conductivity of material, W/(m·K); ρ is density, kg·m−3.



The cooling rate vc in the molten pool can be expressed by Equation (2) [30]:


    v   c   = 4 π λ   T   b   2     v  /  p    



(2)




wherein Tb is the temperature of test point, K; v is the laser scanning speed, mm·s−1. It can be seen from Equation (2) that the cooling rate in the molten pool is inversely proportional to the laser power and proportional to the scanning speed. The increase in laser power can decrease the cooling rate of molten pool.



The process parameters of laser cladding are included in Table 3. The values of laser power are 1400, 1600, and 1800 W, respectively. The scanning speed is 2 mm/s. The spot diameter and overlap rate are 3 mm and 30%, respectively.




2.3. Experimental Methods


A CO2 laser (DL-HL-T2000, Shenyang DALU Laser Technology Co., Ltd., Shenyang, China) was used with a mixed gas ratio of (CO2:N2:Ar = 0.048:3.7:0.31) during the process of laser cladding. The wavelength of laser is ten microns. Three laser cladding coatings were cut into small pieces with the size of 10 × 10 × 10 mm. The specimens were polished and corroded with aqua regia (HCl:HNO3 = 3:1).



The scanning electron microscope (TESCAN MIRA, TESCAN, Brno, Czech Republic) was used to observe the micro-morphology of the coating at different positions. The elemental distribution was analyzed by energy dispersive spectrometer (TESCAN MIRA, TESCAN, Brno, Czech Republic). The phases were detected by TD-3500 X-ray diffractometer (Dandong Tongda Science and Technology Co., Ltd., Dandong, China). The microhardness of laser cladding layer was tested by HXD-1000TMC/LCD hardness tester (HXD-1000TMC/LCD, Shanghai Optical Instrument Co., Ltd., Shanghai, China). The load was 200 gf and loading time was 15 s. The friction and wear experiment was conducted by MGW-02 high-speed reciprocating fatigue friction and wear testing machine (Jinan Yihua Tribology Testing Technology Co., Ltd., Jinan, China). The material of grinding ball was GCr15. The frequency and loading load were 2 Hz and 10 N, respectively. The friction mode was dry sliding friction of non-lubricated plane-spherical surface.





3. Results and Discussion


3.1. Phases


Figure 1 shows the XRD patterns of the Inconel 718 cladding coatings with different laser powers. It can be seen that the phases of the L1–L3 coatings were all composed of γ~(Fe, Ni) solid solution (JCPDS: 03-065-5131), Ni3Nb (JCPDS: 00-049-1427), (Nb0.03Ti0.97)Ni3 (JCPDS: 00-023-1275), MCX (M = Cr, Nb, Mo) (JCPDS: 00-014-0519, JCPDS: 00-006-0546, JCPDS: 00-015-0147), and so on. The research results indicated that the phase composition of the three coatings was basically the same, even if the laser powers were different. When the diffraction peak angle was about 43°, the diffraction peak intensity of γ~(Fe, Ni) solid solution was higher in the coating, because the element Fe entered into the coating from the substrate and formed an infinitely miscible γ~(Fe, Ni) solid solution with the Ni element. When the diffraction peak angle was about 50°, the diffraction peak intensity of γ~(Fe, Ni) solid solution phase in the L1–L3 coatings gradually increased with the increase in laser power because the liquid metal’s temperature in the molten pool increased along with an increase in laser power. The cooling rate was small. The crystal had sufficient time to grow, which resulted in an increase in the diffraction peak intensity of crystal plane orientation.




3.2. Microstructure


Figure 2 shows the microstructure of the Inconel 718 cladding coatings with different laser powers. In Figure 2(a1), when the laser power is 1400 W, there is a clear interface between the 316L steel substrate and L1 coating. The coating near the bonding zone is mainly composed of planar crystals. In Figure 2(a2), the middle of the L1 coating is mainly composed of cellular crystals and compounds. In the middle of the coating, there are more compounds than in the bottom zone. In Figure 2(a3), the upper part of the L1 coating is mainly composed of fine network structures and coarse compounds. In Figure 2(b1), when the laser power is 1600 W, we can observe that some coarse cellular crystals and columnar crystals formed near the bonding zone of the L2 coating and grew along in the direction perpendicular to the interface of the bonding zone. The reason was that the grain growth had the principle of preferred orientation, which was more conducive to the export of heat in the direction perpendicular to the interface of the bonding zone. In Figure 2(b2), the middle of the L2 coating is mainly composed of some dendrites and compounds. But compared with the L1 coating, the crystals and compounds are finer, which is helpful to produce good properties. In Figure 2(b3), we can observe that a small amount of equiaxed crystals was generated in the upper part of the L2 coating because the higher cooling rate in the upper part of the molten pool restricts the growth of crystals. In Figure 2(c1), when the laser power is 1800 W, the bonding zone of the L3 coating is consistent with that of the L2 coating. In Figure 2(c2), we can observe that a large block structure was precipitated in the middle of the L3 coating. When the laser power was higher, there was more energy and time to help the crystals grow, which caused the structure to be coarser.



Figure 3 shows a schematic of the L1–L3 coatings’ microstructures with different laser powers. Along with the increase in laser powers, the compounds became small. When the laser power was 1600 W, there were a lot of dendrites and columnar crystals. They had a fine and uniform microstructure. When the laser power was 1800 W, the input energy of the molten pool was large, which caused some large compounds and columnar crystals.




3.3. Element Distribution


Figure 4 shows the SEM of the Inconel 718 cladding coatings with different laser powers. In order to investigate the element composition, two points were selected from each coating. One point was selected from the background zone. The other point was selected from the compound. Then, two selected points from the L1–L3 coatings were analyzed with EDS.



Table 4 includes the elemental composition of the Inconel 718 cladding coatings with different laser powers. The points of P2, P4, and P6 represent the background zone of the L1–L3 coating. From the elemental distribution in Table 4, the background zones in the L1–L3 coatings were mainly the Fe and Ni elements. With the increase in laser power, the content of Fe and Ni had an upward trend, because the molten pool had more energy along with the increase in laser power. This would increase the amount of Fe in the molten pool, and more Fe and Ni elements formed γ~(Fe, Ni) solid solution. From the elemental distribution at the P1, P3, and P5 points, it can be seen that Cr, Mo, and Nb were enriched at the grain boundary and formed the MCX (M = Cr, Nb, Mo) phase.



The coarse compounds in the upper part of the L1 coating were scanned and investigated by the line scan of EDS. The results are shown in Figure 5. From the fluctuation of Cr, Mo, and Nb, they were enriched in the long strip structure, which formed the MCX (M = Cr, Nb, Mo) phase in accordance with the XRD pattern analysis.



Figure 6 shows the SEM image and elemental distribution of dendrites in the L2 coating. In Figure 6b,c, the dendrite arms and background zone mainly contain some Fe and Ni elements, which are the phase of the γ~(Fe, Ni) solid solution. As can be seen from Figure 6e–g, there are also some Cr, Mo, and Nb elements distributed near the grain boundaries.



Figure 7 shows the SEM image and elemental distribution of irregular blocks in the L3 cladding coating. In Figure 7b,c, the surrounding background zone mainly contain Fe and Ni elements, which is the phase of the γ~(Fe, Ni) solid solution. In Figure 7e–g, the irregular blocks in the L3 coating are rich in Cr, Mo, and Nb, which is the MCX (M = Cr, Nb, Mo) phase. From the analysis of the area scan of EDS about the Cr, Mo, and Nb elements, those three elements were more obvious, indicating that the enrichment degree of Cr, Mo, and Nb in the L3 coating was higher.



Figure 8 shows a schematic of the L1–L3 coatings’ elemental distribution. The depth and width of the molten pool increased along with the increase in laser power. When the laser power was 1800 W, there were more Fe elements in the molten pool. It had a higher temperature. The Cr, Mo, and Nb elements had more time to form compounds.




3.4. Microhardness


Figure 9 shows the microhardness change in the cross section of the three coatings with different laser powers. The average microhardness values of the L1–L3 coatings were 685.6, 604.6, and 551.9 HV0.2 at different laser powers, respectively. The average microhardness of the L1 coating was higher than that of the other two coatings. Meanwhile, the L1 coating had the maximum microhardness, which was about 707.5 HV0.2. The reason is that the MCX (M = Cr, Nb, Mo)-reinforced phase appeared on the upper part of the L1 coating due to a low laser power, which improved the microhardness of the L1 coating. In the direction from the surface to bottom, the microhardness of the L1 coating first decreased at the distance of 0.5 mm, because its layer had a small thickness. The average microhardness of the L2 coating was slightly lower than that of the L1 coating, but the microhardness distribution of the L2 coating was more uniform. From the microstructure and elemental distribution of the L2 coating, the crystal structure was flat and had a clear boundary. The reinforced phases of MCX (M = Cr, Nb, Mo) were tiny and evenly distributed. The microhardness of the L3 coating was lower than that of the L2 coating. With the increase in laser power, the energy in the molten pool increased. The overheated molten pool was liquid for a long time. The Fe and Ni elements increased to form more γ~(Fe, Ni) solid solution, which produced a lower microhardness.




3.5. Friction and Wear


The experiments were carried out at room temperature. The wear rates of the 316L substrate and L1–L3 coatings are shown in Figure 10. It can be seen that the wear rate of the 316L substrate was 12.82 × 10−5 mm3·N−1·m−1, while the wear rates of the L1–L3 coatings were 3.65 × 10−5, 2.97 × 10−5, and 6.98 × 10−5 mm3·N−1·m−1, respectively. All three coatings had a small wear rate obviously compared to the 316L substrate. Among them, the wear rate of the L2 coating was the lowest one.



The L1 coating had the highest microhardness value, but its wear rate was not the lowest. Although there were many reinforced phases of MCX (M = Cr, Nb, Mo) in the L1 coating, there were no obvious dendrites. During the process of the friction and wear experiment, plastic deformation was prone to appear due to the lack of dendrites, which resulted in a higher wear rate. However, the dendrites in the L2 coating were regular and orderly, which could resist the friction and wear better. The microstructure structure in dendrites L3 coating was relatively coarse. It made the wear rate higher and wear resistance worse.



Figure 11 shows the friction and wear morphology of dendrites 316L substrate and L1–L3 coatings with different laser powers. In Figure 11a, it can be seen that some flake spalling with a large area and debris appeared on the wear surface of the 316L substrate. In Figure 11b, the wear surface of the L1 coating has some obvious furrows and spalling pits, which demonstrated that the wear resistance was worse. In Figure 11c, the spalling pits of the L2 coating are small and shallow. Its wear morphology is relatively smooth because the microhardness and dendrites of the L2 coating were evenly distributed at this time, which only caused slight furrows and some small spalling pits. In Figure 11d, there are some deep furrows and large flake spalling on the surface of the L3 coating. The reason was that the microhardness of the L3 coating was lower. It made the wear resistance worse. The main wear mechanism of the 316L substrate was mainly adhesive wear; nevertheless, the main wear mechanism of the cladding coating with different laser powers was mainly adhesive wear and abrasive wear. The same reinforced phases produced the same wear mechanism at different laser powers. Meanwhile, it also can be seen that the L2 coating had a lower wear rate and better wear morphology. The proper laser power could obtain a good coating with better properties.





4. Conclusions


In this paper, three Inconel 718 cladding coatings were fabricated on the surface of a 316L stainless steel substrate. It is helpful to improve the property of 316L stainless steel parts. The conclusions were as follows:




	(1)

	
All three Inconel 718 coatings with different laser powers had a good metallurgical bonding with the 316L stainless steel substrate. The phases were mainly composed of γ~(Fe, Ni) solid solution, Ni3Nb, (Nb0.03Ti0.97) Ni3, and MCX (M = Cr, Nb, Mo). The morphology of the L1–L3 coatings changed from an irregular crystal to a flat crystal along with the increase in laser power. When the laser power was 1600 W, there were some cellular crystals, columnar crystals, dendrites, and compounds.




	(2)

	
From the EDS analysis, the background zones in the L1–L3 coatings were mainly the Fe and Ni elements. With the increase in laser power, the content of Fe and Ni had an upward trend, and they formed more γ~(Fe, Ni) solid solution. The irregular blocks in the coating were rich in Cr, Mo, and Nb, which formed the MCX (M = Cr, Nb, Mo) phase. When the laser power was 1600 W, the amount of Cr, Mo, and Nb was larger, indicating that the enrichment degree of Cr, Mo, and Nb was higher in the MCX phases of the L3 coating.




	(3)

	
The average microhardness values of the L1–L3 coatings were 685.6, 604.6, and 551.9 HV0.2, respectively. The L1 coating had the maximum microhardness, which was about 707.5 HV0.2, because the MCX (M = Cr, Nb, Mo)-reinforced phase appeared on the upper part of the L1 coating due to the low laser power. But the microhardness distribution of the L2 coating was more uniform. The crystals of the reinforced phase MCX (M = Cr, Nb, Mo) were tiny and evenly distributed. When the laser power was 1800 W, the molten pool received more energy, and it caused the crystals to grow large.




	(4)

	
The main wear mechanism of the 316L substrate was mainly adhesive wear; nevertheless, the main wear mechanism of the L1–L3 cladding coating with different laser powers was mainly adhesive wear and abrasive wear due to the existence of the reinforced phases. The wear rates of the L1–L3 coatings were 3.65 × 10−5, 2.97 × 10−5, and 6.98 × 10−5 mm3·N−1·m−1, respectively. When the laser power was 1600 W, the wear rate of the L2 coating was the lowest due to the fine crystals and compounds.




	(5)

	
The proper laser power was found to prepare a good coating with better properties on the surface of 316L stainless steel, which was 1600 W. In future work, research on different scanning speeds and different cladding materials deserves to be investigated further on the surface of 316L stainless steel.
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Figure 1. XRD pattern of Inconel 718 cladding coating with different laser powers. 
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Figure 2. Microstructure of Inconel 718 cladding coatings with different laser powers. 
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Figure 3. A schematic of L1–L3 coatings’ microstructures. 
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Figure 4. SEM of the bonding zone of Inconel 718 cladding coatings: (a) L1; (b) L2; (c) L3. 
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Figure 5. EDS line scan of coarse compounds in L1 coating. 
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Figure 6. SEM image (a) and elemental distribution of Ni (b), Fe (c), Si (d), Cr (e), Mo (f), Nb (g), Mn (h) of dendrites in L2 coating. 
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Figure 7. SEM image (a) and elemental distribution of Ni (b), Fe (c), Si (d), Cr (e), Mo (f), Nb (g), Mn (h) of irregular blocks in L3 cladding coating. 
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Figure 8. A schematic of L1–L3 (a–c) coatings’ elemental distribution. 
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Figure 9. Microhardness of three coatings with different laser powers. 
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Figure 10. Wear rate of 316L substrate and L1–L3 coatings with different laser powers. 
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Figure 11. Friction and wear morphology of 316L substrate (a) and L1–L3 (b–d) coatings with different laser powers. 
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Table 1. Chemical composition of 316L stainless steel (Mass fraction, wt.%).






Table 1. Chemical composition of 316L stainless steel (Mass fraction, wt.%).





	Component
	Fe
	C
	Mn
	Ni
	Si
	Mo
	Cr





	Mass fraction
	Bal
	≤0.08
	≤2.0
	10.0–14.0
	≤1.00
	2.0–3.0
	16.0–18.5










 





Table 2. Chemical composition of Inconel 718 alloy powder (Mass fraction, wt.%).






Table 2. Chemical composition of Inconel 718 alloy powder (Mass fraction, wt.%).





	Component
	Ni
	Si
	Mo
	Cr
	Co
	Ti
	Nb
	Fe





	Mass fraction
	Bal
	0.4
	2.8–3.3
	17.0–21.0
	1.0
	0.7–1.2
	4.8–5.5
	14.2










 





Table 3. Parameters of laser cladding process.
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	NO.
	Laser Power (W)
	Scanning Speed (mm/s)
	Spot Diameter (mm)
	Overlap Rate





	L1
	1400
	2
	3
	30%



	L2
	1600
	2
	3
	30%



	L3
	1800
	2
	3
	30%










 





Table 4. Elemental composition of Inconel 718 cladding coatings with different laser power (wt.%).






Table 4. Elemental composition of Inconel 718 cladding coatings with different laser power (wt.%).





	Element
	P1
	P2
	P3
	P4
	P5
	P6





	Ni
	38.29
	40.31
	33.87
	42.48
	29.11
	44.42



	Fe
	31.58
	37.41
	37.18
	39.84
	38.05
	41.31



	Cr
	16.72
	14.69
	21.48
	13.62
	25.22
	10.06



	Mo
	6.53
	0.65
	3.52
	1.31
	4.34
	1.24



	Nb
	1.60
	0.09
	1.08
	0.25
	0.87
	0.17



	Si
	4.64
	6.30
	2.19
	2.04
	1.83
	2.23



	Mn
	0.53
	0.55
	0.67
	0.46
	0.58
	1.04
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