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Abstract

:

The flame sprayed Fe-based Ni/WC cermet coating was treated by laser remelting. The influence of scanning speeds on the interface behaviour was investigated. SEM, XRD and EDS were used to analyse the microstructure, phase composition and element distribution of the interface. The results showed that the interface of the coating contained holes and interlayer cracks and showed typical mechanical bonding features. The coatings mainly consisted of [Fe, Ni], Cr, WC, Cr7C3, Fe0.04Ni0.36, and other phases. After laser remelting, the coatings were smooth and dense due to the existence of well-developed dendrite structures and metallurgical bonding and could reach the optimal performance at 200 mm/s. New phases such as Fe2Si, Cr2Si, and W2C appeared in the remelted layers. With the increase of scanning speed, the half-peak height and average grain size became wider and smaller. At the same time, the measured dendrite spacing decreased with increasing scanning speed.
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1. Introduction


As an important branch of thermal spraying technology, flame spraying technology has been widely used in surface engineering [1,2,3,4] for its high spraying efficiency, coating material variety, excellent coating performance, good economic benefit, and high material utilisation. However, the shortcomings of its poor ability to resist impact, ease of dropping off under heavy load, impact, and high stress working conditions, attributed by its unstable mechanical combination [5], typically layered structure, high porosity and cracks, are all issues that restrict further applications. Therefore, researchers have actively proposed a variety of solutions—especially laser remelting technology—to improve coating performance effectively [6,7]. González et al. [8] studied the laser remelting of a NiCrBSi alloy coating on the surface of a grey cast iron and found that the treated coating was well bonded to the substrate with almost no pores and cracks. Wu et al. [9] prepared NiCrAlY and NiCrAlY + Al2O3 coatings by thermal spraying and laser remelting and showed that the coating formed by laser remelting was denser than that formed by thermal spraying, as the holes, vacancies, unmelted particles, and cracks in the coating disappeared. Yang et al. [10] studied the effect of laser remelting on the atmospheric flame sprayed Al2O3 and Al2O3+13 wt.% TiO2 coatings. This research provided that the meta-stable phase γ-Al2O3 in the Al2O3 coating transformed to a stable phase α-Al2O3 after remelting and TiO2 may react with Al2O3 to form TiAl2O5, which improved the density of remelting layer successfully.



Therefore, it can be seen that the laser remelting process can ameliorate many defects such as density, pores, and cracks, can achieve the metallurgical bonding between the coating and substrate and improve the overall performance of the coating finally. As is well-known, the interface problem is one of the three bottlenecks in remanufacturing and exerts a critical influence on remanufacturing quality. How to find an effective adhesive way to improve the microstructure of the interface between substrate and coating has been the key problem to overcome in order to improve the quality of laser remelted layers [11]. According to the existing research, the laser process parameters can play a decisive role for the microstructure and properties of laser remelted coatings [12,13,14].



Therefore, the authors prepared a Fe-based Ni/WC composite coating on the surface of a 45 steel by flame spraying and laser remelting and analysed the bonding interface quality under different scanning speeds. Thus, the surface morphology, phase composition, element distribution, and micro-hardness of the interface between coating and substrate were analysed to provide a theoretical basis for the application and popularisation of laser remelting in the field of thermal spraying.




2. Experimental Work


2.1. Coating Preparation


The matrix material used in the experiment is a 45 steel. Before flame spraying, the surface of the substrate was polished with 400 mesh sandpaper, and then impurities such as oil on the surface were removed by acetone solution. The coating material is a cermet coating produced by Zhen Xing Metal Powder Co., Ltd., Chengdu, China. That is made of an iron-based alloy powder (Fe40) and a nickel-based tungsten carbide alloy powder (Ni60 + 35WC) mixed in the ratio of 9:1 (its chemical composition is given in Table 1. During flame spraying, the 0.4 mm Fe40 + Ni60 + 35WC cermet coating was sprayed on the surface of the 45 steel used spraying system self-manufactured by Fu Rui Technology Co., Ltd., Beijing, China. (the process parameters of flame spraying as shown in Table 2.) Using nano-SiC as a filler, and Ar as a shielding gas during remelting process. The nano-SiC was mainly used as the composite modified phase of nano-composite ceramic composites or nanostructure coating for its high strength, hardness, wear resistance, corrosion resistance, and other mechanical properties [15]. The nano-SiC powder was mixed into mushy with absolute ethyl alcohol and presented on the surface of flame coating—the thickness of which was about 150 μm. Then, it was dried and cured in a vacuum drying box at 120 °C for 1.5 h, and the laser remelting test was carried out after finishing the shape. A second heat treatment was carried by the AXL-600 AW laser remelting equipment produced by Ao Xin Laser Co., Ltd., Dongguan, China. The schematic diagram and related experimental parameters used during the laser remelting process are shown in Figure 1 and Table 3, respectively.



The prepared sample was cut into a cuboid measuring 15 mm × 10 mm × 6 mm in a wire-cutting machine tool: the cross-section of the sample was polished by metallographic abrasive papers and a homemade polishing fluid until a bright mirror effect was reached. To facilitate subsequent microstructural observations, a 4% nitric acid alcohol solution was selected as the etching solution to corrode the sample for about 5 s (the corrosion time was very short and had little effect on the interface elements).




2.2. Analysis and Characterisation


The microstructural features of the interface between the coating and the substrate were analysed by MLA650F field emission scanning electron microscopy (FESEM) (FEI, Hillsborough, OR, USA). The distribution of interfacial elements was analysed by examination of their energy spectra (EDS) and the phase of the coating was analysed by the Empyrean X-ray diffraction (equipped with a Cu-Kα radiation (λ = 0.15418 nm)) system (OLYMPUS, Tokyo, Japan). The microhardness was measured at the cross-section of the polished samples with an FM-700 type micro-hardness tester (Future-Tech Enterprise Inc., Holbrook, AZ, USA), under a loading of 1 kg and test distance of 0.05 mm for 10 s. Each test was repeated to give sample size n = 3 before averaging. Besides, the particles and holes on the coating surface were avoided as much as possible during measurement.





3. Results and Analysis


3.1. Phase Structure


Figure 2a shows the XRD patterns of the remelted coatings at different scanning speeds. The main phases of the surface are WC, W2C, M7C3, α-(Fe, Ni), M23C6, (Cr, Ni)3Si, and so on. In the process of plasma spraying and laser remelting, WC particles decomposed in the high-temperature environment as follows: WC → W + C, 2W + C → W2C [16], the decomposed C atoms will be combined with other elements to produce a cubic structure of M6C type carbide. For example, in the melted WC and Fe, Ni is generated (Fe, Ni)6C, and its dispersion is high. W2C has a dense hexagonal structure, and it was dispersed in the coating, playing a role in the dispersion of strengthening. M7C3 is a large hardened carbide structure (about 0.5 μm diameter), with a complex structure, and it is the hardening phase with high melting point and hardness. M23C6 is a smaller carbide (about 0.1 to 0.2 μm), with a face centred cubic structure [16]. It can be seen that the phase composition in the remelted layer is almost unchanged when the scanning speed is increased from 150 to 250 mm/min. The coatings mainly consisted of [Fe, Ni], Cr, WC, Cr7C3, Fe0.04Ni0.36, and other phases. After laser remelting, due to the addition of nano-SiC, new phases such as: Fe2Si, Cr2Si, and W2C phases appear. Additionally, from the figure we can see that the peak of WC is relatively small, which means that due to the decarburisation phenomenon (i.e., 2WC + O2 = W2C + CO2) [17] present during the remelting process, most of them are decomposed and transformed to the W2C phase. Besides, some supersaturated solid solution phases and metal carbides, generated by the appearance of elemental Cr, play the role of solid solution strengthening and dispersion strengthening.



According to research [18], the broadening effect and microstrain caused by grain refinement are in agreement with the Lorentz and Gauss functions, respectively. In order to observe the effect of scanning speed on grain refinement objectively, a comparison of the broadening phenomenon of the first main peak (42° to 45° diffraction angle) is shown in Figure 2b. The faster the scanning speeds, the wider the half-height (FWHM). Therefore, it can be understood that the increase of the scanning speed can make the eutectic microstructure of the remelted layer finer and decrease the grain size correspondingly by the Scherrer and Wilsoh equation [19]. Moreover, the Hall-Petch [20] relationship (σs = σ0 + Kd½) can explain why the fine grains can not only improve the ductility and toughness of the material, but also improve the strength thereof.




3.2. Interface Morphology


Figure 3 is the SEM photos for the interface morphology. Figure 3a shows that the interface between the as-sprayed coating and the matrix are riddled with large pores and interlayer cracks, and more cracks and pores exist between the layers as well. The coating of such a layered structure is prone to engender adhesion wear under high-speed friction, and exerts a significant influence on the coating performance and service life. In addition, some of the spraying particles are stacked and not fully filled at the bonding interface, which leads to appearance of rigid connection between the matrix and coatings. Hence, the coating interface is a typical mechanical bond, which greatly reduces the bond strength between the spray coating and the matrix. Figure 3b–d shows the SEM images of the remelted layers: after processing at different scanning speeds, the coatings are smooth and compact without fine cracks, most of the internal defects are eliminated, and the density of coatings are improved. Besides, the surface is relatively flat, the original lamellar structure at the cross-section has disappeared, and the coating and matrix forms a solid metallurgical combination. When the scanning speed is 150 mm/min, the interface junction appears two interface lines. The coating contains a small amount of micropores, and the micro- structure of regions A and B is the same. This can be explained by the lower scanning speed and the pool-mixing taking too long, making the coating absorb excessive energy and decreasing the dilution of the substrate to the remelted layer. The formation of organisational structures that are similar to the regions A and B by the excessive melting of the coating and substrate reduced the strength and hardness of the coating to some extent. When the scanning speed was 200 mm/min, the micropores in the coating were reduced in number, and the black substance in regions D and E remained uncleaned and oxidised under experimental corrosion conditions. When the scanning speed was 250 mm/min, unavoidable micropores still exist in the coating, and the numbers of the micropores are higher than that at first two scanning speeds. The micropores may be caused by the bubbles in the molten liquid or the slag, which cannot escape in time to cool and solidify, resulting in microporous defects in the coating. The reasons for the difference between the coating and regions F or C, with regard to the formation of micropores, is that there is a small amount of elemental segregation in the rapid cooling after laser remelting, which hinders the growth of the grain boundary front of the solidified part and results in the formation of tiny holes. In addition, the scanning speed exerts a significant influence on the surface heating time of the coating. Assuming that the coordinates of the centre of the laser beam are fixed, and the laser spot is round (Figure 4), and:
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Finally, the relationship between the laser irradiation time and the scanning speed can be deduced:
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where t is the laser irradiation time of point P, s; s is the swept distance at point P (AB) (Figure 4), mm; x is the distance from point P to the spot centre, mm; D is the beam diameter, mm; and V is the laser scanning speed, mm/s.



According to Equation (5), the time-distance curve for different scanning speeds, at a certain laser power and spot diameter, can be plotted as Figure 5. The larger the scanning speed, the smoother the curve. Compared with the time curve, the heated area throughout the whole surface becomes more uniform with the increasing of the scanning speed. Thus, in order to ensure the uniformity of heat energy over the coating surface, a larger scanning speed is needed as far as the adequate fusion energy exists in the interface between the substrate and the coating. However, the scanning speed is restricted by the thicker coating. The thicker the coating, the lower the requirements on the scanning speed to meet the required penetration of the coating and achieve the metallurgical bonding. The coating can reach optimal performance at the scanning speed of 200 mm/s, everything considered.




3.3. Dendrite Growth Behaviour Analysis


Based on the Image-Pro Plus software, the line transect method is used to measure the secondary dendrite spacing, as shown in Figure 6. To measure the secondary dendrites, each metallographic picture is assessed at four measuring positions and the average is taken. Figure 7 shows SEM imagery of the secondary dendrite spacing measurement. It can be seen from Figure 7 that the microstructure of the coating is mainly composed of well-developed dendritic structures. Normally, the quality of the solidification structure can be assessed by the primary dendritic spacing and the secondary dendritic spacing. Among them, the primary dendrite spacing exerts an important influence on the mechanical properties, and the secondary dendrite arm spacing has a direct influence on the segregation of components, the secondary phase, and the distribution of the microscopic holes. Table 4 shows the results of the secondary dendrite spacing. It can be seen that the larger the scanning speed, the smaller the secondary dendrite spacing, and the smaller the dendritic structure, which indicates that the precipitation phase, the ordered domain and other components, and the substructure size is correspondingly reduced. This is mainly because the greater the scanning speed, the less energy the coating absorbs from the laser. A large number of crystal nuclei in the melt pool do not have insufficient time to grow and solidify, during the rapid solidification process. In addition, according to the formula proposed by Kirkwood [21] (Equation (2)), the secondary dendrite spacing depends on the material cooling rate or local solidification time directly, which means the slower the cooling rate, or the shorter the local solidification time, the smaller the secondary dendrite spacing. Therefore, combined with the characteristics of laser remelting (i.e., rapid heating and rapid cooling), the faster the scanning speed, the shorter the cooling time, the smaller the corresponding dendrite spacing, and the finer the organisational structure.


   λ 2  = β  t  1 / 3    



(6)




where λ2 is the secondary dendritic spacing, β is the dendrite solidification time, and t is a constant.



In the range 100–150 mm/min it can clearly be seen that the scanning speed is low; the rate of laser energy absorption is higher; the cooling rate of the coating is slower; the cladding area can absorb more heat; the melting duration is longer—in which the crystal bubble has enough time to grow up—therefore the lattice volume is large; the number is small and the microstructure is relatively coarse. Lattice distortion occurred in the cladding area of the Figure 7a coating, and its structure was similar to a “fish bone.” In the range 200–250 mm/min, the scanning speed is high, and the cladding area is subjected to rapid melting and solidification. The gradient of temperature changed greatly, resulting in a large number of crystal nuclei and more lattice. The distance between the internal lattices decreased after the grain refinement of the remelted coating. Therefore, the microstructure of the Figure 7b,c coating is more intensive [22,23].




3.4. Interface Elements


The interface EDS scanning position at 200 mm/s is shown in Figure 8. Figure 9 shows the line scan analysis results at the scanning speed is 200 mm/s and the scanning-line length is 50 μm. It can be seen that the atomic content of Ni, Cr, and Si in the coating is higher, and inter-diffusion occurs at the interface. The content of each element gradually decreases towards the interior of the matrix, resulting in the gradient hardness of the coating. Simultaneously, the presence of Cr in the coating is beneficial to the improvement of the microhardness and corrosion resistance of the coating. Elemental Si can refine the coating grain structure to improve the oxidation resistance of the coating. By contrast, elemental C diffuses slightly from the substrate to the remelting layer, which indicates that the diffusion of C mainly plays a dominant role for the interfacial diffusion. The elemental Fe content is gradually reduced from the substrate to the remelting layer, indicating that the Fe is mainly diffused from the matrix to the remelting layer. Since the distribution of elemental W is equivalent between the matrix and coating, it can be stated that the diffusion of W is not obvious. In addition, the atomic diffusion is an unsteady process during laser remelting. According to the Arrhenius equation [24] (Equation (7)), the diffusion coefficient D increases exponentially with the temperature T. Increasing the thickness of the atomic diffusion layer is beneficial to improving the bonding strength between the coating and substrate. As laser remelting is a rapid quenching process and the temperature therein is very high, the diffusion coefficient is much larger than that at 293 K (room temperature). Surface diffusion occurs mainly in the remelting process, the temperature gradually returned to normal after remelting, and the degree of atomic diffusion was very low.


  D =  D 0  exp ( −  Q  R T   )  



(7)




where D is the diffusion constant, R is the ideal gas constant (8.314 J·mol−1·K−1), Q is the diffusion activation energy, and T is the temperature.



Figure 10 shows the plane scan analysis results (from Figure 8). It can be seen that the coating contains more Si, Cr, and Ni and Fe and C are comparatively gathered in the matrix, whereas W shows dispersion distribution, and the enrichment is not obvious. These results are consistent with the results of line-scan analysis. Finally, based on the above research and analysis, it can be concluded that a certain metallurgical bonding between coating and matrix is formed during the diffusion process.




3.5. Micro-Hardness


Figure 11 shows the micro-hardness curves obtained at different scanning speeds. It can be seen that the micro-hardness increases with depth from the bonding interface to the coating surface. When the scanning speed is low, the remelted layer shows coarse microstructure and low micro-hardness due to the higher absorbed energy. When the scanning speed increases, the dendrite spacing of the remelted layer is relatively small due to the lower absorbed energy and higher solidification rate, which finally increases the hardness. Therefore, the increase of the scanning speed helps to refine the grains to some extent. However, it must be stressed that the excessively high scanning speed might result in the hardness decreasing because the existence time of the molten pool is too short. Figure 12 shows the average micro-hardness of the coating formed at different scanning speeds. The average hardness of the flame spray is about 937.6 HV, and the average hardness of the remelted layer at scanning speeds of 150, 200, and 250 mm/s is about 1223.8, 1283.9, and 1382.9 HV, respectively. The maximum hardness of the remelted layer increases by 47%. Therefore; the greater the scanning speed, the higher the hardness. This may be explained by the interaction between the Ni, Cr, Fe, Si, C, and other elements therein, the fine-grained strengthening by the grain refinement, and the solution strengthening by the formation of the supersaturated solid solution during the rapid solidification process. In summary, when the laser scanning speed increases, the microstructure of the remelting zone is refined and the hardness increases.





4. Conclusions


The flame sprayed Fe-based Ni/WC cermet coating l with laser remelting was performed. The influence of different scanning speeds on the interface behavior of remelting coating was investigated. The following conclusions can be obtained:




	
The interface of the flame sprayed coating showed typical mechanical bonding features and contained several holes and obvious interlayer cracks. After laser remelting, the coatings were smooth and dense due to the existence of well-developed dendrite structures and metallurgical bonding formed during the diffusion process and could reach optimal performance at 200 mm/s. Despite the existence of initial phases in the spray coatings, new phases such as Fe2Si, Cr2Si, and W2C appeared in the remelted layers.



	
The secondary dendritic spacings of the scanning speed (150, 200, 250 mm/s) were 1.106, 1.0496, 0.6209 μm, respectively. With the increase of scanning speed, the half-peak height (FWHM) and average grain size became wider and smaller, respectively. The phenomenon of grain refinement was obvious.



	
After laser remelting, the coatings mainly consisted of [Fe, Ni], Cr, WC, Cr7C3, Fe0.04Ni0.36, and other phases. The maximum hardness of the remelting layer increases by 47%. The improvement of the micro-hardness could be explained by the interaction between Ni, Cr, Fe, Si, C, and other elements therein, the fine-grained strengthening by the grain refinement, and the solution strengthening by the formation of the supersaturated solid solution during the rapid solidification process.
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Figure 1. Schematic diagram of laser remelting. 
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Figure 2. Patterns of (a) As-sprayed coating and different scanning speed remelting coating, and (b) the first primary peak. 






Figure 2. Patterns of (a) As-sprayed coating and different scanning speed remelting coating, and (b) the first primary peak.



[image: Coatings 09 00677 g002]







[image: Coatings 09 00677 g003 550] 





Figure 3. SEM of interface morphology at: (a) flame spraying; (b) 150 mm/min; (c) 200 mm/min; (d) 250 mm/min. 
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Figure 4. Heating process profiles at point P of coating surface. 
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Figure 5. Heating time profiles at point P of coating surface vertical to the scanning direction. 
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Figure 6. The measurement process of the secondary dendrite arm spacing using the linear intercept method. 
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Figure 7. SEM of measuring the secondary dendrite arm spacing at: (a) 150 mm/min; (b) 200 mm/min; (c) 250 mm/min. 
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Figure 8. Interface EDS scanning position at 200 mm/s. 
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Figure 9. Line scan analysis results at 200 mm/s. 
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Figure 10. Plane scan analysis results at 200 mm/s. 
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Figure 11. Micro-hardness changes through the cross-section. 
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Figure 12. Average coating micro-hardness. 
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Table 1. Main chemical composition of the coated powder material (wt.%).






Table 1. Main chemical composition of the coated powder material (wt.%).





	Element
	Ni
	Cr
	B
	Si
	C
	Fe
	WC





	Fe40
	8.9
	16.4
	2.1
	1.9
	<0.5
	Trace
	-



	65% Ni60 + 35% WC
	Trace
	17.2
	3.1
	4.1
	0.93
	9.3
	35
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Table 2. The main process parameters of flame spraying.






Table 2. The main process parameters of flame spraying.





	Air Pressure
	Oxygen Pressure
	Acetylene Pressure
	Spraying Distance
	Spraying Speed





	>0.4 Mpa
	0.7 Mpa
	0.1 MPa
	200 mm
	24 m/min
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Table 3. Parameters of laser remelting process.






Table 3. Parameters of laser remelting process.





	Laser Power P/ W
	Scanning Speed V/(mm/min)
	Spot Diameter D/mm
	Laser Pulse T/ms





	600
	150
	2
	10



	600
	200
	2
	10



	600
	250
	2
	10
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Table 4. Measurement results of secondary dendrite arm spacing.






Table 4. Measurement results of secondary dendrite arm spacing.





	
Scanning Speed mm/min

	
Secondary Dendrite Arm Spacing /um




	
D1

	
D2

	
D3

	
D4

	
Average Value






	
150

	
1.0307

	
1.1778

	
1.3075

	
0.9081

	
1.1060




	
200

	
1.3016

	
0.8818

	
1.0577

	
0.9572

	
1.0496




	
250

	
0.8131

	
0.8153

	
0.8449

	
1.0102

	
0.6209
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