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Abstract

:

Wear-resistant coatings can reduce the high economic damage caused by wear processes. In this study, various protective layers based on the alloy X400CrVMo17-15-2 were investigated. Commonly, the prealloyed metal powder is used for plasma transferred arc powder surfacing. However, in this work, the cost-efficient hardpaint technology was used to produce particle-reinforced (fused tungsten carbides) and non-reinforced coatings. To analyze the wear behavior, the coatings were subjected to abrasion wear and scratch tests. For the abrasion wear test, a grinding pin (Al2O3) is pressed with a defined force against the surface of the rotating sample for 6 h. For the scratch test, a loaded diamond pyramid indenter was employed to create a circular groove on the coatings at a predefined speed. The wear grooves were analyzed with the aid of laser scanning microscopy. In comparison to the coatings in the as-processed condition, the non-reinforced protective layers were investigated after quenching, with and without deep cryogenic treatment, and tempering. The determination of proper heat treatment parameters was supported by computational thermodynamics. It has been confirmed that it is possible to improve the wear resistance of the unreinforced coatings by heat treatment. However, the reinforced layers showed the highest resistance against abrasion.
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1. Introduction


Wear is understood as the undesired, progressive loss of material from the surface of a tribologically stressed solid [1,2]. This leads to high financial losses in industrial production. In Germany, the annual cost associated with damages caused by wear and corrosion exceeds some 10 billion euros [3,4]. Especially, tools and machines in the mining and cement industries are subject to heavy abrasive wear. An effective measure for reducing wear is the protection of the affected areas with wear-resistant layers [5]. There are numerous different methods for the production of such layers, e.g., HVOF (high velocity oxygen fuel spraying) [6], build-up welding [7], HIP (hot isostatic pressing) cladding [8], sinter cladding [9], or inductive cladding [10].



To produce these coatings, prealloyed metal powders based on iron, nickel or cobalt are commonly used. However, iron-based materials are significantly cheaper than alloys based on nickel or cobalt. Moreover, in most cases, the hardness of iron-based alloys can be increased significantly by martensitic hardening [11]. With regard to HIP cladding, an additional heat treatment cycle to adjust the performance properties is obligatory after the compaction process [8]. As an exception, heat treatment is not required when using cold work steels, e.g., alloyed with nickel, which have a significantly delayed austenite decomposition—they form a martensitic/bainitic microstructure, even by slowly cooling to room temperature (RT) [12]. In general, iron-based coatings produced by sinter cladding are heat-treated after the consolidation as well [13]. They can either be quenched directly after the sintering process and finally tempered, or they are hardened conventionally by a separate heat treatment cycle [13]. With regard to the risk of grain growth, especially in commonly used low-alloyed steel substrates, subsequent heat treatment is preferable, because of the multiple γ-α/α-γ transformations, which cause grain refinement due to recrystallization processes [12]. In comparison, welded layers and thermally sprayed coatings are commonly used in the condition as-processed. However, it has been proven that thermally sprayed coatings based on cold work steel powder can be optimized by heat treatment as well [6].



In any case, the chemical composition of the austenite at the austenitization temperature has to be considered. On the one hand, the amounts of carbon and nitrogen in the austenite are responsible for the hardness of the martensite, due to their influence on the tetragonal lattice distortion. On the other hand, the dissolved alloying elements influence the amount of retained austenite (RA). In particular, high-alloyed steels most often contain RA after quenching to RT because of the effect of the alloying elements to reduce the Ms and Mf temperature [14]. As an alternative to conventional tempering, deep cryogenic treatment is a proper method to transform RA into martensite, and thus to improve the resistance against abrasion [15].



Another effective measure to increase the abrasive wear resistance is the addition of hard particles to a metallic matrix [12,16]. In this context, it should be mentioned that the particles must be of adequate size to counteract the abrasive particles—at least as large as the wear grooves [16]. Furthermore, it is important that the hard particles are at least ~20% harder than the attacking abrasives to increase the wear resistance significantly [17].



The subject of the present work is iron-based protective layers with and without particle-reinforcement, which were produced inexpensively with the patented hardpaint technology [18,19]. Conceivable parts that could be protected with this technology are, for example, screw-conveyors or dumper bodies. In general, the hardpaint technology enables the inner coating of pipes intended for the transport of abrasive solids. In the context of a layer selection process, as well as the specific tribological system of the application, the properties and the wear behavior of the eligible protective layers must be known. In [18], it was demonstrated that the produced hardpaint layers are very wear-resistant to abrasion, in particular, the coatings reinforced with fused tungsten carbides (FTC). To investigate the wear-reducing mechanism of FTC, scratching tests have already been carried out [20]. Due to the dependency between wear and tribological system, the behavior of the carbides stressed by a grinding pin in the abrasion wear test is microscopically analyzed in this work.



All hardpaint layers examined so far were in the condition as-processed. It is known that the abrasive wear resistance increases with increasing material hardness. As already mentioned, for iron-based materials, this can be achieved by martensitic hardening. However, it is unknown whether it is possible to modify the wear resistance of these hardpaint coatings through subsequent heat treatment. As a result, the unreinforced layers are investigated in various heat-treated states and the results are compared. In addition, this work examines whether the wear resistance can be increased more by a subsequent heat treatment than by reinforcement with FTC.




2. Experimental


2.1. Materials


In this work, a metal powder based on the alloying system Fe-Cr-V-C was used. Table 1 shows the chemical composition of the alloy. The gas-atomized alloy X400CrVMo17-15-2 powder was supplied by NT-Systemlösungen Gmbh (Osterode am Harz, Germany) and is usually used for Plasma Transferred Arc welding [21]. The wear-resistant coatings were produced by the so-called hardpaint technology using the metal powder. In the first step, the metal powder was mixed with a binder (enamel powder) and water. Next, the slurry was painted on the steel substrate (S235 JR). At last, the coating was inductively melted. For this step, a water-cooled L-inductor and an MFG 70 induction generator from the company Eldec Schwenk Induction GmbH (Dornstetten, Germany) were used. The power was reduced to 45% of the maximum power, which is 70 kW. The melting temperature was adjusted at 1280 °C and is about 50 °C above the calculated solidus temperature of the alloy. The set speed at which the sample was moved under the inductor was 1.5 mm s−1. Finally, the sample was cooled to RT in ambient air.



To obtain reinforced metal matrix composites (MMC), fused tungsten carbides were added to the slurry during the mixing process. In this work, the unreinforced hardpaint coatings are named X400 and the reinforced coatings X400 + FTC. Due to the high amounts of the carbide forming elements vanadium and chromium, both coatings contain high volume fractions of dispersed vanadium-rich MC-carbides and chromium-iron carbides of M7C3 type. Moreover, the added FTCs of the MMC are visible. Figure 1 shows the microstructures of the two coatings. The volume fraction of the FTC was determined by image analysis and is about 10 vol.% [20].



The function of the enamel is bonding the metal particles together and to the substrate, until they start to melt and bond themselves. In the best case, the whole enamel comes to the surface during the heating process. However, a certain amount (~18 vol.%) of enamel inclusions (EE), which have proven to be brittle and not wear-resistant, remained in the coatings [20]. These globular inclusions are easy to identify with the microscope as well. To reduce the EE, the process parameters (e.g., movement speed of the inductor, distance between inductor and sample) have to be optimized in further research.



To prepare the samples for further investigations, they were first sandblasted after the coating process to remove the glassy binder from the surface. Then, they were ground flat and finished to size—cubic samples with a surface area of 12 mm × 12 mm. After that, the samples for the microstructure investigations, the hardness measurements and scratch tests were additionally embedded in epoxy resin and prepared metallographically. The grinding process was carried out using SiC papers (P180, P320, P600, P1000). The polishing was carried out in 2 stages with 6 μm and 3 μm diamond suspension. Finally, with the exception of the scratch test samples, the surfaces were finished with SiO2 suspension.




2.2. Heat Treatment


Based on thermodynamic calculations, two different heat treatment routes (HTR) were worked out to modify the wear behavior of the unreinforced coatings. The calculations were performed with Thermo-Calc 2016a and the TCFE7 database (Thermo-Calc AB, Stockholm, Sweden). The chemical composition of the alloy specified by the manufacturer was used, Table 1.



To increase the hardness of the microstructure, it is necessary to dissolve an adequate amount of carbon in the austenite phase—therefore, the austenitization temperature of HTR 1 was determined pretty close to Tsol at 1200 °C, Figure 2. For this temperature, the Thermo-Calc calculation gives an amount of 0.42 mass.% carbon in the austenitic matrix.



To achieve a microstructure that is tougher than the as-processed condition, a high amount of RA was required. The amount of RA is dependent on the Mf and the Ms temperature. The Ms temperature was estimated with the modified empirical formula of ‘Steven and Haynes’, Equation (1) [22]. For this purpose, the amounts of the alloying elements (mass.%) of the austenite at the specific temperature were calculated with Thermo-Calc, Table 2.


Ms [°C] = 561 − 474 C − 33 Mn − 17 Cr − 17 Ni − 21 Mo + 10 Co − 7.5 Si



(1)







Due to the distinct influence of carbon, higher austenitization temperatures cause lower Ms temperatures, Table 2. To obtain as much RA as possible, the austenitization temperature of HTR 2 was also set quite close to Tsol at 1200 °C. Based on the determined Ms value of 28 °C, it was assumed that a high amount of RA would remain in the microstructure, because the martensitic transformation would not have proceeded significantly after quenching to RT.



Due to the expected retained austenite, as previously mentioned, a cryogenic treatment step was added to the HTR 1 to transform most of the RA into martensite. The heat treatment parameters of both HTRs are summarized in Table 3. The austenitization heat treatment was carried out with a ROF 7/75 tubular vacuum furnace (max. temperature 1300 °C) from Heraeus (Hanau, Germany). The minimum pressure realized was 4.4 × 10−2 mbar. During the heating process, the vacuum pump was stopped at 450 °C and the chamber was then flooded with argon (up to ~400 mbar). The low-temperature tempering processes were performed with a Venti-Line drying oven (max. temperature 300 °C) from VWR International GmbH (Darmstadt, Germany). The deep cryogenic treatment was carried out with a Dewar vessel filled with liquid nitrogen. There, the samples were placed on a floating grid, which was placed 40 mm from the surface of the liquid.




2.3. Laser Scanning Microscopy


A VK-X250 laser scanning microscope (LSM) from Keyence Deutschland GmbH (Neu-Isenburg, Germany) was used to examine the surface of the coatings. This microscope not only enables the recording of two-dimensional images with high depth of field, but also the creation of high-precision (resolution: 0.5 nm) three-dimensional surface images, as well as the visualization and measurement of height profiles. There is also the option of analyzing the volume that is below or above a defined reference level in a selected area, e.g., the volume of surface breakouts. In this work, various wear grooves created after the wear tests were investigated qualitatively and quantitatively with the LSM.




2.4. Wear Tests


2.4.1. Scratch Test


To examine the influence of heat treatment on the abrasive wear resistance of the hardpaint coatings, scratch tests were carried out using a TRM 1000 tribometer from Wazau Mess- und Prüfsysteme GmbH (Berlin, Germany). The experimental setup is schematically shown in Figure 3a. A pyramidal diamond indenter was used as a counter body to generate wear grooves on the polished layer surfaces. The set normal load was 5 N and the speed ~0.7 mm s−1. The generated groove is one single scratch channel (test duration < 1 round) on a circular path with a diameter of 8 mm. The intention of the scratch test is to create single wear grooves under the same conditions, which are then comparatively analyzed using laser scanning microscopy.




2.4.2. Abrasion Wear Test


The abrasion wear tests were also performed with the TRM 1000 tribometer from Wazau Mess- und Prüfsysteme GmbH, to investigate the abrasive wear resistance of the hardpaint coatings and the influence of the hard particle reinforcement. Figure 3b shows the experimental setup schematically. A grinding pin of white corundum (>99.9% Al2O3) from Lukas Erzett GmbH u. Co KG (Engelskirchen, Germany) with grain size F60 according to DIN ISO 8486-1 [23] was used as a counter body. In this test, the grinding pin was pressed against the surface of the rotating sample. The set normal load was 500 N and the rotation speed 60 rpm. There was a 30-min running-in process before the start of the experiment. The effective duration of the test was 6 h. After every 2 h, there was a short interruption to remove the wear particles from the contact area using oil-free compressed air. New counter bodies were used for the running-in process and the test. Before the start of the test and after the end, the samples were first cleaned in an ultrasonic bath with ethanol for 10 min, and then the sample weight was determined with the precision measuring balance (resolution: 0.0001 g). The complete test was carried out twice for each coating.



The experiment aimed to determine the wear resistance of the protective layers against abrasion, and to compare them with one another. For this purpose, the volume losses were calculated based on the measured mass losses (arithmetic mean of test 1 and test 2) and the density values, which were determined by pycnometry in [18]. The volume loss of the tested sample divided by the contact area gave the height loss.



Because of the long duration of the long-term test, the reactions of the various hard phases of the coatings cannot be analyzed microscopically [18]. Duo to this, a short-term test was also carried out to examine the influence of particle reinforcement and the wear-reducing mechanisms of the hard phases in the present tribological system. The conditions were the same, but the test ended after a quarter turn. The surface of the tested coating X400 + FTC was previously prepared metallographically. After the end of the test, single wear processes were identified with the aid of the LSM.






3. Results and Discussion


3.1. Hardness


The Vickers hardness of the coatings in the as-processed and the two heat-treated states was measured in accordance with DIN EN ISO 6507-1 [24]. The determined hardness values of the identified hard phases of the layers are given in Table 4. The finer MC-carbides and the diffusion layers around the FTCs were not tested because of their small sizes. The matrix hardness of the coatings in the as-processed state and the hardness values of the heat-treated unreinforced layers were measured and presented in Table 5.



The matrix hardness of the reinforced (X400 + FTC) and non-reinforced layers (X400) in the as-processed state is around 600 HV0.05. The heat treatment according to HTR 1 increased the hardness to ~680 HV0.05. The heat-treated layers X400 + HTR 2 that were not cryogenically treated have a significantly lower hardness, which is in the range of 430 HV0.05.



The results thus show that after quenching to RT, there is RA in the microstructure, which can be transformed into martensite by cryogenic cooling in LN2. This can be concluded based on the significantly higher hardness of the coating X400 + HTR 1, compared to the coating X400 + HTR 2. Furthermore, the results agree with the estimation of the Ms temperature. However, the accuracy of the calculation cannot be evaluated.



A higher Ms temperature is considered to be the cause of the harder matrix of the coating in the condition as-processed (compared to the coating X400 + HTR 2), which was also quenched from high temperature to RT. This may result from a lower dissolution of carbides because of the rapid melting process. Due to the lower quenching rate, a reduction of the austenite carbon content based on diffusion processes is also conceivable.




3.2. Wear Resistance and Behavior


3.2.1. Scratch Test


A higher hardness is known to lead to a lower penetration depth of the abrasive, and thus to a reduction of abrasive wear [16]. However, increasing hardness also increases the risk of unwanted microcracking and brittle failure. The influence of heat treatment on the wear resistance of the considered hardpaint coatings has not been elucidated until now. For this reason, the focus of this work is on the investigation of the heat-treated layers and the relationship between hardness and wear resistance. Therefore, the heat-treated coatings of type X400 and the same coating in the as-processed state were first scratched and then analyzed using LSM.



As already mentioned, with the LSM it is possible to create height profiles, e.g., to measure the depth or the cross-sectional area of the wear groove. However, these are only local measurements. In order to analyze a larger area, the volume of the furrow VV was set as the characteristic value in this study, Figure 4a. A higher volume VV means a higher wear rate and a lower wear resistance, respectively.



The unaffected surface outside the furrow was set as the reference level, below which volume VV was determined. To reduce the measurement effort, three sections of equal size (S1 to S3) were measured for each sample instead of the whole furrows, Table 6. The size of a measuring section can be seen from Figure 4b–d, in which the sections S1 are shown exemplary for each sample. Based on the results of the three sections, the mean values were determined and the unreinforced layers X400 were then compared. The layer X400 in the as-processed state has a mean value of 22,042 µm3. The heat-treated layer X400 + HTR 1 has the lowest value (VV = 20,384 µm3), whereas the average furrow volume of the layer X400 + HTR 2 is the largest (VV = 37,317 µm3). This proves that the harder matrix of the coating X400 + HTR 1 counteracted the penetration of the indenter more effectively than the softer matrices of the other coatings X400 and X400 + HTR 2. As an interim conclusion, it can be noted that increasing the matrix hardness of the hardpaint coatings examined leads to a reduction of the wear groove.



Further, there are no hints for unwanted microcracking processes. The results also show that all coatings are relatively ductile. This can be seen by the volume of the material displaced to the groove sides (V1 + V2), which is almost as large as the volume of the furrow, and the low fab, respectively, Table 6. The fab-value includes the ratio of the various volumes, Equation (2) [25,26]:


fab = (VV − V1 − V2)/VV



(2)







A low fab-value indicates that the process microploughing has predominated. Pure microploughing has a fab = 0, which means that there is no loss of material, whereas a value above 1 indicates that microcracking processes have occurred. The microscopic images agree with the quantitative results, no cracks or breakouts can be identified, Figure 4b–d.




3.2.2. Abrasion Wear Test


The results of the long-term abrasion wear test are shown in Table 7. Because of the addition of FTC, the coating X400 + FTC has a significantly higher specific density than the non-reinforced protective layers of type X400. Due to this fact, the volume and the height losses were determined, in order to be able to compare the results. However, the height loss is a more useful characteristic value, because this value includes both the specific density and different contact areas between the grinding pin and the quadratic surface of the sample (standard contact area ~1.44 cm2) [18].



The protective layer X400 + FTC, with a height loss of 5.0 μm, has the highest abrasive wear resistance of the examined samples. The non-reinforced coating X400 in the condition as-processed has lost ~13.8 μm in height and therefore a lower wear resistance than the protective layer X400 + FTC. As mentioned before, there is usually a relationship between hardness and abrasive wear resistance. As already shown, the matrix hardness of the coating X400 was modified by different heat treatment routes. The height loss of the heat-treated coating with the hardest matrix (X400 + HTR 1) is about 20% less than that of the coating X400 in the condition as-processed. Contrary to this, the wear resistance of the layer X400 + HTR 2 is distinctly lower, as can be seen from the high loss of height.



The results of the long-term abrasion wear test thus confirm that the relationship between matrix hardness and wear resistance applies to the hardpaint layers investigated. They also agree with the findings of the scratch tests. In particular, the results prove that it is possible to optimize the unreinforced coating X400 in the as-processed state by heat treatment.



However, the addition of FTC is a more forceful measure to reduce wear. The requirement [17] that the stressed hard particles must have at least ~1.2 times the hardness of the attacking abrasives (hardness Al2O3 ~2100 HV 0.05 [16]) to have a significant wear-reducing influence agrees with the positive effect of the FTC on the wear resistance. It is also necessary that the carbides are of sufficient size to counteract the abrasive particles—smaller carbides have a significantly lower influence or, in the worst case, are lifted out of the furrow [16].



The findings of the short-term abrasion wear test prove that the FTC are of sufficient size, because the wear grooves are generally smaller than the added hard particles, Figure 5. Therefore, the carbides usually interrupted the furrow processes or reduced the size of the groove. However, the reactions of the FTC were different. Some of them were kept almost undamaged (Figure 5b,c), whereas other FTC were partially destroyed (Figure 5d). Furthermore, it can be observed that the coarser vanadium-rich MC-carbides also have a significant impact on the wear behavior. This can be deduced from the tapered furrows in the carbide zones, Figure 5a,c. The high amount of the MC is mainly responsible for the high abrasive wear resistance of the unreinforced coatings X400, which are more resistant than commonly used martensitic steels without hard phases like Hardox 450 [18]. The reactions of the smaller M7C3-carbides were not identified. However, due to their small size and low hardness, the result that the influence of these carbides on the wear resistance is not as significant as that of the coarser hard phases analyzed is understandable.






4. Conclusions


The investigations have shown that it is possible to modify the hardpaint coating X400 by heat treatment. The performed heat treatment route 1 is able to increase the matrix hardness due to martensite formation. Further, the results of the scratch test proved that a higher matrix hardness led to a lower penetration depth of the diamond indenter into the coating surface. The positive influence of the heat treatment was also evident by the reduction of abrasive wear. However, the wear-reducing effect of particle reinforcement with FTC is obviously higher, but no statements can be made about the optimal amount of hard particles in the hardpaint coating. Further research should focus on this aspect. The costs for both optimization options (particle reinforcement and heat treatment combined with deep cryogenic treatment) should also be taken into account and reduced in further studies. Moreover, the results have shown that the wear resistance of the hardpaint coatings examined is also based on coarser vanadium-rich MC-carbides, which are able to interrupt the furrow processes.
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Figure 1. Microstructure (optical microscope) of the hardpaint layers X400 (a) and X400 + FTC (b–d). 






Figure 1. Microstructure (optical microscope) of the hardpaint layers X400 (a) and X400 + FTC (b–d).



[image: Metals 10 00968 g001]







[image: Metals 10 00968 g002 550] 





Figure 2. Results of Thermo-Calc calculations for the alloy X400: (a) carbon content in austenite as a function of temperature; (b) phase diagram with marked solidus temperature Tsol. 
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Figure 3. Schematic representation of the scratch test (a) and the abrasion wear test (b), which were carried out to investigate the wear behavior and the wear resistance of the hardpaint coatings. 
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Figure 4. Schematic representation of a wear groove (a) and the wear grooves caused by the scratch tests: (b) X400; (c) X400 + HTR 1; (d) X400 + HTR 2. 
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Figure 5. Results of the short-term abrasion wear test (LSM images)—wear grooves caused by a Al2O3 grinding pin. Furrowed vanadium-rich MC-carbides (a,c) and fused tungsten carbides (b–d). 
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Table 1. Nominal chemical composition in mass.% of the alloyed iron base metal powder X400 [21].
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	Alloy
	C
	Si
	Cr
	Mn
	Ni
	Mo
	V





	X400CrVMo17-15-2
	4.4
	0.9
	17.0
	0.9
	3.0
	2.0
	15.0
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Table 2. Matrix composition of the alloy X400 at different temperatures calculated with Thermo-Calc. The values of the chemical elements are given in mass.%. Ms determined by the modified formula of ‘Steven and Haynes’, Equation (1).
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	Element
	1150 °C
	1200 °C
	1210 °C





	Fe
	79.79
	79.15
	79.02



	Ni
	4.59
	4.56
	4.55



	Mn
	1.26
	1.25
	1.25



	Mo
	0.93
	0.97
	0.97



	Cr
	10.52
	10.82
	10.88



	Si
	1.39
	1.38
	1.38



	V
	1.18
	1.45
	1.51



	C
	0.33
	0.42
	0.44



	Ms
	76 °C
	28 °C
	18 °C
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Table 3. Parameters of the heat treatment routes of the coating X400.
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	Heat Treatment
	Austenitization
	Quenching
	Deep Cryogenic Treatment
	Tempering





	HTR 1
	1200 °C/1 h
	RT (Oil)
	−180 °C/24 h
	180 °C/2 h



	HTR 2
	1200 °C/1 h
	RT (Oil)
	-
	180 °C/2 h
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Table 4. Determined hardness values of the investigated coatings X400 + FTC and unreinforced X400 [18]. Arithmetic mean (of at least ten individual measurements) ± standard deviation.
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	Hardness in HV0.05
	FTC
	MC
	M7C3
	Enamel Inclusions





	X400 + FTC
	2491 ± 43
	2386 ± 41
	1295 ± 102
	522 ± 22



	X400
	-
	2382 ± 44
	1338 ± 113
	503 *







* There was only one suitable enamel inclusion for the hardness measurements.
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Table 5. Determined matrix hardness of the investigated coatings X400 + FTC [18], X400 [18] and the heat-treated X400 + HTR 1 and X400 + HTR 2. Arithmetic mean (of at least ten individual measurements) ± standard deviation.
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	Hardness in HV0.05
	X400 + FTC
	X400
	X400 + HTR 1
	X400 + HTR 2





	Matrix
	600 ± 25
	592 ± 35
	678 ± 14
	430 ± 44
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Table 6. Results of the scratch tests of the coatings X400 in the conditions as-processed and heat-treated determined with the LSM—wear groove volume (VV), volume displaced to the groove sides (V1 + V2), fab-values.






Table 6. Results of the scratch tests of the coatings X400 in the conditions as-processed and heat-treated determined with the LSM—wear groove volume (VV), volume displaced to the groove sides (V1 + V2), fab-values.





	
Hardpaint Coating

	
S1

	
S2

	
S3

	
Mean






	

	
VV in µm3




	
X400

	
20,797

	
22,392

	
22,963

	
22,042




	
X400 + HTR 1

	
18,968

	
20,258

	
21,926

	
20,384




	
X400 + HTR 2

	
38,420

	
38,819

	
34,711

	
37,317




	

	
V1 + V2 in µm3




	
X400

	
18,990

	
19,678

	
20,064

	
19,577




	
X400 + HTR 1

	
16,809

	
17,699

	
18,853

	
17,787




	
X400 + HTR 2

	
33,631

	
37,493

	
32,967

	
34,697




	

	
fab




	
X400

	
0.09

	
0.12

	
0.13

	
0.11




	
X400 + HTR 1

	
0.11

	
0.13

	
0.14

	
0.13




	
X400 + HTR 2

	
0.12

	
0.03

	
0.05

	
0.07
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Table 7. Results of the long-term abrasion wear tests for determining the abrasive wear resistance of the hardpaint coatings.
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	Parameter
	Unit
	X400 + FTC
	X400
	X400 + HTR 1
	X400 + HTR 2





	Mass loss (test 1)
	mg
	5.3
	13.4
	10.1
	19.5



	Mass loss (test 2)
	mg
	5.8
	12.8
	10.2
	21.8



	Mass loss (mean)
	mg
	5.6
	13.1
	10.2
	20.7



	Density [18]
	g cm−3
	7.8
	6.6
	6.6
	6.6



	Contact area
	mm2
	142.44
	143.64
	143.52
	133.58



	Volume loss
	mm3
	0.71
	1.98
	1.54
	3.13



	Height loss
	µm
	5.0
	13.8
	10.7
	23.4











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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