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Abstract

:

An Fe-based coating was thermally sprayed onto the surface of AZ91 magnesium alloy via the High-Velocity-Oxygen-Fuel (HVOF) method. The thermally sprayed coating with a thickness of 530 ± 25 µm and a porosity of 0.7 ± 0.1% did not show any macrostructural defects and did not cause any degradation of the AZ91 alloy. Laser remelting of the surface layer of the sprayed coating resulted in the recrystallization of the structure and the disappearance of presented pores, splat boundaries, and other defects. This led to an increase in the hardness of the remelted layer from the original 535 ± 20 HV0.3 up to 625 ± 5 HV0.3. However, during the laser remelting at a laser power of 1000 W, stress cracking in the coating occurred. The tribological properties were evaluated by the ball-on-plate method under dry conditions. Compared to the uncoated AZ91 magnesium alloy, a higher value of friction coefficient (COF) was measured for the as-sprayed coating. However, there was a decrease in wear rate and weight loss. The remelting of the surface layer of the as-sprayed coating led to a further decrease in the wear rate and weight loss. Based on the obtained data, it has been shown that the application of laser-remelted thermally sprayed Fe-based coatings on AZ91 Mg alloy improves hardness and tribological properties compared to bare Mg alloy and as-sprayed Fe-based coatings.






Keywords:


AZ91; magnesium alloy; HVOF coating; laser remelting; tribological properties; wear behavior












1. Introduction


Magnesium alloys are used in industry, especially in the automotive industry, the aerospace industry, electrical engineering, and telecommunications, due to their low densities, which are the lowest of any currently known metallic construction materials, and due to their high strength-to-weight ratios [1,2,3,4]. Current applications in the automotive industry include their use for components such as pedals, engine block castings, gearbox housings, seat frames, and some bodywork components, etc. [1,5]. In industrial engineering, such as in textiles or printing, magnesium alloys are used for components operating at high speeds and which therefore need to be lightweight to minimize inertial forces [1,5].



However, a common feature of all magnesium alloys is their low resistance to corrosion and wear [1,6,7,8,9]. These disadvantages can be avoided by the application of protective coatings [7,9,10,11,12]. Many types of coatings have been developed to increase the corrosion resistance of magnesium materials, for example, plasma electrolytic oxidation (PEO) coatings [13], layered double hydroxides (LDH), superhydrophobic coatings [14,15], electroless coatings or electroplated coatings [16,17,18], phosphate coatings or coatings deposited via hot spray technology [3,19,20,21]. Although these coatings increase corrosion resistance, they achieve low adhesion, hardness and abrasion resistance, which limits their practical application [22,23].



In addition to the above-mentioned applications of protective coatings, the addition of alloying elements or the use of heat or mechanical treatment (e.g., shot peening [24,25,26], laser shot peening [27], laser cladding [28] or friction stir welding [29] are also used to improve the surface properties of Mg alloys.



As reported in publications [30,31,32,33], the addition of an alloying element such as Nd, Sc or Sm to AZ91 alloy resulted in improved corrosion properties and increased hardness, reduced wear rate and increased strength. A suitable alternative could also be the application of coatings by mechanical alloying followed by laser cladding technique [28]. The application of FeCoNiCrAl/AlSi12-based composite coatings by the mechanical alloying method can increase the hardness and nanohardness of the sample surface. Subsequent laser cladding of the FeCoNiCrAl/AlSi12 coating resulted in a further significant increase in hardness. The coating exhibited a refined and homogeneous microstructure without structural defects such as pores and cracks.



In recent years, the most promising methods for the preparation of coatings appear to be the High-Velocity-Oxygen-Fuel (HVOF) and Cold Spray (CS) methods [20,22,34]. Both HVOF and CS are thermal spraying techniques, allowing the deposition of dense, hard, and low porous coatings [35,36]. The HVOF technique is suitable for the deposition of both metal and metal–ceramic-based coatings and allows the application of abrasion-resistant coatings [22,37,38]. García-Rodríguez et al. [39] investigated the application of 316L-base HVOF-sprayed coatings on ZE41 magnesium alloy and studied the surface properties. It was found that the application of 316L-based coatings reduced the wear rate (at low wear rates and lower loads) by up to 93% compared to bare ZE41 magnesium alloy. At the same time, the hardness was increased more than six-fold from 65 HV0.1 to 433 HV0.1 by the application of the coatings. Koga et al. [40] reported that the application of amorphous Fe60Cr8Nb8B24 (at.%) HVOF-sprayed coatings can lead to a significant increase in surface hardness, from 222 ± 5 HV0.3 for steel substrate to 838 ± 23 HV0.3 for amorphous coating. As reported by the authors [40], the coatings exhibit excellent abrasion properties, mainly due to the higher proportion of the amorphous phase. On the basis of wear measurements, it was observed that the wear rate of the amorphous coatings was approximately two orders of magnitude lower than that of the steel substrate.



With respect to structural defects of HVOF thermally sprayed coatings (pores, microcracks, splat boundaries, etc.), several methods of post-treatment have been studied in the past to improve surface properties. Among them, heat treatment and laser treatment have been used to remove these structural defects [41,42,43]. Such defects can have a negative effect on both the resulting functional properties and the behavior of the coated samples. The laser remelting process can improve the properties of the coatings by eliminating their defects (pores, cracks, etc.), which can lead to an increase in density, hardness, wear resistance, stress relief, etc.



The aim of this paper was to describe the effect of the laser remelting of Fe-based thermally sprayed coatings deposited on the surface of AZ91 magnesium alloy. Using laser powers of 650 W and 1000 W, the effects of laser remelting on the structure, hardness, and tribological properties of coatings were evaluated. The laser remelting process can be a useful technique for the post-treatment of thermally sprayed coatings and for improving the performance and extending the life of the applied coating or coated part. This issue has not yet received sufficient attention in the literature. The experimental results showed that the application of laser-remelted thermally sprayed Fe-based coatings on AZ91 Mg alloy improves hardness and tribological properties compared to bare Mg alloy and as-sprayed Fe-based coatings.




2. Materials and Methods


2.1. Material


Wrought AZ91 magnesium alloy was used as the substrate for the deposition of thermally sprayed coatings. The elemental composition of AZ91 alloy was (wt%): 8.80 Al; 0.81 Zn; 0.32 Mn; 0.04 Si; 0.01 Zr; balance Mg. The material was received as cast AZ91 magnesium alloy sheets with the dimensions of 100 × 100 × 7 mm. Before the spraying process, the surface of each sheet was corundum blasted with F36 brown corundum (500–600 µm) using a Hunziker ST 1403 (Hunziker, Die Cast Machinery, Waukegan, IL, USA) blasting unit at room temperature under a pressure of 3 bar and then dry air-cleaned.



The surface roughness of the blasted samples (Ra) was determined to be approximately 5.2 µm using a confocal microscope (Lext OLS 3000, Olympus, Tokyo, Japan).



The used feedstock powder (Figure 1) was atomized Fe-based powder for thermal spraying (Diamalloy 1010; Oerlikon Metco, Lomm, The Netherlands) with a nominal size distribution of −45 + 16 μm. The chemical composition of the feedstock powder specified by the supplier was (wt%): 28 Cr; 16 Ni; 4.5 Mo; 1.5 Si; 1.75 C; balance Fe.




2.2. Thermal Spraying Process


Thermally HVOF-sprayed coatings (sprayed in 4 torch passes) were sprayed on the blasted AZ91 magnesium alloy samples using a JP-5000 liquid-fuel HVOF gun connected to an IRB-2400/16 robot (ABB, Zürich, Switzerland), Figure 2a. The original 100 × 100 mm blasted samples (Figure 2b) were HVOF sprayed along a strip of 100 × 70 mm. The samples were fixed with steel brackets on each side to a distance of 15 mm.




2.3. Laser Treatment Process


Laser treatment was performed on the HVOF-sprayed coatings. The coated magnesium samples were first preheated to 200 °C for 30 min to reduce the heat shock. The laser beam powered by a YLS-2000 fiber laser source (IPG, Oxford, MA, USA) was led by a 100 µm-thick fiber to a Fiber Rhino (Arges, Wackersdorf, Germany) scanning head with an S4LFT1330/328 f-theta lens (Sill Optics, Wendelstein, Germany). The diameter of the beam was 325 µm, and the laser powers were set at 650 W and 1000 W. The linear scanning speed was 4 m·s−1 with a line spacing of 60 µm. The laser treatment processing pattern was laid down in the same way as in our previous study [19].




2.4. Characterization


The feedstock powder and the HVOF-sprayed Fe-based coatings were characterized by a JEOL JSM-7600 FESEM microscope equipped with an Ultim® Max energy-dispersive X-ray spectroscope (Oxford Instruments plc, Abingdon, UK). The thicknesses of the different samples were measured from a cross-cut using the SmartSEM® User Interface scanning electron microscope software. Measurements were taken at three locations. EBSD (Electron backscatter diffraction) analysis of the coatings was performed using a JEOL JSM-7600 (JEOL) FESEM microscope equipped with a Nordlys EBSD detector. The accelerating voltage for EBSD analysis was set to 20 kV in order to achieve the best signal:noise ratio and the step size was 0.5 µm. For the EBSD characterization, the samples were ion polished using IB-19500CP Cross Section Polisher (JEOL). The porosity was evaluated by means of image analysis using ImageJ software.



The phase compositions of AZ91 magnesium alloy, feedstock powder, and as-sprayed coatings were determined using an Empyrean X-ray diffraction (XRD) spectrometer (Panalytical, Malvern, UK) with Cu Kα radiation. The 2θ scan range ranged from 10 to 85°; the scan step size was 0.013°; the time per step was set to 39 s; the generator voltage was 40 kV with the tube current 30 mA. HighScore Plus software was used for the evaluation of measured data.



The Vickers microhardness of all samples with thermally sprayed coatings and laser-remelted coatings was measured under an applied load of 300 g for a duration of 10 s (AMH 55, LECO, St. Joseph, MI, USA) according to ASTM E384.



Tribological measurements were performed using the UMT Tribolab (Bruker, Billerica, MA, USA) universal mechanical tester platform using the ball-on-plate method that considers reciprocating motion under an applied normal pin load of 20 N (Mean contact pressure 1150 MPa). The duration was set to 600 s, with a total sliding distance of 12 m at a frequency of 2 Hz, and a working distance (stroke length) of 10 mm. The sliding speed was 20 mm·s−1. The dry sliding wear tests were performed at laboratory temperature on polished samples (Ra ≈ 0.05 µm). The counter-ball was Si3N4 with a diameter of 7.5 mm. A total of 2 repetitions were performed for each sample.





3. Results and Discussion


3.1. Structural Characterization


Figure 3a–c show the microstructure of HVOF coatings on AZ91 Mg alloy. From the macroscopic point of view, it can be seen that the as-sprayed coating and the coating treated by the 650 W laser power were homogeneous and free of structural defects (Figure 3a,b). For the 1000 W laser remelted coating, extensive cracks were visible, extending to about half of the coating (Figure 3c). As discussed in our previous study [19], the presence of these cracks can be explained by the high stresses in the coating associated with the volume change in the remelted layer. During remelting, pores, splat boundaries and other inhomogeneities in the surface layer disappeared. This led to tensile stresses and crack formation in the coating. There was no visible delamination, deadhesion, or visible oxidation at the coating/Mg substrate interface in any of the coatings, indicating the potentially high adhesion of the coatings to the Mg substrate.



The thicknesses of as-sprayed and laser remelted coatings was about 500 µm. The hardness of the as-sprayed coating was determined to be 535 ± 20 HV0.3. In the case of the remelted coating at a laser power of 650 W, there was an increase in the hardness of the 30 µm-wide remelted layer on the surface to 610 ± 8 HV0.3. In the case of the remelted coating at a laser power of 1000 W, there was an increase in the hardness of the 45 µm wide remelted layer on the surface to 625 ± 5 HV. This increase in hardness may be associated with the disappearance of the splat boundaries, pores, and other microstructural defects. The individual coating thickness values are summarized in Table 1.



The X-ray diffractogram (Figure 3d) of the substrate (AZ91 alloy) showed the presence of two main phases, namely the α-Mg matrix phase (a solid solution of alloying elements in Mg), and the Mg17Al12 intermetallic phase. In the case of the feedstock powder, the as-sprayed coating, and the laser-remelted coatings, only two phases were always detected, namely austenite and M7C3 carbide, which is a mixed carbide, where M = Fe, Cr, Mo [44,45]. Apart from these peaks, no other phases appeared in the coatings. Compared to the peaks for the feedstock powder, the individual peaks corresponding to the coatings have a lower intensity, which is related to the severe plastic deformation of the particles during the spraying process, and the presence of amorphous areas associated with the impact of fully melted feedstock powder particles on the Mg substrate and their rapid solidification [20,22].



As can be observed in Figure 4, the microstructure of the as-sprayed coating consisted of non-melted, partially melted, and fully melted areas. In Figure 4a, the different regions are clearly distinguishable and include splat boundaries and pores. Figure 4b shows a non-melted particle separated from its surroundings by splat boundaries. As shown by the XRD analysis (Figure 3d), two phases were detected in the coating, and thus in the non-melted area–austenite and M7C3 carbide. In the non-melted area, the dendrites of austenite (darker regions) and carbide (lighter regions) were well resolved.



A different microstructure was observed for partially melted areas and significantly deformed areas (Figure 4c). As can be seen in Figure 4c, these areas were composed of fine carbide particles and carbides in the interdendritic space which did not form a continuous network, as in the case of non-melted areas. It appears that during the rapid solidification process, the carbide did not have time to fully crystallize. A high degree of plastic deformation is evident compared to the non-melted region (see Figure 4a).



Fully melted areas were homogeneous. According to the literature [22,40,46], such fully melted areas (Figure 4c) can be assumed to be completely amorphous. These amorphous areas were probably formed as a result of the rapid solidification of the fully melted particle [22,47].



The microstructures of the laser-remelted layers are shown in Figure 5. The thicknesses of the remelted layers at laser powers of 650 W and 1000 W were about 30 µm and 45 µm, respectively. A high-magnification BSE SEM micrograph (Figure 5b,d) shows that the coating was predominantly crystallized after laser remelting. This was also confirmed by the EBSD analysis (see Figure 6a). This was due to the fact that the HVOF coating absorbed a large amount of heat during the remelting process. The microstructure in the laser-remelted layer consisted of columnar grains with a subgrain dendritic microstructure. Individual grains were formed by dendrites of austenite (darker areas) and M7C3 carbide (lighter areas) in the interdendritic area (Figure 5b,d). Therefore, remelting did not result in the formation of new phases. This was also confirmed by the XRD analysis above (Figure 3d). As can be seen from the details in Figure 5b,d, the dendritic structure in the remelted layer is similar to the dendritic structure of non-melted particles in the as-sprayed coating (Figure 4b). As can be observed in Figure 5d, in the case of the coating remelted at a laser power of 1000 W, the austenite dendrites and carbides in the remelted layer were coarser than those in the case of the coating remelted at a laser power of 650 W (Figure 5b). This may be due to the fact that more heat was introduced into the coating during remelting with the higher laser power, which resulted in a longer cooling time.



As shown in Figure 6, the as-sprayed coating is predominantly non-crystalline, as very few diffractions were observed. The EBSD results (Figure 6b) suggested that the black areas may be amorphous or pores and splat boundaries, while the non-melted particles and the partially melted and plastically deformed particles retained their crystallinity. Additionally, it may be very fine grains/areas that are smaller than the EBSD characterization step size [48]. There was an approximately 5 μm-thick transition band between the as-sprayed coating and the laser-remelted layer (Figure 6a,c). This was probably the heat-affected zone below the level of the melt pools.




3.2. Tribological Behaviour


Figure 7 summarizes the friction and wear results obtained by the ball-on-plate method performed on AZ91 alloy, the as-sprayed coating surface, and laser-remelted coatings. It can be seen from Figure 7a,b that the lowest value of friction coefficient (COF), 0.24 ± 0.03, was measured for the uncoated AZ91 alloy. In the case of the coated alloy (as-sprayed coating), it was observed that the COF was about 0.45 at the beginning of the testing, but as the sliding distance increased, the COF increased to approx. 0.70. In the case of the laser-remelted coatings at laser powers of 650 and 1000 W, the COF values were comparable—specifically, 0.50 ± 0.05 and 0.48 ± 0.04, respectively. Figure 7a shows that the COF can be considered constant during the measurement. The higher values of the COF for coatings may be due to the higher proportion of carbides in the coating and in the laser-remelted layer. These carbides do not have good sliding properties but increase wear resistance [21,49]. In the case of the as-sprayed coating, the gradual increase in the friction coefficient can be caused by abrasive and tribo-oxidative wear, where deburred and oxidized particles and particles trapped in the open pores of the coating and pits can increase the friction. The COF tends to increase due to the extra energy involved in dragging and pulling debris out of contact between counter-ball and worn surface; thus, the wear tends to increase [50,51].



Even though the lowest COF value was obtained for the uncoated AZ91 alloy, the wear rate, penetration depth, and weight loss were significantly higher than for the coated samples (Figure 7c,d). The penetration depth after the wear test was approximately 4–5 times lower for the coated samples than for the uncoated AZ91 alloy.



The weight loss was also significantly lower for the coated samples. In the case of AZ91 alloy, the weight loss was determined to be 2.7 × 10−4 g, while in the case of the as-sprayed coating, the weight loss was 1 × 10−4 g. In the case of laser-remelted coatings, the weight loss was even lower, at 3.3 × 10−5 g.



Wear tracks and wear profiles of the tested samples are shown in Figure 8. The individual dimensions of the wear tracks correlate with the weight loss results. As shown in Figure 8a, in the case of alloy AZ91, the penetration depth of the wear track at the lowest point was about 30 µm. The width of the wear track was approximately 1200 µm after the wear test. The spraying of the coating increased the wear resistance of samples and thus decreased the penetration depth. The penetration depth was determined to be 5 µm in the case of the as-sprayed coating, and the wear trace width was determined to be 650 µm (Figure 8b). The remelting of the thermally sprayed (as-sprayed) coating at a laser power of 650 or 1000 W led to a further increase in wear resistance. The penetration depth after the wear test of the remelted coatings was determined to be approximately 4 µm in both cases, and the width of the wear tracks was approximately 430 µm (Figure 8c,d).



The wear track of AZ91 magnesium alloy is shown in Figure 9a,b. From a macroscopic point of view, grooves (abrasive wear) were evident in the wear direction (Figure 9a). Upon closer examination (Figure 9b), it was evident that the Mg alloy surface was showing cracks, as well as delamination (flaking) of the Mg alloy, and there were also obvious areas of oxidation after the wear. The oxidation of the surface was also recorded via EDS analysis (Figure 10a).



Feng [52] and other authors [53,54] report that during friction and wear tests, intermetallic phases are, in the case of AZ-based Mg alloys, a ready source of cracks at the solid solution α-Mg/intermetallic phase interface due to the fact that the intermetallic phases (especially β-Mg17(Al,Zn)12 and Al8Mn5 phases) are more brittle than the surrounding matrix α-Mg. In addition, for AZ91 alloy, the β-Mg17(Al,Zn)12 phase loses adhesion to the surrounding α-Mg matrix during plastic deformation. This can adversely affect the mechanical properties of the alloy. Previous studies [54,55] have shown that due to the heat treatment, the β-Mg17(Al,Zn)12 phase can be dissolved in the surrounding matrix, thereby significantly improving the wear resistance.



The main reasons for wear in Mg alloy are abrasion, crack formation, and subsequent delamination. In accordance with the literature [52,54,56,57], the wear mechanism consists of the initiation of a crack at the α-Mg/intermetallic phase interface, which further propagates through the substrate to the surface. This leads to the formation of macrocracks and surface metal delamination, which subsequently forms pits in the surface, increasing the surface roughness, as documented in Figure 9a,b. A large amount of frictional heat is generated at the counter-ball/sample interface during wear and friction. Studies [1,57,58] have shown that the β-Mg17(Al,Zn)12 phase does not have a significant hardening effect at grain boundaries during dry friction. In addition, the β-Mg17(Al,Zn)12 phase can delaminate during friction and can even be completely pulled into the space between the surface and the counter-ball, causing abrasive effects [53]. Chen [53] states that as the sliding speed of the counter-ball increases, the frictional heat increases and thus the plasticity of the Mg alloy increases; therefore, not as many cracks form in the material.



However, due to friction in the air (depending on the speed and load), a thin layer of magnesium oxide forms on the surface of the Mg substrate, leading to significant oxidative wear of the surface (Figure 10a). Upon friction, the MgO layer breaks down, peels off, erodes, and exposes a new surface that can oxidize further. The detached MgO residues can continue to abrade the surface (tribo-oxidative wear). This phenomenon is continuously repeated and the oxidative wear increases.



In the case of the as-sprayed coating, mainly abrasive and tribo-oxidative wear was observed (Figure 9c,d). Closed pores and splat boundaries were exposed. Abraded particles, debris, and oxides (formed during the friction) were able to fill the exposed pores in the coating (Figure 9d). Upon close inspection (Figure 9d), crack formation and delamination were observed in the case of as-sprayed coatings due to the depletion of the plasticity of the austenite matrix. In addition, the coating showed tribo-oxidative wear (Figure 10b).



Regarding the wear mechanism, on the basis of available sources [59,60], it was found that at the carbide/matrix phase interface or at splat or pore boundaries, a crack initiates due to friction, which subsequently propagates through the surface layer of the material. This then leads to the formation of macrocracks in plastically deformed regions due to local plasticity depletion [61]. Subsequently, with further wear, delamination of the surface occurs [39]. Bolelli [21] mentioned that fatigue failure of the material occurs during the cyclic loading of coatings. The resulting pits and grooves, etc., on the surface of the coating are the result of fatigue cracks that initiate and propagate along splat boundaries and non-melted particles. At the same time, the surface of the wear track may be covered by a discontinuous layer of abraded particles and oxides formed during the release of frictional heat. The presence of these deburred and oxidized particles was also observed on the surface of the coatings (Figure 9c and Figure 10b). The deburred and oxidized particles and debris on the surface could lead to an increase in the COF, as shown in Figure 7a.



In the case of laser-remelted coatings at a laser power of 650 W (Figure 9e,f) or 1000 W (Figure 9g,h), only abrasive wear and tribo-oxidative wear were observed, where oxidation of the surface of the worn coating occurred due to the frictional heat released (Figure 10c,d). No cracking or delamination occurred due to the compact structure and high carbide content. Tabrett [62] and other authors [45,63,64] reported that the carbides present in the coating structure can provide wear protection due to their hardness. The austenitic matrix has good ductility and plasticity. The role of the matrix is to provide mechanical support to the carbides, and in turn the carbides protect the matrix from wear. If there are few carbides in the coating structure, the matrix is not sufficiently protected against wear and is preferentially deformed and removed during the wear. Wear resistance is expected to increase with an increasing volume of carbides in the coating structure [21,44,62].





4. Conclusions


	-

	
Fe-based coatings were thermally sprayed on the surface of AZ91 magnesium alloy via the HVOF method using commercially available powders.




	-

	
Laser remelting of the coating surface layer resulted in a change in the microstructure in the 30 ± 5 µm or 45 ± 5 µm-thick remelted layer.




	-

	
Laser remelting of the thermally sprayed coating resulted in the disappearance of porosity and an increase in the hardness of the coating up to 625 ± 5 HV0.3.




	-

	
The remelting of the coating at 1000 W laser power resulted in cracks in the coating due to internal stresses and volume changes.




	-

	
On the basis of tribological measurements performed by the ball-on-plate method, it was shown that the sprayed coatings and laser-remelted coatings had a higher value of COF than the uncoated AZ91 alloy; however, surface-treated samples showed significantly lower wear rates and lower weight loss values (five times lower).
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Figure 1. The surface morphology of feedstock powder: (a) Diamalloy 1010 particles and (b) particle detail. 
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Figure 2. Thermal spraying process; (a) sample placement for thermal spraying and (b) sample holder. 
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Figure 3. Microstructure of thermally sprayed coatings, (a) as-sprayed, (b) laser-remelted at 650 W, (c) laser-remelted at 1000 W. XRD patterns (d) of AZ91 alloy, feedstock powder, and thermally sprayed coatings. 
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Figure 4. Higher magnification micrograph of as-sprayed coating, (a) cross-section, (b) detail of non-melted particle, (c) detail of melted, deformed and fully melted area. 
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Figure 5. Higher magnification micrograph of laser-remelted coatings, (a) coating remelted at 650 W laser power, (b) coating remelted at 650 W laser power–detail, (c) coating remelted at 1000 W laser power, (d) coating remelted at 1000 W laser power–detail. 
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Figure 6. EBSD analysis of LT650W sample, (a) overview image of the laser-remelted layer, transition band, and non-affected HVOF coating, (b) detail of laser-remelted area, (c) detail of (1) non-affected as-sprayed coating and (2) transition band, (d) pole figures of the remelted area. 
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Figure 7. Results of tribological testing for individual samples: (a) record of the friction coefficients (COF), (b) COF values, (c) penetration depth values, (d) weight loss values. In the case of Figure (d), the error bars are not shown because the measurement error (weight change) was close to zero. 
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Figure 8. Wear tracks and wear profiles of tested samples, (a) AZ91 magnesium alloy, (b) as-sprayed coating, (c) laser-treated coating (650 W), (d) laser-treated coating (1000 W). 
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Figure 9. Wear track of (a) AZ91 magnesium alloy, (b) AZ91 magnesium alloy detail, (c) as-sprayed coating, (d) as-sprayed coating detail, (e) laser-treated coating (650 W), (f) laser-treated coating (650 W) detail, (g) laser-treated coating (1000 W), (h) laser-treated coating (1000 W) detail. 
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Figure 10. EDS mapping of worn surfaces, (a) AZ91 magnesium alloy, (b) as-sprayed coating, (c) laser-treated coating (650 W), (d) laser-treated coating (1000 W). 
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Table 1. Microstructural and mechanical features of the coatings and Mg substrate.
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	Sample
	Thickness (µm)
	Thickness of Remelted Layer (µm)
	Hardness HV0.3
	Porosity (%)





	AZ91 alloy
	-
	-
	85 ± 9
	-



	As-sprayed coating
	530 ± 25
	-
	535 ± 20
	0.7 ± 0.1



	Laser-remelted 650 W
	517 ± 10
	30 ± 5
	610 ± 8
	0.0 ± 0.0



	Laser-remelted 1000 W
	515 ± 9
	45 ± 5
	625 ± 5
	0.0 ± 0.0
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