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Abstract

:

Materials with enhanced wear resistance are constantly in high demand. Nickel-based self-fluxing materials deposited by atmospheric plasma spraying (APS) have feasible wear resistance performance. This study aimed to evaluate the results of a nickel-based self-fluxing alloy coating deposited on AISI 4340 steel substrate using APS. Additionally, the temperature at which the remelting process achieved optimal results was investigated. The AISI 4340 steel substrate samples were coated with a self-fluxing NiCrBSiCFe powder by APS. The post-coating remelting process was performed in a controlled atmosphere tube furnace at 900, 1000, and 1100 °C. Microstructural analysis was carried out by Scanning Electron Microscopy (SEM) before and after remelting. The estimated porosity of the as-sprayed sample was 3.28%, while the remelted coating sample at 1100 °C had only 0.22% porosity. Furthermore, a microhardness measurement was conducted, and the best condition yielded an average value of 750 HV0.5. Tribological tests were performed to evaluate the coefficient of friction and wear rates, revealing that at 1100 °C, the as-sprayed coating had a wear rate of 9.16 × 10−5 [mm3/(N*m] and the remelted coating had 4.106 × 10−5 [mm3/(N*m]. The wear-loss volume was determined to be 14.1 mm3 for the as-sprayed coating sample and 3.6 mm3 for the remelted coating at 1100 °C.
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1. Introduction


The demand for materials with good wear resistance has been increasing, especially in the industrial sector, which is always looking for cost reductions to make it more competitive. This demand affects all categories of the industrial sector that use machinery parts with sliding or rotating movements, including energy, mining, and steelmaking. To meet this demand, the development and availability of materials with enhanced tribological properties are necessary [1,2,3,4]. According to Holmberg and Erdemir [5], between 15% and 20% of the world’s energy consumption in the industrial sector is influenced by the wear rate of machinery parts. Furthermore, approximately 20% of all energy produced worldwide is used for overcoming the friction generated between parts of machines and equipment, which strongly justifies investments in research and development in tribology [5]. In 1966, a study by Jost [6] led him to conclude that between 1.0 and 1.40% of the Gross Domestic Product in an industrialized country could be saved by the introduction of the best tribological practices.



A good example of standard materials with attractive properties is AISI 4340 steel, which is a heat-treatable low-alloy steel containing chromium, nickel, and molybdenum. After the heat treatments of quenching and tempering, this steel can exhibit a favorable combination of high strength and toughness as well as good hardenability and fatigue resistance, enabling its use in a wide range of applications in sectors, such as aerospace, automotive, and industrial machinery and equipment [7,8,9,10,11,12,13]. However, for applications where parts are exposed to harsh environments, especially with abrasive contaminants, this steel, with only conventional heat treatments, is not resistant enough to withstand such conditions, leading to degradation and losses.



The development of coatings with enhanced wear resistance deposited on the surfaces of steel by different techniques, such as thermal spray, has expanded its ability to fulfill the demands and expectations of industrial applications. Thermal spray is a group of processes by which metallic or non-metallic coating materials are deposited. The material particles are kinetically energized by a jet, which makes them impinge the substrate surface, cooling rapidly and forming a solid splat. This cycle is continuously repeated until the desired coating thickness is obtained. This process is very versatile in the deposition of coatings, as it can deposit coatings on practically any part size and any type of material.



Among thermal spray processes, atmospheric plasma spraying (APS) is a highly feasible option to efficiently protect the material against accelerated wear and tear. It is also economically viable, especially in large parts with high added value. This process basically consists of thermal plasmas produced by direct current (DC) arc or by radio frequency discharges as heat sources in the deposition, allowing high torch temperatures that provide coatings with excellent densities, excellent cohesion, and relatively low porosity [1,14,15].



The coating powder material selected and applied in this work was a nickel-based self-fluxing alloy. It has good wear resistance, operation at high temperatures, corrosion resistance, and self-fluxing characteristics. Self-fluxing alloys have been developed based on metallurgical refining theory to achieve oxide-free coatings by post-spray fusing process. The addition of B and Si elements into the nickel alloy improves the fluxing properties, acting as deoxidizers, forming borosilicate, protecting the main alloying element against oxidation, and lowering the melting temperature (together with chromium) of pure nickel [16,17].



Furthermore, APS can significantly contribute to the circular economy, which is a model of production and consumption involving sharing, renting, reusing, repairing, refurbishing, and recycling existing materials and products for as long as possible. When the life cycle of products is extended, there is less waste, which helps provide sustainability and promotes economic benefits. Mcginty [18] reported that, from more than 100 billion tons of materials resources that enter the global economy every year, only 8.6% are recycled to be used again. He also reported that the use of materials resources has tripled since 1970 and could double by 2050 if we continue to practice the linear economy, i.e., business as usual. APS process can contribute directly to repairing and refurbishing parts that have suffered wearing and/or corrosion. This means that instead of discarding machinery parts and components, they can be reused and not generate waste by increasing the life of the substrate materials of these components, thus reducing the need for additional materials [19].



This work aims to evaluate the influence of the remelting temperature on the tribological behavior of plasma-sprayed Ni-based self-fluxing alloy coating. The novelty of this research is to determine the best limit for the remelting temperature of the Ni-based self-fluxing coating in a controlled atmosphere furnace to enhance the wear resistance. We also evaluated the influence of the remelting temperature on the microstructure morphology, roughness, microhardness, and porosity.




2. Materials and Methods


In this section, we provide a detailed explanation of the materials, equipment, and methods that were used in the experiments of this research. The first step involved machining the samples, followed by measuring their hardness and roughness. Once this initial step was complete, the samples were coated with a nickel-based self-fluxing alloy using atmospheric plasma spraying, which was then followed by a remelting heat treatment. To assess the quality of the coatings, we conducted microstructural analysis using a scanning electron microscope (SEM), as well as tests for microhardness, roughness, and tribology.



2.1. Substrate Material, Sample Machining, Coating Material, and Deposition


AISI 4340 rolled-steel samples were used as a substrate, whose chemical composition is shown in Table 1. Samples with a diameter of 20 × 3 mm thick and 20 × 20 × 5 mm thick were machined in a CNC machining center with 5 axles and double pallets, Mazak variaxis 630-5X II (Mazak, Florence, KY, USA). The feedstock powder used in the experiments was a commercial self-fluxing nickel-based material, Diamalloy 2001 (Oerlikon Metco, Westbury, NY, USA), with a particle size distribution in the range of −45 to +15 µm with a spheroidal morphology, which facilitates the free-flowing material feed during the coating deposition. Additionally, this powder is produced by the gas atomization process, which assures a homogeneous and consistent alloy, contributing to a high-quality coating level. The chemical composition of the self-fluxing powder is presented in Table 2. The coatings were deposited using the Plasma Spray System AT-3000 with SG-100 torch, Thermach (Appleton, WI, USA). The spraying parameters are shown in Table 3.




2.2. Coating Remelting Process


The remelting heat treatment of the coated samples was performed at three temperature levels, 900, 1000, and 1100 °C, with a heating rate of 10.7 °C/min. The criteria for selecting the remelting temperatures were based on the manufacturer’s datasheet for the coating material. The datasheet stated that the coating material can be fused in a temperature range of 1035 to 1065 °C. Some examples of remelting temperatures found in the literature did not exceed 1050 °C, particularly when the remelting process was not performed in a vacuum furnace [16,20]. Given this information, it was decided to establish 1000 °C as the central reference value for the remelting temperature, with a variation of ±100 °C for conducting the experiments. The best value for the heating rate found in the literature, without intermediate levels, was 10.7 °C/min. This slow heating rate was chosen to ensure the elimination of most possible impurities on the sample surface before reaching the melting peak, with a low risk of sample distortions. The samples were kept for 20 min at each melting peak temperature to ensure proper material soaking. A very low cooling rate of 2 °C/minute was also established to prevent any internal stress in the samples. Figure 1 presents the remelted heat treatment cycle. For this heat treatment, a Jung tube furnace LT 3212 was used, with a maximum temperature of 1200 °C.




2.3. Microstructural Analysis, Porosity Estimation, Roughness Measurement, and Microhardness Measurement


The microstructural examination of the morphology of the coatings was carried out using a Jeol Scanning Electron Microscope, JSM-6510 (JEOL, Peabody, MA, USA), with a coupled EDS module. The SEM images were obtained from Secondary Electrons at an operating voltage of 25 KV. The porosity of the coating was estimated by sampling five different regions from SEM micrographs, using the open-source image analysis software ImageJ (Version 1.54d) to obtain the average percent of porosity. The roughness Ra measurement was performed using the roughness measurement device Mitutoyo, model 2 SJ-219 (Mitutoyo, Jundiaí, Brazil), with a resolution of 0.006 µm in five different regions on each sample. To measure the microhardness, a hardness tester, EMCO-Test, Zwick-Roell (Kuchl, Salzburg, Austria), was used with a load of 0.5 kg (HV0.5).




2.4. Tribological Tests


Tribological tests were performed on the coatings to determine the coefficient of friction (CoF) and wear rate under different conditions, i.e., as-sprayed coating and remelted coatings at 900, 1000, and 1100 °C, using Anton Paar ball-on-plate Tribometer TRB3 (Anton Paar, Ashland, VA, USA) with the parameters given in Table 4.




2.5. Wear Test


To determine the wear in this work, the criteria established in the standard ASTM G133-05 (2016) [21] adopted were related to Linearly Reciprocating Ball-on-Flat Sliding Wear. According to this standard, the main quantities of interest are the wear volume of the contacting ball and the flat specimen lost material. The flat specimen wear track volume is computed by multiplying the average cross-sectional worn area (Wq, avg) with the sliding stroke (s), according to Equation (1).


Wv, flat = Wq, avg × S



(1)




where: Wv, flat is the lost volume of the flat specimen in mm3.



Wq, avg is the average cross-sectional worn area in mm2.



S is the length of the sliding stroke in mm.



To measure and calculate the average cross-sectional worn area by the standard, the first three profiles are taken to measure its area. A variation between them of less than 25% indicates a homogenous wear track and is considered efficient, which happened in this study.



To calculate the cross-sectional worn area and its average, the open-source image analysis software ImageJ (Version 1.54d) was used again.





3. Results and Discussion


3.1. Microstructural Analysis


Figure 2 shows the micrographs obtained by Scanning Electron Microscopy (SEM) from cross-sections of the as-sprayed coatings and coatings remelted at 900, 1000, and 1100 °C. The different morphology of each coating condition was influenced by the remelting temperatures or as sprayed. Comparing the as-sprayed coating and the remelted coating at 1100 °C illustrates the contrast between the morphologies. The as-sprayed coating exhibits many pores, voids, and unmelted particles. On the other hand, the remelted coating at 1100 °C has no voids, no unmelted particles, and practically no pores. The observed precipitates in the cross-section of the remelted coating at 1100 °C were due to the supersaturation during the thermal treatment. This temperature level is borderline for remelting in a non-vacuum furnace for this kind of coating. Kazamer et al. [20] reported that based on thermal analysis of a similar coating powder applied in this work, the remelting temperature limit is 1075 °C; thus, they decided to remelt at 1050 °C. In a study on the effect of high temperature of the heat treatment to remelt Ni-based coating, Bergant et al. [22] deposited low-carbon steel using the flame-spraying process and concluded that the highest temperature to obtain the lowest porosity percentage on the coating as well as the best wear and corrosion resistance was 1080 °C. Kim et al. [23] reported that for Ni-based self-fluxing coatings, when melting and fluxing happen, the liquid phase provides shiny, smooth surfaces but remains in the solid phase to provide the stiffness necessary to keep from forming the semi-molten deposit. This narrow window is the limit to evaluate properties, especially the tribological property of wear.



Another important thing observed in the micrographs is the effect of the Inter-lamellar interface. First, even with the great scientific advances in the developments of processes and technologies in 112 years of existence, thermal spray metal coatings generally present a lamellar structure packed by multiple flattened splats, which hampers the quality of the bonding between coating and substrate, as many factors can affect the bonding results, including impurities, substrate roughness, substrate, and coating temperatures. However, notice on the micrographs that the effect of the Inter-lamellar decreased as the coating remelting temperature increased until it was no longer noticeable. In Figure 2a, the bonding quality of the as-sprayed coating is not good. Figure 2b shows the remelted coating at 900 °C in which the effect of the Inter-lamellar interface remains pronounced. In Figure 2c of the remelted coating at 1000 °C, the Inter-lamellar interface effect has been significantly reduced. Finally, in Figure 2d, the remelted coating at 1100 °C exhibits no effects of the Inter-lamellar interface [24].




3.2. Coatings Porosity Percentage of the Total Coating Sample Area


The density of porosity, presented in Figure 3a–d, is highlighted by the red marks and shows the calculated average percentage of porosity. The average porosity percentage of the coatings was determined in an area of 28,900 µm2 (170 × 170 µm), selected in three samples for each remelting condition, totaling an area of 86,700 µm2 for each condition. In this area, the average percentage of porosity was estimated.



There was a strong relationship between the coating remelting temperature and the percentage of porosity. The percentage of porosity of the as-sprayed coating (Figure 3a) and the coating remelted at 1100 °C (Figure 3d) has a ratio of 15. This means that the coating remelted at 1100 °C has a percentage of porosity 15 times less than the porosity of the as-sprayed coating. The porosities obtained in this work are completely satisfactory, as the percentage of porosity for the as-sprayed coating tended to reach the best value reported in the literature and on the industrial market. Odhiambo et al. [25] reported that the normal range of porosity for the Plasma Spray process is between 3% and 8%, while this research obtained 3.28%. The best value after remelting found by Kornienko et al. [1] with a similar coating material was 0.96% porosity, while our best porosity was 0.22%.




3.3. Tribological Test Results: Coefficient of Friction, Wear Rate, Wear Track, and Lost Volume


The tribological behavior of the coatings was first evaluated by the coefficient of friction (CoF). At the beginning of the tribological test, the CoF curve in Figure 4 indicates instability for all sample conditions. However, the amplitude of this instability depends on the topographic characteristics of the sample surface, such as the roughness profile, porosities, and density. The CoF curves of the as-sprayed and remelted samples at 1100 °C exhibit a significant difference in the amplitude of the curve. The curve of the remelted sample at 1100 °C is much smoother. This happened because the surface of this sample (remelted at 1100 °C) is smoother due to lower roughness, much less porosity, and higher density. The stability for all samples occurred after around 250 cycles. After that, the CoF was approximately 0.45 for the remelted sample at 1100 °C, around 0.56 for the as-sprayed sample, 0.50 for the remelted samples at 900 °C, and 0.48 for the sample at 1000 °C. Compared to several relatively similar cases reported in the literature, these CoF results align with or, in some cases, are even better than previous results. Nevertheless, comparing the CoF is not always simple because small variability in a sample can mean a substantial difference in the CoF result [26,27,28].



The wear rate in Figure 5 was significantly influenced by the coating remelt temperature. The wear rate of the as-sprayed sample, which was 9.16 × 10−5 [mm3/(N*m)], was 2.23 times higher than that of the remelted at 1100 °C sample, which was 4.106 × 10−5 [mm3/(N*m)]. The wear rate decreases 1.82 times in the sample remelted at 1100 °C versus the one remelted at 900 °C, and comparing the sample remelted at 1100 °C with the one at 1000 °C, this relation decreases even more, reaching 1.46 times. The enhanced wear resistance of the coating, which is seen as a direct function of the increase in its remelting temperature, leads to several factors that together enhance wear resistance, including the densification of the coating that influences the reduction in its porosity and topography, consequently reducing the roughness profile. Furthermore, during the remelting process, more homogeneous second phases are formed (carbides and borides) that contribute to hardening and enhanced wear resistance. The same approach and similar results are found in the literature [28,29,30].



Also pertaining to the results of the tribological behavior of the samples, the consequences of wear can be quantified to predict the useful life of the sample so this procedure can be replicated in the manufacturing environment. One of the simplest ways is by calculating the wear-lost volume of the coating. The tribological test provides important information, such as wear track and length of sliding stroke, which can be used to calculate the wear loss volume. Figure 6 and Table 5 present the wear tracks for each sample condition as well as their calculated area results. Using these results and the length of the sliding stroke, it was calculated according to the standard ASTM G133-05 (2016) [20], and the results are provided in Table 5. In Figure 7, the track profiles and lost areas demonstrate that the wear resistance of coatings is strongly influenced by their remelted temperature.




3.4. Roughness Measuring Results


Figure 7 shows the average roughness of each sample surface. The APS process worsens the surface roughness of the samples. However, the remelting process significantly improves it due to the densification of the coatings, which improves the coating’s topography.




3.5. Microhardness Results


Figure 8 presents the average microhardness for each coating condition. In each microhardness graph, each point is 25 µm apart from the others and represents the average of five indentations taken every 5 µm. The values shown in Figure 8 pertain specifically to the coating region under different conditions: as-sprayed, remelted at 900, 1000, and 1100 °C, with standard deviations of 54.6, 52.0, 42.9, and 28.2 HV0.5, respectively. The microhardness values for the interface region between the substrate and coating, influenced by the diffusion of the coating material into the substrate as well as the substrate values, are shown in Figure 9.



The as-sprayed, remelted at 900 °C, and remelted at 1000 °C coatings exhibited increasing microhardness, influenced by the remelt temperature. However, decreased microhardness was observed for the coating sample remelted at 1100 °C. The most likely reason for such a decrease is the range of heat temperature for remelting and the cooling range of both the initial temperature and time that can permit more pronounced grain growth, which led to the decreasing hardness [21]. Figure 10 presents the microhardness profiles of the coatings, in which the microhardness varies according to the coating condition. The curve with the smallest variation is the curve of the remelted coating at 1100 °C, which verifies that this coating is denser and its microstructure is more homogeneous.




3.6. Quantitative Results Relationship


Figure 10 presents and consolidates some relevant quantitative results. Figure 10b shows the relationship between roughness and microhardness; note that the greater the roughness, the lower the microhardness. Figure 10c indicates the relationship between the roughness and porosity, where the lower the porosity, the lower the roughness. Finally, Figure 10d presents the relationship between porosity and microhardness, where the greater the porosity, the lower the microhardness. Table 6 provides all coating conditions and the main quantitative data related to them.





4. Conclusions


The results obtained in this work allow the following conclusions:




	
The remelting process is a basic requirement to obtain the best performance of nickel-based self-fluxing coatings deposited by atmospheric plasma spraying.



	
The remelting temperature strongly influences the tribological properties of the coatings.



	
The results obtained in this research evidenced and confirmed that for this nickel-based self-fluxing alloy, the remelting temperature limit in a controlled-atmosphere furnace to obtain excellent tribological properties is 1100 °C.



	
The remelting process and temperature level drastically influence the porosity percentage of the coating. The porosity percentage of remelted coating at 1100 °C is around 15 times less than the as-sprayed coating.



	
The coefficient of friction of the remelted coating at 1100 °C was lower and more stable than the other coatings conditions, which suggested that this coating was smoother, denser, and more homogeneous than the other coatings.



	
The wear rate of the remelted coating at 1100 °C was 2.23 times lower than the as-sprayed coating.



	
The lost wear volume of the remelted at 1100 °C coating was 3.92 times lower than the as-sprayed coating.



	
In general, thermal spraying worsens roughness; however, after remelting at 1100 °C, the roughness of this coating is 30% better than the roughness of the substrate and 5.8 times lower than the as-sprayed coating.



	
The highest microhardness of a remelted coating in this research is 2.5 times greater than the substrate.



	
The coating porosity influences inversely the microhardness and directly the coating roughness.



	
Upon increasing the coating roughness, the microhardness tends to decrease.
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Figure 1. Controlled atmosphere tube furnace heat/cooling cycle. 
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Figure 2. SEM micrographs of coatings cross-sections. (a) As sprayed, (b) remelted coating at 900 °C, (c) remelted coating at 1000 °C, (d) remelted coating at 1100 °C. 
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Figure 3. SEM micrographs of coating cross-sections highlighting the density and percentage of porosity from each sample coating area. (a) As-sprayed, (b) remelted coating at 900 °C, (c) remelted coating at 1000 °C, (d) remelted coating at 1100 °C. 
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Figure 4. Coefficient of friction of the As-sprayed, remelted coating at 900 °C, remelted coating at 1000 °C, and remelted coating at 1100 °C. 
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Figure 5. Wear rate by each sample coating condition. 
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Figure 6. Wear track after Linearly Reciprocating Ball-on-Flat Sliding Test on coating sample condition: (a) as-sprayed, (b) remelted coating at 900 °C, (c) remelted coating at 1000 °C, (d) remelted coating at 1100 °C. 






Figure 6. Wear track after Linearly Reciprocating Ball-on-Flat Sliding Test on coating sample condition: (a) as-sprayed, (b) remelted coating at 900 °C, (c) remelted coating at 1000 °C, (d) remelted coating at 1100 °C.
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Figure 7. Average roughness for all sample conditions. 
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Figure 8. Average microhardness for all coating conditions. 
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Figure 9. Average microhardness profiles for all coating conditions. 
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Figure 10. Overview of correlated obtained results. (a) Roughness average for all samples’ conditions, (b) correlation between roughness average Ra (µm) and microhardness (HV0.5), (c) correlation between roughness average Ra (µm) and porosity %, (d) correlation between porosity % and microhardness (HV0.5). 
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Table 1. Chemical composition of the AISI 4340 rolled steel (wt.%).






Table 1. Chemical composition of the AISI 4340 rolled steel (wt.%).





	C
	Mn
	Si
	Ni
	Cr
	Mo





	0.38–0.43
	0.60–0.80
	0.15–0.35
	1.65–2.00
	0.70–0.90
	0.20–0.30










 





Table 2. Chemical composition of the Self-fluxing alloy powder Diamalloy 2001 (wt.%).






Table 2. Chemical composition of the Self-fluxing alloy powder Diamalloy 2001 (wt.%).





	Ni
	Cr
	B
	Si
	C
	Fe





	Balance
	17
	3.5
	4
	1
	4










 





Table 3. Process parameters of the atmospheric plasma spray.






Table 3. Process parameters of the atmospheric plasma spray.





	Parameter Description
	Value





	Argon flow rate (SLPM)
	53



	Hydrogen flow rate (SLPM)
	1.6



	Carrier gas flow (SLPM)
	2.8



	Current (A)
	750



	Voltage (V)
	60



	Spraying Velocity (mm/s)
	300



	Standoff Distance (mm)
	100



	Nozzle diameter (mm)
	6.7



	Cooling pressure (bar)
	3–5



	Surface temperature (°C)
	≈300










 





Table 4. Tribological tests parameters.






Table 4. Tribological tests parameters.





	
Static Partner

	
Load

	
Environmental Conditions

	
F. Amp. Stroke

	
Freq.

	
Cycles




	
Geometry

	
Dimension

	
Material

	
Temp.

	
Humidity

	
Atmosphere






	
Ball

	
ɸ 6.00 mm

	
Al2O3

	
20 N

	
25 °C

	
60%

	
Air

	
10 mm

	
4 Hz

	
5000











 





Table 5. Area and wear volume loss method determined by the Linearly Reciprocating Ball-on-Flat Sliding Test and calculation according to the standard ASTM G133-05(2016) (data from Ref. [20]).






Table 5. Area and wear volume loss method determined by the Linearly Reciprocating Ball-on-Flat Sliding Test and calculation according to the standard ASTM G133-05(2016) (data from Ref. [20]).





	Sample/Coating Condition
	Wear Track Profile Area (mm2)
	Length of Sliding Stroke (mm)
	Calculated Lost Wear Volume (mm3)





	As-Sprayed
	1.41
	10
	14.1



	Remelted at 900 °C
	0.51
	10
	5.1



	Remelted at 1000 °C
	0.44
	10
	4.4



	Remelted at 1100 °C
	0.36
	10
	3.6










 





Table 6. Overview of the main quantitative results.
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	Coating Condition
	Wear Track Profile

(mm2)
	Lost Wear Volume (mm3)
	Wear

Rate

[mm3/(Nm)]
	Porosity Coating Area %
	Roughness Average

Ra (µm)
	Microhardness Average (HV0.5)





	As Sprayed
	1.41
	14.1
	9.16 × 10−5
	3.28
	7.71
	580



	Remelted at 900 °C
	0.51
	5.1
	7.46 × 10−5
	2.21
	5.54
	656



	Remelted at 1000 °C
	0.44
	4.4
	5.97 × 10−5
	0.70
	4.82
	750



	Remelted at 1100 °C
	0.36
	3.6
	4.10 × 10−5
	0.22
	1.32
	674
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