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Abstract

:

In this study, a Cr3C2-NiCr cermet cladding layer was prepared on the surface of Q235 steel via a high-speed laser cladding method. The effects of laser power, scanning speed, and overlap rate on the microstructure, cladding quality, and interfacial elements diffusion of Cr3C2-NiCr/Q235 steel were studied. The results show that there was an obvious transition layer at the interface of the Cr3C2-NiCr cladding layer and Q235 steel, indicating that the Cr3C2-NiCr cladding layer had an adequate metallurgical bond with the matrix. Fe, Cr, and Ni were diffused distinctly between the cladding layer and the matrix. The height and width of the Cr3C2-NiCr cladding layer increased, while the dilution rate decreased with the increase in the laser power. The maximum thickness of the transition layer was about 50 μm for the 6 mm/s sample, the weld heat affected zone was smaller, and it was shown that the productivity can be effectively improved. The sample with a 40% overlap rate exhibited the best flatness. The optimal laser power, scanning speed, and overlap rate of the Cr3C2-NiCr/Q235 steel were 1500 W, 6 mm/s, and 40%, respectively.
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1. Introduction


The laser cladding method has been widely used in the field of surface modification due to its low dilution rate and the excellent metallurgical bond with the matrix it can help produce [1]. The wear and corrosion resistance of the metal matrix can be obviously increased by laser cladding, and this has attracted widespread attention [2]. During the preparation and application process, the cladding layer and the metal matrix provide reasonable hardness and toughness; therefore, researchers in recent years have studied some surfacing materials with high hardness, such as carbides, borides, and oxides of the metals, as the laser cladding layer [3,4,5,6,7,8,9]. However, the single hard phase forms poor metallurgical bonding with the matrix, which limits its industrial application during the process of laser cladding. The cermet materials simultaneously possess the unique properties of metals (high ductility, toughness, and thermal conductivity) and ceramics (high melting point, hardness, and wear resistance). Therefore, the research scholars are focused on the cermet cladding layer [10,11,12].



Cr3C2-NiCr retains good oxidation resistance at high temperature, due to the dense and stable Cr2O3 layer [13]. Cr3C2 particles are usually decomposed into other carbides, such as Cr7C3 and Cr23C6, before solidification [14,15]. Since the melting point and hardness of Cr7C3 and Cr23C6 are both lower than Cr3C2, the wear resistance of Cr7C3 processed by a laser is lower than that of Cr3C2 in high wear resistance applications [16,17,18,19,20]. Generally, NiCr is added to Cr3C2 via an in-situ synthesis method. The Cr3C2-NiCr cermet coating is prepared by wrapping Cr3C2 with NiCr, which greatly improves the mechanical properties of the material. The hardness of the Cr3C2 hard phase and the toughness of the NiCr adhesive phase are both improved [21].



Studies on laser cladding Cr3C2 matrix composites have mainly focused on the characterization of microstructure and phase composition, and the evaluation of wear or corrosion behavior [22,23,24,25,26,27,28]. Few studies have focused on the role of processing variables, such as energy input and scanning speed. R. A. Rahman Rashid et al. conducted some research on laser processing parameters, and the conclusions were of great significance. R. A. Rahman Rashid et al. [29] prepared the laser cladding layer using 316L stainless steel on mild steel and studied the significant variation in the clad thickness, the depth of penetration of the melt pool, and the depth of the heat affected zone (HAZ). They observed and correlated with the process parameters including laser power, scan speed, dilution, and the specific energy of the laser beam. C. Barr et al. [30] studied the low cycle fatigue behavior of 300 M steel by laser directed energy deposition repair. R. A. Rahman Rashid et al. [31] studied LPHT treatment, which can be effectively employed for localized control of the microstructure in the laser clad-repaired parts by tuning the laser reheat parameters. G. X. Li et al. [32] studied the influence of machining parameters on the machinability of selective laser melted (SLMed) Ti6Al4V tubes, including cutting forces, machined surface roughness, and tool wear at varying cutting parameters.



Therefore, the processing parameters of laser cladding were worth studying for Cr3C2-NiCr cermet cladding layer. L. Venkatesh et al. [24] studied the relative hardness of the laser clad layers, which was observed to drop with an increase in laser power, and the wear resistance of the coating was improved. J. Morimoto [25] studied the melt depth of Cr3C2-25%NiCr and Ni-Cr sprayed coatings, which was increased by raising the power of a direct diode laser, and the wear resistance of the coating was also improved. L. Venkatesh et al. [33] studied the carbide content of laser clad layers. It was decreased with increasing laser power owing to the increased dilution from the substrate. The cooling rate determined by the laser beam scan speed had an additional effect in reducing the carbide content in laser clad layers. Lou et al. [21] studied the microstructure and formation mechanism of a laser cladding cermet layer, and they found that the laser scanning velocity had a significant effect on carbide content. The solidification rate of the metal molten pool increased, while the size of carbides decreased with the increase in the scanning speed. With the increase in carbide content, the content of Cr3C2 increased and the content of Cr7C3 decreased.



In the present study, the Cr3C2-NiCr cermet cladding layer was prepared on the surface of Q235 steel by a high-speed laser cladding method. The influences of laser power, scanning speed, and overlap rate on the microstructure and cladding quality of Cr3C2-NiCr/Q235 steel were studied. In addition, the interfacial quality and elements diffusion were also researched. The aim of this study was to explore the optimal laser cladding technological parameter of the Cr3C2-NiCr/Q235 steel.




2. Experimental


2.1. Materials


Q235 steel was used as the substrate material in this test; its chemical composition is shown in Table 1. The substrate material was polished with sandpaper before laser cladding, and then degreased with acetone. Commercial Cr3C2-25%NiCr cermet (Yinghe metal materials Co., LTD, Xingtai, Hebei province, China) powder was used as raw materials. The ratio of Ni and Cr was 4:1. The particle size of the powder was 10–50 μm, and the melting point was about 1800 °C. The powder was regular in shape (spherical or sphere-like) with excellent liquidity, as shown in Figure 1. NiCr is capable of reducing thermal stress, which is beneficial to obtaining free crack coatings. The Cr3C2-NiCr coating was hard and compact with low internal residual stress [34], which could be maintained below 1000 °C.




2.2. Laser Cladding Process


A high-speed laser cladding machine was employed in this study with the nominal output power of 2000 W. Coaxial laser injection with argon auxiliary gas was used to protect the coating from oxidation. Paraxial powder feeding technology was adopted in the process of laser cladding. The angle between the powder outlet and the substrate surface was about 45°, and Figure 2 shows its schematic diagram. In this experiment, the influence of the output power, scanning speed, and overlap rate on the cladding quality was studied. The detailed laser cladding test parameters are shown in Table 2, Table 3 and Table 4. The distance between the laser head and the workpiece was 10 cm. The distance between the powder feed tube and the workpiece was 5 cm. The overlap between tracks was 40%–60%. The number of tracks and layers deposited were 20 and 1, respectively.




2.3. Microstructure Characterization


The sample was cut into a 10 mm × 10 mm × 10 mm metallographic sample using an electric spark wire cutting machine after laser cladding. The section of the cladding layer of the sample was polished and etched with sandpaper and nitric acid alcohol, respectively. The surface of the cladding layer was characterized by the X-ray diffraction (XRD) on a Rigaku D/Max-2400 (Ricoh Group, co., Ltd, Tokyo, Japan) diffractometer with Cu Ka radiation at 40 kV and 200 mA as an X-ray source. The cross-sections were analyzed and characterized by a scanning electron microscope (SEM, JSM-6390A, Japanese electronics (Shanghai) co., LTD, Shanghai, China) equipped with the OXFORD-7718 (Oxford instrument technology (Shanghai) co., LTD, Shanghai, China) energy dispersive spectrometer (EDS).





3. Results and Discussion


The laser cladding layer area was mainly composed of chromium carbide (Cr3C2 and Cr7C3), as shown in Figure 3a,b. The shapes of the Cr3C2 and Cr7C3 were dendritic and lath-like or needle-like structures, respectively. NiCr phase was distributed around the chromium carbides. Cr3C2 and Cr7C3 were hard phases, which can distinctly improve the hardness and wear resistance of the matrix material [35]. NiCr phase was the bonding phase, which was beneficial to improving the toughness of the chromium carbides. In addition, the excellent interface bonding and matching relation of Cr3C2 and NiCr were systematically researched in our past work [36]. Therefore, a Cr3C2-NiCr laser cladding layer can effectively improve the hardness and wear resistance of the substrate material.



The XRD diffraction pattern of the laser cladding layer is shown in Figure 3b. The main phases were Cr3C2, Cr7C3, and NiCr solid solution. The existence of the NiCr solid solution phase indicated that Ni and Cr elements diffused during the laser cladding. Table 5 shows that the relative values of Cr and C in point 1 and point 2 were 3:2 and 7:3, respectively, which further proved that the main diffraction peaks were Cr3C2 and Cr7C3. The Cr7C3 phase formed mainly because of the slight decarbonization of part of the Cr3C2 phase under laser action. The XRD analysis showed that there was no Cr23C6 or oxide phases in the laser cladding layer.



The schematic diagram of the cross-section of the cladding layer is shown in Figure 4. In this figure, x and h1 represent the width and height of the cladding layer. The penetration depth of the substrate was marked as h2. The forming quality of the cladding layer was related to the dilution rate η, which denoted the variation degree of the cladding alloy composition [37]. The computational formula of the dilution rate is shown below.


η = h2/(h1 + h2)



(1)







Figure 5 shows the SEM of the interface structure of Cr3C2-NiCr/Q235 steel. The interfacial bonding zone can be roughly divided into the interfacial transition layer, Cr3C2-NiCr, and the Q235 steel substrate zone. As shown in Figure 5a–d, tiny cracks were observed on the interface under different output powers. A large number of holes, however, were found in the Cr3C2-NiCr region. The reason for these holes was that the powder cannot be fully melted at low power (900 W, 1200 W), while it can be fully melted at high power (1500 W, 1800 W), with fewer holes and a dense cladding layer. The interface was quickly fused with the increase in power and temperature. In addition, the different elements were also rapidly diffused, causing them to react, and resulting in the interface being continuous and smooth. The diffusion coefficient was greater and the movement of atoms was faster at high laser output power and temperature [36]. The transition layer/reaction layer appeared between the Cr3C2-NiCr cladding layer and the Q235 steel matrix during the diffusion and reaction of different elements. The formation of the transition layer was beneficial to improving the interface bonding strength. As shown in Figure 5a1–d1, the thickness of the interface layer first increased and then decreased as the output power exceeded 1500 W. The thickness of the interface layer of the 1500 W sample was about 50 μm. In comparison, the interface layer was also smoother for the 1500 W sample.



Figure 6a,b show the influence of output power on the height and width of the cladding layer. The height and width of the cladding layer increased with the increase in the laser output power. The laser output power had the greater influence on the height of the cladding layer, which was a linear trend. The width of the cladding layer changed slowly as the output power increased from 1500 W to 1800 W. The energy input, temperature, and volume of the molten pool synchronously rose with the increase in output power. The width of the molten pool tended to be stable when the output power increased to a certain range.



The depth of the molten pool is exhibited in Figure 6c. The depth of the molten pool increased first, and then decreased with increasing laser output power. In Figure 6c, 1200 W was the highest depth of the molten pool. The output power and temperature were small, at 1200 W, and the energy of the molten pool could not melt the powder evenly. Therefore, the energy mostly accumulated in the molten pool, resulting in the pool’s highest depth. The width of the molten pool increased and tended to be stable as the nominal output power increased, along with the increase in output power. The surface tension of the liquid metal decreased, and it could not be balanced due to the gravity in the molten pool. As a result, the liquid metal spread out in the direction of the width, leading to the interface becoming smoother. As shown in Figure 6d, the dilution rate of the coating decreased with the increase in laser output power. The height of the cladding layer increased and the height of the molten pool decreased at the higher output power, leading to the decrease in the dilution rate. Therefore, the forming quality of the cladding layer and the interface became more stable and smoother with the increase in the output power. In addition, the cladding layer and the base material formed an adequate metallurgical combination.



The EDS map scanning of the cladding layer with different laser powers is shown in Figure 7. The main elements detected by surface scanning were Fe, Cr, Ni, and C. The cladding layer was located at the top of the image, which was the enrichment region of Cr and Ni. The Q235 steel was at the bottom, which was the enrichment region of Fe. The diffusion of Fe, Cr, and Ni can be clearly observed in these figures. There was no Fe in the raw material of Cr3C2-NiCr; however, Fe can be distinctly seen at the top of the pictures, indicating the existence of element diffusion.



Figure 8 exhibits the SEM micrograph of the bonding interface of Cr3C2-NiCr/Q235 steel with different scanning speeds at 1500 W. The penetration depth became shallower and the weld heat affected zone became narrower, and it was proven that the productivity can be improved with the increase in scanning speed. The alloy powder could not completely melt due to the high cladding speed; however, if the cladding speed was too low, the powder was burned and there was severe loss of the alloying element because of the extended time in the molten pool. At the same time, the heat input of the matrix was large, which increased the deformation of the matrix material. From Figure 8a, a large amount of holes can be seen around the interface between the cladding layer and Q235 steel, mainly because of the lower scanning speed. It is quite clear that the laser cladding quality was adequate for different scanning speeds at 1500 W. The maximum thickness of the transition layer was about 50 μm for the 6 mm/s sample, as shown in Figure 8d1.



The influence of scanning speed on the height and width of the cladding layer was displayed in Figure 9a,b. The height and width of the cladding layer increased first and then decreased slightly with the increase in the scanning speed. The depth of the molten pool was exhibited in Figure 9c. It was obvious that the depth of the molten pool decreased as the scanning speed increased from 5 mm/s to 6 mm/s. The height of the cladding layer was too thin (about 750 μm) at the low scanning speed (3 mm/s) and the weld heat affected zone was large at a high scanning speed (5 mm/s). Therefore, the weld heat affected zone was smaller and the productivity can be effectively improved for the sample with a 6 mm/s scanning speed. In Figure 9d, the dilution rate of the coating increased first and then decreased slightly with the increase in the scanning speed. The sample with a 6 mm/s scanning speed exhibited the lowest dilution rate.



Figure 10 exhibits the SEM micrograph of the bonding interface of Cr3C2-NiCr/Q235 steel with a different overlap rate at 1500 W and 6 mm/s. Figure 10a–c show that there were few holes in the SEM micrograph. Overlap rate was the key process parameter, which affected the laser cladding efficiency and flatness. Reducing the overlap rate can improve the laser cladding efficiency to a certain extent; however, it will also lead to the formation of the small gully between the two lap cladding layers, resulting in an uneven laser cladding surface and low flatness. Increasing the overlap rate can improve the flatness of the cladding layer, but it will also reduce the laser cladding efficiency and increase the probability of cracks and porosity defects. It is quite clear that the laser cladding quality was also adequate for different overlap rates at 1500 W and 6 mm/s. The thickness of the transition layer had little change with different overlap rates. The sample with a 40% overlap rate exhibited the best flatness, as shown in Figure 10c1.



Figure 11 displays the EDS line scanning of the 1500 W, 6 mm/s, and 40% sample. The scanning regions from left to right were the cladding layer, the transition layer, and the Q235 steel substrate, respectively. Iron mainly existed in the steel substrate, which gradually reduced from the transition layer to the cladding layer. On the contrary, Cr and Ni diffused from the cladding layer to the matrix. The maximum thickness of the transition layer was about 50 μm. Fe, Cr, Ni, C, Si, and Mn coexisted in the transition layer region. The diffusion and element reaction occurred in this region, which caused the interface with adequate metallurgical bonding.



In the EDS line scanning, the diffusion depths of Fe and Cr were deeper than that of Ni, which was due to the larger atomic size. As described in references [38,39,40], the diffusion rate was related to the atomic size of the alloying elements. According to Fick’s law and diffusion dynamics, the mutual diffusion coefficient and atomic vibration energy of alloy elements increases with an increase in temperature. It will also lead to the increase in interatomic diffusion with the increase in output power and temperature, which ultimately improves the bonding quality. Therefore, it can be concluded that the bonding quality of Cr3C2-NiCr/Q235 steel increased with the increase in output power and temperature in a certain range.




4. Conclusions


In this paper, the Cr3C2-NiCr cermet cladding layer was successfully prepared on the surface of Q235 steel using a high-speed laser cladding method. The effects of laser power, scanning speed, and overlap rate on the microstructure, cladding quality, and interfacial elements diffusion of Cr3C2-NiCr/Q235 steel were systematically researched. The conclusions are as follows:




	(1)

	
Fe, Cr, and Ni were diffused distinctly between the cladding layer and the matrix. There was an obvious transition layer at the interface of the Cr3C2-NiCr cladding layer and Q235 steel, indicating that the Cr3C2-NiCr cladding layer had an adequate metallurgical bond with the matrix.




	(2)

	
The thickness of the interfacial layer increased and the interface smoothness improved with the increase in the laser power. The maximum thickness of the transition layer was about 50 μm for the 1500 W sample. The maximum thickness of the transition layer was about 50 μm for the 6 mm/s sample, and the weld heat affected zone was smaller and it was proven that the productivity can be effectively improved. The sample with a 40% overlap rate exhibited the best flatness.




	(3)

	
The optimal laser power, scanning speed, and overlap rate of the Cr3C2-NiCr/Q235 steel were 1500 W, 6 mm/s, and 40%, respectively. These parameters had the interface with adequate metallurgical bonding.
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Figure 1. The morphology of the Cr3C2-NiCr powder. 
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Figure 2. Schematic diagram of laser cladding principle. 
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Figure 3. SEM images and XRD diffraction pattern of the surface of laser cladding layer. (a) SEM image, (a1) Local amplification figure of (a), (b) XRD diffraction pattern. 
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Figure 4. Diagrams of cross-section of cladding layer. (a) SEM image, (b) schematic diagram. 
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Figure 5. SEM micrograph of the bonding interface of Cr3C2-NiCr/Q235 steel with different output power: (a) 900 W; (b) 1200 W; (c) 1500 W; (d) 1800 W. (a1) Local amplification figure of (a), (b1) Local amplification figure of (b), (c1) Local amplification figure of (c), (d1) Local amplification figure of (d). 
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Figure 6. Influence of different output powers on forming quality cladding layer. (a) Height of cladding layer; (b) width of cladding layer; (c) height of molten pool; (d) dilution rate. 
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Figure 7. EDS map scanning of the cladding layer with different output powers. (a) 900 W, (b) 1200 W, (c) 1500 W, (d) 1800 W. 
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Figure 8. SEM micrograph of the bonding interface of Cr3C2-NiCr/Q235 steel with different scanning speeds at 1500 W: (a) 3 mm/s; (b) 4 mm/s; (c) 5 mm/s; and (d) 6 mm/s. (a1) Local amplification figure of (a), (b1) Local amplification figure of (b), (c1) Local amplification figure of (c), (d1) Local amplification figure of (d). 






Figure 8. SEM micrograph of the bonding interface of Cr3C2-NiCr/Q235 steel with different scanning speeds at 1500 W: (a) 3 mm/s; (b) 4 mm/s; (c) 5 mm/s; and (d) 6 mm/s. (a1) Local amplification figure of (a), (b1) Local amplification figure of (b), (c1) Local amplification figure of (c), (d1) Local amplification figure of (d).



[image: Coatings 13 00676 g008]







[image: Coatings 13 00676 g009 550] 





Figure 9. Influence of different scanning speeds on forming quality cladding layer (a) Height of cladding layer; (b) width of cladding layer; (c) height of molten pool; (d) dilution rate. 
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Figure 10. SEM micrograph of the bonding interface of Cr3C2-NiCr/Q235 steel with different overlap rate at 1500 W and 6 mm/s: (a) 60%; (b) 50%; and (c) 40%. (a1) Local amplification figure of (a), (b1) Local amplification figure of (b), (c1) Local amplification figure of (c). 






Figure 10. SEM micrograph of the bonding interface of Cr3C2-NiCr/Q235 steel with different overlap rate at 1500 W and 6 mm/s: (a) 60%; (b) 50%; and (c) 40%. (a1) Local amplification figure of (a), (b1) Local amplification figure of (b), (c1) Local amplification figure of (c).
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Figure 11. EDS line scanning of the 1500 W, 6 mm/s, and 40% sample. (a) SEM image, (b) EDS results. 
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Table 1. Main chemical composition of Q235 steel (wt. %).






Table 1. Main chemical composition of Q235 steel (wt. %).





	C
	P
	S
	Mn
	Si
	Fe





	0.17–0.24
	≤0.03
	≤0.03
	0.35–0.65
	0.17–0.37
	Bal.
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Table 2. Parameters of output power.






Table 2. Parameters of output power.





	
Power/W

	
Scan Velocity/(mm·s−1)

	
Feeding Velocity/(g·min−1)

	
Ar Flow/(L·min−1)






	
900

	
5

	
13.5

	
5




	
1200




	
1500




	
1800
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Table 3. Parameters of scanning speed.
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Power/W

	
Scan Velocity/(mm·s−1)

	
Feeding Velocity/(g·min−1)

	
Ar Flow/(L·min−1)






	
1500

	
3

	
13.5

	
5




	
4




	
5




	
6
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Table 4. Parameters of overlap.






Table 4. Parameters of overlap.





	
Overlap Rate

	
Power/W

	
Scan Velocity/(mm·s−1)

	
Feeding Velocity/(g·min−1)

	
Ar Flow/(L·min−1)






	
60%

	
1500

	
6

	
13.5

	
5




	
50%




	
40%
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Table 5. Point EDS analysis in Figure 3a1.






Table 5. Point EDS analysis in Figure 3a1.





	Point
	C/(wt. %)
	Cr/(wt. %)
	Ni/(wt. %)





	1
	36.76
	56.39
	6.85



	2
	22.76
	65.00
	12.24



	3
	12.46
	46.39
	41.15
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