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Abstract

:

In this work, a metal–ceramic composite target for magnetron sputtering was manufactured by a robotic complex for detonation spraying of coatings equipped with a multi-chamber detonation accelerator. The powder composition (30Mo-30Al-40B4C) was sprayed onto the copper plate base of the composite target cathode. The obtained cathode target with Al-Mo-B4C coating (thickness 280–300 μm) was used to deposit the Al-Mo-B(CN) coating (DC mode) on flat specimens of AISI 316 steel and silicon using equipment for magnetron sputtering UNICOAT 200. The Al-Mo-B4C coating has a lamella-type structure with inclusions of boron carbide particles. The structure and morphology of the coatings were studied using methods of optical analysis, scanning electron microscopy, atomic force microscopy, X-ray analysis, and X-ray photoelectron spectroscopy. Mechanical and tribological properties of the Al-Mo-B(CN) thin coatings were studied using a nanoindenter, a scratch tester, and a tribometer under a fluid-free friction regime at room temperature. The Al-Mo-B(CN) coating (thickness ~1 μm) exhibited a dense homogeneous fine-grained design without columnar elements and had an amorphous structure. The formation of the MoB2 and AlN phase with an admixture of oxygen in the form of aluminum oxide, molybdenum oxide, and boron oxide was determined using XPS analysis. The Al-Mo-B(CN) coating possessed a hardness of 13 GPa, an elasticity modulus of 114 GPa, an elastic recovery of 45%, a friction coefficient of 0.8 against a steel 100 Cr6 ball, and an adhesion strength of 11 N.
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1. Introduction


Currently, one of the key aspects of materials science is the creation of new materials that improve the performance characteristics of critical parts operating under extreme operating conditions (gas turbine engine parts, high-speed cutting tools, parts of aerospace friction units, etc.) [1].



One way to improve the performance of tools and machine parts is to modify surfaces by applying thin, hard coatings. Coatings applied by chemical and physical methods from hard and wear-resistant materials, such as carbides, nitrides, and oxides of Ti, Cr, Al, Si, etc., as well as their combinations, and various carbon-based films, are often used in industry to protect metals and ceramics from mechanical and chemical influences. Requirements for their mechanical properties include high rigidity and hardness, as well as moderate ductility and resistance to fracture [2,3,4,5,6].



Coatings based on transition metal borides have become practically widespread due to their high hardness and wear resistance, moderate ductility, and oxidation resistance [7,8].



The properties of two-component coatings often do not correspond to the declared user requirements [9]. Adding elements to two-component coatings can be one of the ways to improve their properties. As a result of studying the effect of adding small amounts of elements such as C [10,11], N [12,13], and Me (Al, Cu, etc.) [1,14,15] on the physical and mechanical characteristics of MoB coatings, it was established that such coatings have higher hardness and a lower coefficient of friction [9]. Adding carbon as an additional component to the coating can lead to a modification in the coating morphology and an improvement in the tribological properties due to the reduced grain size, high surface area, and low friction properties of carbon [9,16]. It is possible to achieve a reduction in grain size and amorphization of the material of MeB-based coatings by introducing C or N [13,17].



Coatings made of molybdenum boride with the addition of Al are characterized by high hardness, heat resistance, high wear resistance, and a low coefficient of friction [1,14].



Over the past decade, numerous methods have been developed for the deposition of MeB-based coatings. Coatings in system Me-Mo-B (C or N) were obtained using various methods, including thermal spraying [18], surface saturation by diffusion [19], arc evaporation [20], pulsed electrospark deposition [21,22], spark plasma sintering [23,24], magnetron sputtering [1,25,26,27], and others.



The magnetron sputtering method is one of the most progressive methods because it allows one to obtain coatings with high characteristics (low roughness [1,25,26,27], low porosity, low defect content, and high adhesion, including after intensive preliminary ion etching) [28], and the uniform distribution of elements in depth [29,30,31], while maintaining the geometry of the substrate [32].



For the manufacture of multi-component cathodes (targets) for magnetron sputtering, raw materials with high hardness and brittleness are mainly used. This limits the possibilities of using standard technologies, such as casting, hot pressure processing, cutting, etc. [29,33,34]. A solution to this problem can be found by using multi-element and multi-phase cathodes produced using powder technologies, including the method of self-propagating high-temperature synthesis (SHS) [35,36]. However, the SHS technology also has disadvantages, such as large internal stresses in the material arising during SHS, limitations when creating complex compositions in terms of elemental composition, the inability to obtain cylindrical cathodes, problems with discharge stability, and the complexity of manufacturing mosaic cathodes with ceramic inserts [37,38,39,40].



In our previous study [41], a dense NiB-Cr7C3 quasi-amorphous coating (thickness ~2 µm) with a microhardness of 10 GPa and an adhesion of 16 N was obtained on flat specimens of 65G steel using equipment for magnetron sputtering UNICOAT 200. A metal–ceramic cylindrical composite target with a NiCr-70B4C coating for magnetron sputtering was fabricated using a robotic complex for the detonation spraying of the equipment coatings.



Here, we report on the synthesis of Al-Mo-B(CN) coating for the first time, using magnetron sputtering of an Al-Mo-B4C target produced via detonation spray coating. The microstructure, mechanical, and tribological properties were investigated.



The results of the work can make an important contribution to the development of new, simple, and economical technologies for the manufacture of metal–ceramic composite targets for magnetron sputtering and will provide new opportunities for producing thin, hard coatings to improve the performance of tools and machine parts.




2. Materials and Methods


2.1. Powder Preparation


In this study, commercially available molybdenum (Mo, grade MPC, Plasmotherm, city, Russia), aluminum (Al grade AC, Plasmotherm, Moscow, Russia), and boron carbide (B4C F600 FEPA, 78B-20C, impurities 0.2B2O3-0.2Si-0.2Fe-1.0N-0.2C free, Volzhsky Abrasive Plant JSC, Zelenogorsk, Russia) powders were used as raw materials. The morphology and composition of the powder mixture, according to scanning electron microscopy (SEM, TESCAN MIRA 3 LMU, Brno, Czech Republic), are shown in Figure 1a,b.



The schematic of the preparation of AlMo-30B4C powder and coating, and Al-Mo-B(CN) coating is exhibited below in Figure 2.



The particle size distribution of the initial and mixed powders was measured via the laser scattering method using a particle size analyzer (Analysette 22 NanoTec Plus, Fritsch GmbH, Idar-Oberstein, Germany) (Figure 1d). The particle size distribution of powders is listed in Table 1.



The initial powders were mixed in a ratio of 30 wt% of Al, 40 wt% of Mo, and 30 wt% of B4C (denoted as AlMo-30B4C) in the Turbula mixer for 1 h and dried in an electric oven at 200 ± 5 °C for 60 min. The diffraction pattern of the AlMo-30B4C composite powder is displayed in Figure 1c. The diffraction pattern is consistent with Mo (PDF: 41-1120), confirming a cubic lattice structure; with Al (PDF 4-787), confirming a cubic lattice structure; and B4C (PDF 1-1163), confirming a rhombohedral lattice structure.




2.2. Metal–Ceramic Composite Target and AlMo-30B4C Coating Preparation


A copper cathode target of equipment for magnetron sputtering UNICOAT 200 (NPF “Elan-praktik”, Dzerzhinsk, Russia) in the form of a plate (198 mm × 78 mm × 4 mm) was made. A powder AlMo-30B4C was sprayed on the surface of cathode targets by a robotic complex for detonation spraying of coatings (IntelMashin LLC., Moscow, Russia) equipped with a multi-chamber detonation accelerator (MCDS) [41,42,43,44,45] (Figure 2). The parameters of the AlMo-30B4C coating spray are listed in Table 2. The structure and elemental composition of the AlMo-30B4C coating were studied using scanning electron microscopy (SEM, TESCAN MIRA 3 LMU, Brno-Kohoutovice, Czech Republic) (Figure 3).




2.3. Al-Mo-B(CN) Coating Preparation


The obtained cathode target with AlMo-30B4C coating was used to deposit the coating Al-Mo-B(CN) on flat specimens of steel AISI 316 (Fe–0.08C–0.75Si-2.0Mn–0.04P–0.03S–16.5Cr-11.0Ni-2.2Mo all in wt pct) (198 × 78 × 4 mm) and Si (100) (15 × 15 × 2 mm) using equipment for magnetron sputtering UNICOAT 200.



Preparation of the substrate surface: degreasing and cleaning with argon ions (10 min, P = 8 × 10−2 Pa, and voltage 2.2 kV). Two targets were used as the sputtered material: a carbon target with a purity of 99.99% and a copper target with a metal–ceramic composite coating made of AlMo-30B4C.



AlMo-30B4C coating was applied using an external carbon target containing excess carbon to reduce oxygen in the coating. This can lead to the binding of oxygen in CO and minimization of its oxygen content in the coating [41].



The Al-Mo-B(CN) coating deposition was in the Direct Current mode (DC). The parameters of the spraying process are given in Table 3. The coating growth rate was 17 nm/min.




2.4. Coatings Characterization


Using scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS), the structure and elemental composition were studied using a scanning electron microscope (SEM, TESCAN MIRA 3 LMU, Brno-Kohoutovice, Czech Republic). The specimens were prepared via standard metallographic methods and cleaned with distilled water and dried at 100 °C for 3 h.



Porosity of the coating was determined through the metallographic method, using an optical inverted Olympus GX51 microscope (Olympus Corporation, Tokyo, Japan) and the “SIAMS Photolab” program [46].



Phase composition of the powder and coatings was determined using the X-ray phase analysis method (diffractometer ARL 9900 WS, Thermo Fisher Scientific, Basel, Switzerland) (Co-Kα, wavelength λ¼1.788996 Å, operating at 30 kV, 30 mA, and ICDDPDF-2 (2008) database).



The coating elemental concentrations and chemical states of each component were investigated using an X-ray photoelectron spectrometer PHI 5000 VersaProbe (ULVAC PHI, Chigasaki, Japan). Monochromatic Al-Kα X-rays (1486.6 eV) with a spot size of 200 μm were used to irradiate the sample surface. Photoelectron extraction angle was 45°. A pass energy of 23.5 eV with a step size of 0.05 eV was used to gather the high-resolution spectra. Exposure time was 50 ms/channel. MultiPak 9.0 software was used for peak fitting. Chemical bonds were determined by the magnitude of the chemical shifts in the partial spectra of selected elements using the “Curve Fitting” iterative selection procedure.



The topography of the Al-Mo-B(CN) coating was observed with a commercial scanning electron microscope Nanoeducator II (NT-MDT Spectrum Instruments, Moscow, Russia). All measurements were collected in contact mode. A silicon ceramic tip was used as a cantilever tip. The scanning area was 1000 nm. Arithmetic mean roughness (Ra) was obtained from AFM analyses.



The mechanical properties of the Al-Mo-B(CN) coating, i.e., hardness and Young’s modulus, were measured via the method of “instrumental indentation” (ISO 14577-1), using a Dynamic Ultra Micro Hardness Tester DUH-211S (Shimadzu, Kyoto, Japan) and following the method of Oliver and Pharr [47]. For each sample, 20 indentations were carried out (indenter load—53 mN, max. depth of penetration—0.25 μm). Tests were performed on the Al-Mo-B(CN) coating on a silicon substrate to ensure the accuracy of the experimental results.



To determine the adhesion strength of the coatings, the scratch tester MFT-2000A (Rtec Instruments, San Jose, CA, USA) with Rockwell C indenter (radius of 200 μm) was used. A progressive load of 0.9 N (initial) and 40 N (final), a scratch speed of 3.5 mm/min, and a scratch length of 10 mm were used. The critical loads Lc were used to assess the adhesion strength of the coating/substrate.



Ball sliding tests on a plane under dry conditions (25 °C, relative humidity 50%) were carried out using a tribometer MFT-2000A (Rtec Instruments, USA) according to ASTM G-99 [48]. All tests were performed using an uncoated Ø = 10 mm diameter 100Cr6 ball (ISO 683-17:2014, hardness 19 GPa). Specimens were tested under a 1 N normal load, with a 120 r/min sliding speed, a total sliding time of 30 min, and a radius of 8 mm. Analyses of topography, chemical composition, and distribution of elements inside the wear tracks were conducted after tribological testing by means of scanning electron microscopy and an energy dispersive X-ray spectroscopy (EDS) system (SEM, TESCAN MIRA 3 LMU, Brno-Kohoutovice, Czech Republic).





3. Results


3.1. AlMo-30B4C Coating: Structure and Phase Composition


Figure 3 shows the cross-sectional SEM images and X-ray diffraction pattern of the AlMo-30B4C coating on the surface of the target for magnetron sputtering. The coatings have thicknesses of about 350–400 µm. The AlMo-30B4C coating has a dense and defect-free lamella-type structure with a low porosity of less than 1%. Mo and Al particles melted and spread, but B4C particles were not destroyed and were distributed throughout the entire depth of the coating (Figure 3b,c).



An analysis of the cross section of the AlMo-30B4C coating (Figure 3a,b) showed the presence of B, C, Mo, and Al in the volume of the coating. The elemental composition of the cross-sectional surface of the AlMo-30B4C coating is shown in Table 4.



X-ray diffraction analysis of the AlMo-30B4C coating is given in Figure 3d. It has been established that the following phases are present in the coatings: Mo (PDF: 4-804), confirming a cubic lattice structure; Al (PDF: 85-1327), confirming a cubic lattice structure; B4C (PDF: 1-1163), confirming a rhombohedral lattice structure; all of which were also present in the feedstock powder, as well as a small amount of metal oxide phase–MoO2 phase (PDF: 78-1073), confirming a monoclinic lattice structure. This is explained by the fact that the sprayed particles are not subject to strong oxidation during deposition. It is especially important to note that the use of the detonation spray method allows for a high rate of deposition of powder particles, which reduces the time during which the particles are in flight during the coating application. This can reduce the likelihood of unwanted chemical reactions during the deposition process and improve the quality of the target coating.




3.2. Al-Mo-B(CN) Coating: Structure, Elemental (Concentrations, Chemical States), and Phase Composition


The SEM top-view image, which can be seen in Figure 4a, confirms the formation of a smooth Al-Mo-B(CN) coating with slight roughness and a few scattered droplets.



Figure 4b shows a characteristic image of cross-section fractures in the coating deposited onto a monocrystalline silicon substrate. It can be seen that the coating (thickness ~1 μm) is characterized by a dense homogeneity with a structure featuring small drip inclusions but without the columnar elements usually observed in Me-B (C or N) coatings [15,49,50,51]. Due to the columnar structure of coatings, mechanical properties deteriorate due to the diffusion of oxygen from the surface into the depth of the material along the boundaries of columnar grains [1,52,53,54]. The Al-Mo-B(CN) coating has a structure without typical growth defects (nodal, point, cone-shaped, and open voids) associated with the magnetron sputtering process [55]. A similar structure without any peculiarities was observed in the Mo-Si-B-(N) [1] and MoB(C) coatings [17].



The results of the X-ray diffraction analysis (XRD) of the Al-Mo-B(CN) coatings are given in Figure 4c. A single broad peak dominates the pattern. A broad peak indicates an amorphous microstructure with a short-range order, or the presence of crystallites smaller than 2 nm, which is confirmed by the previous results of other researchers [41,55,56].



The surface of the Al-Mo-B(CN) coating was analyzed by XPS in order to understand the chemical bonding state of the surface. The Al2p, Mo 3d, B1s, N1s, C1s, and O1s XPS core level spectra of the Al-Mo-B(CN) coatings are presented in Figure 5 to illustrate the chemical binding states of these elements near the surface region.



The presence of oxides in the coating is due to the presence of oxide compounds on the surface of the metal–ceramic target. Carbon bonds were detected: a peak at 284.8 eV (CC sp2 bond), and a peak at 288.0 eV (-CO- bond). As observed in other works [57,58], the presence of free carbon phases in the coating was recorded. The Mo 3d 5/2 peak centered at 227.8 eV and the Mo 3d 3/2 peak centered at 231.0 eV correspond to metallic Mo. The Mo 3d 5/2 peak at 230 eV and 233 eV corresponds to MoO2, and the Mo 3d5/2 peak at 229 eV and 231.5 eV corresponds to MoB2. The Al 2p spectra were separated into a higher intensity Al 2p3/2 peak located at 74.4 eV and a lower intensity Al 2p1/2 peak located at 75.9 eV, corresponding to Al–N and the Al-O chemical bond [59,60], respectively.



The Al-O bond may indicate the presence of oxygen in the form of amorphous Al2O3. The N 1s ground level spectrum was deconvolved into two peaks. The peak at 397.3 eV corresponds to the Al-N bond, which proves the formation of AlN. The peak at 399.1 eV matched well with the N-O bond that formed the Al-O-N system, an aluminum oxynitride phase. The O 1s core level spectrum consists of a peak at 531.1 eV and was assigned to the Al-O bond of amorphous Al2O3, which is consistent with the Al 2p1/2 peaks. XPS analysis confirmed the formation of the MoB2 and AlN phase with an admixture of oxygen in the form of aluminum oxide, molybdenum oxide, and boron oxide.



The geometrical structure of the Al-Mo-B(CN) coating was examined using an atomic force microscope (AFM). During measurement, an area of 1000 × 1000 nm was scanned (Figure 6). The Al-Mo-B(CN) coating had a homogeneous surface with low roughness Ra of 2.2 nm. The low roughness of the coatings in the Me-B(CN) system was also noted earlier in [9,61,62,63].



The surface of the Al-Mo-B(CN) coating was smooth and characterized by a granular surface morphology (Figure 6), which indicates a fine nano-sized grain structure resulting from the continuous formation of nuclei during the growth of the coating [64]. Differences in the height and density of the protrusions indicate that the structure of the coating is polymorphic.




3.3. Mechanical Properties of Al-Mo-B(CN) Coating


Mechanical properties of the Al-Mo-B(CN) coating, such as hardness (H), elastic modulus (E), elastic recovery (W), plasticity index (H/E), and plastic deformation resistance (H3/E2), are presented in Table 5. Figure 7 shows the load–displacement curve of the specimen deposited with the Al-Mo-B(CN) coating.



The hardness of the coatings was 13.0 ± 3.6 GPa, the elastic modulus was 114 ± 5.8 GPa, and the elastic recovery was 45%. We should note that the mechanical properties of the obtained Al-Mo-B(CN) coating are consistent with those previously reported in [65,66,67,68].



Using nanoindentation data, the parameters H/E and H3/E2 were calculated (Table 4), which, as was shown earlier [69,70], in a number of cases can serve as criteria for the wear resistance of coatings. The Al-Mo-B(CN) coating has high values of H/E = 0.11 and H3/E2 = 0.17 GPa.



For adhesive strength definition, the method of scratch testing was used (Figure 8). The adhesive strength was indicated by critical loads Lc [71].



At a relatively low applied load (Lc1), there were no chips and only a small number of cracks were observed. Also, the failure of the coating at Lc1 corresponds to the cohesive failure of the coating [72]. Critical loads during the scratch testing of the coating were determined by changes in the friction force and the image of the scratches.



The values of Lc1, Lc2, and Lc3 were reflected in the CoF values (Figure 8). At the beginning, CoF increased from 0 to ~0.1 due to the increase in the contact area. Thereafter, CoF gradually increased with increasing applied load until Lc1 (CoF ~0.15). Afterwards, CoF remained stable until the end of the test (Figure 8).



For the Al-Mo-B(CN) coating, the initial cracking first occurred at Lc1 ~4 N (Figure 8). With an increased applied load (Lc2, 8 N), cracking first within the scratched track and then local spalling at the edge of the track started to occur. With an increasing load, the substrate is deformed and the tensile cracks become more severe on the coating’s surface, which can progress to chipping of the coating due to the cohesive failure when the load exceeds the Lc3 (11 N, cohesive failure) (Figure 8).



In the next step, tribological analyses were conducted on the Al-Mo-B(CN) coating. Figure 9 exhibits the friction coefficient curve of the Al-Mo-B(CN) coating against a steel 100Cr6 counterpart.



The curve shows a running-in period that extends over about 450 s. The initial COF was 0.12, then a high and varying COF of 0.70 to 0.87 was found. After that initial period, a drop of COF towards a lower, basically constant COF of 0.75 to 0.80 was found. The average COF of the Al-Mo-B(CN) coating was 0.77.



A detailed look into the wear scar was conducted (Figure 10a,b). The surface of the wear track was found to be smooth, and had some delamination and fatigue cracks, and the edges of the track accumulated some wear residue (Figure 10a). These are typical signs of fatigue and abrasive wear [73,74]. As can be seen in Figure 10b, the surface of the wear scar is partially covered with an oxide-based tribofilm. Elemental distribution maps show a high concentration of iron within the track, which forms a layer parallel to the wear direction. Thus, we can say that the counterbody material oxidizes during wear, accumulates in the track, and forms a discontinuous layer. The segregation of wear particles on the surface of the counterbody along the edges of the tribocontact area was recorded (Figure 10c). The layer of stuck wear products contained elements of both the coating and the counterpart material.





4. Conclusions


The composite metal–ceramic Al-Mo-B4C target manufactured by a robotic complex for the detonation spraying of coatings, as well as the chemical composition, and the microstructure and properties of the thin Al-Mo-B(CN) coating synthesized via magnetron sputter deposition using this target have been investigated within this work.



The main results can be summarized as follows:




	
A copper cathode target with AlMo-30B4C equipment coating for magnetron sputtering UNICOAT 200 (Russia) in the form of a plate (198 × 78 × 4 mm) was made. AlMo-30B4C coating (thickness ~350–400 µm) was fabricated by a robotic complex for detonation spraying.



	
AlMo-30B4C coating has a dense and defect-free lamella-type structure with low porosity of less than 1%. The AlMo-30B4C coating consisted of the Mo, Al, and B4C phases, and a small amount of metal oxide phase–MoO2 phase.



	
The obtained composite metal–ceramic Al-Mo-B4C target was used to deposit the Al-Mo-B(CN) coating (DC mode) on flat specimens of AISI 316 steel and silicon using equipment for magnetron sputtering UNICOAT 200.



	
A smooth Al-Mo-B(CN) coating (thickness ~1 μm) with little roughness (Ra 2.2 nm) and a small number of scattered droplets was formed. Al-Mo-B(CN) coating has dense homogeneity with a structure featuring small drip inclusions but with no columnar elements, and without the typical growth defects (nodal, point, cone-shaped, and open voids) associated with magnetron sputtering.



	
Al-Mo-B(CN) coating has an amorphous structure. XPS analysis confirmed the formation of the MoB2 and AlN phase with an admixture of oxygen in the form of aluminum oxide, molybdenum oxide, and boron oxide.



	
The hardness of the Al-Mo-B(CN) coating was 13.0 ± 3.6 GPa, the elastic modulus was 114 ± 5.8 GPa, and the elastic recovery was 45%, H/E—0.11, and H3/E2 = 0.17 GPa.



	
Al-Mo-B(CN) coating has a friction coefficient of 0.8 against a steel 100 Cr6 ball, and the failure mode was fatigued and abrasive. The adhesion strength of Al-Mo-B(CN) coating amounted to about 11 N, and the failure mode was cohesive.
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Figure 1. The AlMo-30B4C composite powder: SEM micrograph (a,b), XRD pattern (c), and particle size distribution (d). 
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Figure 2. Schematic illustration of the fabrication process of the Al-Mo-B(CN) coating. 
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Figure 3. AlMo-30B4C coatings (cross-section): SEM micrographs (back-scattered electron mode) (a), SEM EDX element distribution maps (b,c), and X-ray phase analysis (d). 
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Figure 4. Al-Mo-B(CN) coating on Si wafers: SEM image of the fracture (a), the surface (b), and X-ray phase analysis (c). 
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Figure 5. XPS spectra of Al2p (a), Mo 3d (b), B1s (c), N1s (d), C1s (e), and O1s (f) electrons for Al-Mo-B(CN) coating. 
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Figure 6. AFM microstructure of Al-Mo-B(CN) coating (scanning area 1000 nm): image 3D (a) and height map (b). 
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Figure 7. Load–displacement curve of specimen deposited with Al-Mo-B(CN) coating. 
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Figure 8. Friction coefficient vs. the applied load during scratch testing. Microphotographs of the destruction areas of Al-Mo-B(CN) coating after scratch tests. Areas correspond to loads of 4, 8, and 11 N. 
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Figure 9. Coefficient of friction (COF) of the Al-Mo-B (CN) coating against a steel 100Cr6 counterpart with a diameter of d = 10 mm. 
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Figure 10. SEM images of wear track (a) and surface of counterpart (d); EDS mapping of the wear track (b,c) and surface of counterpart after the tribological tests of the Al-Mo-B(CN) coating (e). 
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Table 1. Particle size distributionof the Al, Mo, B4C, and AlMo-30B4C powders.
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Particle Size, µm

	
Powder




	
Al

	
Mo

	
B4C

	
AlMo-30B4C






	
d(0.1)

	
3.01

	
3.33

	
1.29

	
1.81




	
d(0.5)

	
7.51

	
9.29

	
11.05

	
8.67




	
d(0.9)

	
13.81

	
20.61

	
30.26

	
22.44











 





Table 2. Parameters of the AlMo-30B4C coating deposition.
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Barrel Length,

mm

	
Barrel

Diameter, mm

	
Deposition Distance, mm

	
Powder Feed Rate, g/h

	
Flow Rate of Fuel Mixture

Components, m3/h




	
Oxygen

	
Propane

	
Air






	
300

	
18

	
70

	
800

	
* 2.44/

** 3.01

	
* 0.51/

** 0.53

	
* 1.18/

** 1.4








* Cylindrical form combustion chamber. ** Combustion chamber in the form of a disk.













 





Table 3. Parameters of the deposition of the Al-Mo-B(CN) coating using UNICOAT 200.
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Parameters

	
Meaning






	
Leaking

	
0.06 cm3/min




	
Operating pressure

	
0.17 Pa




	
Working gas

	
Ar (99.999% purity)




	
N2 (99.999% purity)




	
Total flow in the chamber

	
Ar

	
74 sccm *




	
N2

	
4 sccm




	
Current/Voltage

	
Target

	
AlMo-30B4C

	
2 A/580 V




	
Carbon

	
0.8 A/489 V




	
Frequency

	
14 kHz




	
Cathode material

	
AlMo-30B4C




	
Carbon (99.999% purity)




	
Bias

	
1 A/40 V




	
Magnetron-sample distance

	
70 mm




	
Deposition time

	
50 min








* sccm—standard cubic centimeters per minute.













 





Table 4. Chemical composition of the AlMo-30B4C powder and coating, and Al-Mo-B(CN) coating (SEM, Figure 1, Figure 3, and Figure 4).
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Material

	
Element Composition, wt%




	
AlMo-30B4C

	
Al

	
Mo

	
B

	
C

	
O






	
powder

	
27

	
29

	
25

	
7

	
12




	
coating

	
20

	
32

	
22

	
6

	
19




	
Al-Mo-B(CN) coating

	
25

	
38

	
11

	
7

	
13











 





Table 5. Mechanical properties of Al-Mo-B(CN) coating.
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	Hardness,

GPa
	E,

GPa
	H/E
	H3/E2,

GPa
	We,

%





	13.0 ± 3.6
	114 ± 5.8
	0.11
	0.17
	45
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