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Abstract

:

This study is aimed at obtaining a coating of aluminum oxide containing α-Al2O3 as the main phase by detonation spraying, as well as a comparative study of the structural, tribological and mechanical properties of coatings with the main phases of α-Al2O3 and γ-Al2O3. It was experimentally revealed for the first time that the use of propane as a combustible gas and the optimization of the technological regime of detonation spraying leads to the formation of an aluminum oxide coating containing α-Al2O3 as the main phase. Tribological tests have shown that the coating with the main phase of α-Al2O3 has a low value of wear volume and coefficient of friction in comparison with the coating with the main phase of γ-Al2O3. It was also determined that the microhardness of the coating with the main phase of α-Al2O3 is 25% higher than that of the coatings with the main phase of γ-Al2O3. Erosion resistance tests have shown (evaluated by weight loss) that the coating with α-Al2O3 phase is erosion-resistant compared to the coating with γ-Al2O3 (seen by erosion craters). However, the coating with the main phase of γ-Al2O3 has a high value of adhesion strength, which is 2 times higher than that of the coating with the main phase of α-Al2O3. As the destruction of coatings by the primary phase, α-Al2O3 began at low loads than the coating with the main phase γ-Al2O3. The results obtained provide the prerequisites for the creation of wear-resistant, hard and durable layered coatings, in which the lower layer has the main phase of γ-Al2O3, and the upper layer has the main phase of α-Al2O3.
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1. Introduction


Alumina coatings have been widely applied in aviation, aerospace, energy, transportation, national defense and other industries for their remarkable characteristics, such as high hardness, heat insulation, anti-wear, thermostability, anti-oxidation and corrosion resistance [1,2,3]. The phase composition of an alumina coating depends on the application method, process parameters, substrate temperature, spray particle size and a number of other factors. Traditionally, these coatings are obtained by microarc oxidation [4,5], anodic oxidation [6,7], sol–gel [8,9], plasma [10,11], flame [2,12,13] and detonation spraying [14,15]. A relatively new direction in this field is a surface modification using detonation technology, which refers to gas-thermal methods of coating modification. The detonation spraying method provides high-quality coatings with lower costs of electricity, components of an explosive gas mixture (compared with other gas-thermal methods) and allows to obtain coatings up to 500 μm thick in mass production [15]. Particular interest is in the methods of plasma and gas-flame detonation spraying. To obtain coatings from aluminum oxide by plasma and gas-flame detonation spraying, α-Al2O3 is usually used as an initial powder. At the same time, the resulting coating in the case of flame spraying of corundum (α-Al2O3) practically consists of γ-Al2O3, while two-phase coatings consisting of α-Al2O3 and γ-Al2O3 are formed during plasma and detonation spraying [16,17]. In this case, the resulting coating practically consists of γ-Al2O3 in the case of gas-flame spraying of corundum (α-Al2O3), while when using plasma and detonation spraying, two-phase coatings are formed consisting of α-Al2O3 and γ-Al2O3 [16,17]. However, the obtained coatings have the main phase of γ-Al2O3, which has a relatively loose structure and much lower compactness, hardness, abrasion and corrosion resistance than α-Al2O3 [18,19]. However, in [20,21] it was found that it is possible to obtain coatings having the main phase of α-Al2O3 by the plasma method using γ-Al2O3 as the initial powder. It was also found in this study that coatings made from the same raw powder materials under different processing conditions exhibit very rich structural characteristics. The content of α-Al2O3 in coatings after detonation spraying depends on the presence of insoluble or semi-soluble particles in the powder. Therefore, the structural and phase states of aluminium oxide coatings strongly depend on the technological mode of detonation spraying [22]. Our earlier studies [22,23,24] also showed that when changing the technological modes (firing frequency, barrel filling volume) of detonation spraying, the ratio of the α-Al2O3 and γ-Al2O3 phases changes. In these studies [22,23,24], α-Al2O3 was used as the initial powder, and the maximum possible parameters (frequency of firing and barrel filling) of the CCDS-2000 detonation unit were studied using an acetylene–oxygen mixture. It was found that with a decrease in the frequency of the shot, as well as with a decrease in the volume of filling the barrel with an acetylene–oxygen mixture, α-Al2O3 increases. However, the main phase is still γ-Al2O3. The current state of research in the field of aluminum oxide detonation coatings shows good results, but the increase in α-Al2O3 remains relevant, as α-Al2O3 has very good physical and mechanical properties. There are no data in the literature on detonation coatings having the main phase of α-Al2O3. In this study, we are trying to obtain a ceramic coating containing α-Al2O3 as the main phase by detonation spraying, changing the composition of the combustible mixture and comparing the structure and properties of two coatings having the main phases of α-Al2O3 and γ-Al2O3.




2. Materials and Methods


Al2O3 powder with a fineness of 50–65 μm was used as a sprayed material (INOX, LLC STC, Novosibirsk, Russia). Coatings were applied to 12Kh1MF steel samples by detonation spraying on CCDS2000 detonation unit (Computer-Controlled Detonation Spraying) (LIH SB RAS, Novosibirsk, Russia). Figure 1 [23] shows a schematic diagram of the CCDS2000 detonation complex. The coating is applied with a detonation gun, the barrel of which is filled with an explosive gas mixture, a metered portion of powder is thrown into the barrel and detonation is initiated by an electric spark. The detonation products heat the powder particles to melting point and throw them at high speed onto the part installed in front of the gun barrel. Upon collision, microwelding occurs, and the powder is firmly (at the molecular level) bonded to the surface of the part. After each shot, the barrel is purged with nitrogen to remove detonation residues. The required thickness is increased by successive series of shots, during which the object can be moved using a manipulator [25,26]. To obtain a coating based on Al2O3, industrial gases were used as a combustible gas: oxygen, acetylene, and propane–butane (component ratio 50/50, equivalent formula C3.5H9). The fuel/oxidizer ratio in the gas distributor was 1.856 (without using propane–butane) and 1.026 (using propane–butane). Spraying modes are shown in Table 1.



After X-ray phase studies of the samples were performed by X-ray diffraction analysis on an X’PertPRO diffractometer (Philips Corporation, Amsterdam, The Netherlands), diffraction patterns were recorded using CuKα radiation (λ = 2.2897 Å) at a voltage of 40 kV and a current of 30 mA. Diffraction patterns were decoded using the HighScore software. The microhardness of the cross section of the samples was measured by the Vickers method in accordance with GOST 9450–76 (ASTM E384-11) on a Metolab 502 micrometer (Metolab, Moskow, Russia) at an indenter load of P = 1 N and a holding time of 10 s. Micrographs of the coating surface were obtained using a metallographic microscope (Altami MET 5C, Altami LLC, Saint Petersburg, Russia). The roughness of the coatings surface Ra was estimated using a profilometer model 130 (Plant PROTON, Joint Stock Company, Moscow, Russia). As the main parameter for evaluating the surface roughness of the coating, the value of Ra was chosen, which is the arithmetic mean deviation of the profile.



Tribological tests for sliding friction were carried out on a TRB3 tribometer (Anton Paar Srl, Peseux, Switzerland) using the standard ball-disk technique (international standards ASTM G 133-95 and ASTM G99). The experimental setup is shown in Figure 2a. A ball with a diameter of 3.0 mm made of steel coated with SiC was used as a counterbody at a load of 5 N and a linear velocity of 15 cm/s; the radius of the wear curvature was 5 mm and the friction path was 50 m. The values for calculating the volumes of wear of the obtained coatings were established.



Erosion tests at room temperature were carried out on a special stand in accordance with ASTM G76-04 (Figure 2b). The test used a tube nozzle with a diameter of 3 mm, located at a distance of 15 mm from the sample; the angle of inclination of the nozzle in relation to the sample was 90°. The tests were carried out using a quartz abrasive with a grain diameter of 50 μm. The test duration was 3 min.



The CSEM Micro Scratch Tester (CSM, Neuchâtel, Switzerland) was used to test the adhesion characteristics of coatings by the “scratch” method (Figure 2c). Scratch testing was carried out at a maximum load of 30 N, the rate of change in the normal load on the sample was 29.99 N/min, the speed of the indenter was 6.794 mm/min, the length of the scratch was 7 mm, and the radius of curvature of the tip was 100 μm. To obtain reliable results, three scratches were applied to the surface of each coated sample.




3. Results and Discussion


Under standard modes of detonation spraying using the initial powder of α-Al2O3, the resulting coatings have the main phase γ-Al2O3. In order to obtain coatings having the main phase of α-Al2O3, we carried out a series of experiments in various modes of detonation spraying. Al2O3 coatings were obtained by varying combustible gases. Figure 3 shows the diffraction patterns of the obtained coatings. The results of X-ray structural analysis of coatings showed that all coatings consist of γ-Al2O3 and α-Al2O3 phases. The results showed that despite the fact that the initial powder was from α-Al2O3, γ-Al2O3 phases were formed after spraying using an acetylene-oxygen mixture. This is explained by the fact that nonequilibrium recrystallization of α-Al2O3 to γ-Al2O3 occurs under shock wave conditions and rapid cooling during the formation of coatings. The diffraction peaks at 25.5°, 35.1°, 60.0°, 43.3°, 44.2°, 52.5°, 57.4°, 61.1°, 68.1°, 80.6° and 88.9° relate to ICDD card number 96-500-0093, and the diffraction peaks at 31. 9°, 37.7°, 39.4°, 50.2°, 66.8° and 84.9° relate to ICDD card number 96-500-0093, and the diffraction peaks at 45.8°, 76.1° and 79.4° relate to ICDD card number 96-500-0093.



Figure 3 shows that when propane is added to the oxygen–acetylene mixture, an increase in the interference lines of the α-Al2O3 phase is observed, i.e., an increase in the volume fraction of the α-Al2O3 phase. However, during a significant increase in the propane content, a decrease in the α-Al2O3 phase volume fraction can be observed. In samples A80-P20 and A80-P10, coatings are formed with the main content of the α-Al2O3 phase. A further decrease in the content of the acetylene–oxygen mixture or propane leads to a decrease in the quality of the coatings due to the presence of unmelted powder particles in it. Moreover, such weak spraying modes of Al2O3 powders are usually used for sandblasting the substrate surface before coating.



Thus, for the first time experimentally we obtained an aluminum oxide coating having the main phase of α-Al2O3 by detonation spraying method. Next, we carried out comparative studies of the structure, composition and properties of two coatings with the main phases of α-Al2O3 and γ-Al2O3. Two samples were studied: (1) A90-P0 sample coated with the main phase γ-Al2O3, obtained using a combustible gas consisting of an acetylene-oxygen mixture, (2) A80-P10 sample coated with the main phase α-Al2O3, obtained with using a combustible gas consisting of a propane-acetylene-oxygen mixture.



Tribological parameters are one of the main properties responsible for the durability of products. This work was evaluated by the wear volume value of coatings when tested according to the “ball-disc” scheme (Figure 4a). Figure 4 shows the data on the amount of wear (Figure 4a) and the coefficient of friction (Figure 4b) for samples A90-P0 and A80-P10. The test results showed that the A80-P10 sample has a low wear volume value compared to A90-P0. Figure 4b shows that the friction coefficient of the A90-P0 sample is 0.48, and the friction coefficient of the A80-P10 sample is 0.26. Thus, it can be stated that under the test conditions, the wear resistance of the A80-P10 sample is 2 times higher than that of the A90-P0. This is primarily due to an increase in the proportion of the α-Al2O3 phase in the A80-P10 coating, which has a high wear resistance.



Figure 5 shows the microstructure of the coatings and the results of measuring the surface roughness of the coating material based on Al2O3. Metallographic analysis showed that the coatings have an inhomogeneous structure with the presence of small pores. At the same time, the size and number of pores in the A90-P0 coating are larger than in the A80-P10 coating. The roughness parameter of the A80-P10 coating has a value of Ra = 1.72 (Figure 5a), and the A90-P0 coating has a value of Ra = 3.85 (Figure 5b), that is, the coating with the main phase of γ-Al2O3 has a higher roughness and porosity than the coating with the main phase of α-Al2O3. The high roughness and porosity of the A90-P0 coating is due to the difference in the effect of the shock wave and the resulting compaction of the coating.



Figure 6 shows a graph of the distribution of microhardness over the thickness of A90-P0 and A80-P10 coatings. The microhardness of the A80-P10 coating material is quite high compared to the A90-P0 coating. The high hardness of the A80-P10 coating is due to the fact that the main phase in it is α-Al2O3. The α-Al2O3 modification has a higher hardness and wear resistance compared to the γ-Al2O3 modification [25,26]. This confirms the results of X-ray diffraction analysis in which it is shown that the sample A80-P10 has a more significant proportion of α-Al2O3 than the sample A90-P0.



The results of erosion resistance tests showed that the A80-P10 coating is more resistant to erosion than the A90-P0 coating. Erosion craters on the surface of A90-P0 and A80-P10 coatings are shown in Figure 7. The calculated relative weight loss was 0.0773 g and 0.0953 g for A80-P10 and A90-P0 coatings, respectively. This can also be associated with an increase in the proportion of the α-Al2O3 phase, which is highly resistant to wear and erosion.



Figure 8 shows the SEM image of the cross-section of the coating A90-P0 (a) and A 80P10 (b). The coating thickness is ~100–120 μm. As can be seen in the figure, both coatings have a homogeneous layered structure characterized by a detonation coating.



One of the main factors determining the quality of the coating is adhesion. Figure 9 shows the results of the adhesion test for the scratch test. To determine the adhesive strength of the coatings, the coating surface was scratched with a Rockwell diamond indenter under a continuously increasing load (Figure 2b). During the tests, physical parameters were measured at various applied loads (Fn) and the scratch length. The moment of adhesive or cohesive destruction of the coating was recorded after testing using an optical microscope with a digital camera, as well as by changing two parameters: acoustic emission and friction force. Note that not all recorded coating failures describe the actual adhesion of the coating to the substrate. Various registration parameters during the tests made it possible to record different stages of the destruction of the coating. In particular, Fn is the load, AE is the acoustic emission, Ft is the frictional force, Lc1 is the critical load necessary for the origin of the first crack, Lc2 is the critical load that ensures the peeling of the coating areas and Lc3 is the binding load corresponding to the plastic abrasion of the coating on the surface [17]. By the type of change in the amplitude of acoustic emission (AE), one can judge the intensity of the formation of cracks and their development in the sample during scratching. In the A90-P0 coating, the first crack was formed at a load of Lc1 = 6 N (Figure 9a). Then, the process continued in a certain cycle. The corresponding acoustic emission peak accompanied the formation of each crack (Figure 9a). Partial abrasion of the coating on the substrate was judged by a sharp change in the intensity of the growth of the friction force; this happened at the load of Lc3 = 29 N. In the A80-P10 coating, the first crack formed at the load of Lc1 = 15 N (Figure 9b). According to the results of adhesion tests, it can be stated that the cohesive failure of the sample coating occurred at 15 N, and its adhesion failure at 29 N. The A90-P0 coatings have better adhesion strength than the A80-P10 coatings. This is due to the fact that the A90-P0 coating has γ-Al2O3 as the main phase, which is relatively more viscous than α-Al2O3, and this provides good adhesion of the coating to the substrate. Furthermore, Figure 9 shows microscopic images of the surface at different critical loads (Fn). Considering that the high exploitation resistance of the coatings is provided due to the high wear resistance and adhesive strength, it can be assumed that the layered coatings having a lower layer of γ-Al2O3 and an upper layer of α-Al2O3 makes it possible to obtain high-quality coatings based on aluminum oxide. In addition, as the results showed, the detonation technology makes it possible to adjust the phase composition of the coatings from γ-Al2O3 to α-Al2O3, then the detonation technology must be developed in the direction of obtaining functional-gradient coatings. As modern detonation devices of the CCDS2000 type, it allows automatic variation of technological modes during the spraying process.




4. Conclusions


Based on the results obtained, it was revealed that, depending on the composition and degree of filling of combustible mixtures, the phase composition of coatings based on aluminum oxide changes, that the composition of the coatings can vary from γ-Al2O3 to α-Al2O3. For the first time, an aluminium oxide coating with an alpha-Al2O3 out-of-body phase was obtained experimentally by detonation spraying.



The roughness measurements showed that the coating with the main phase γ-Al2O3 has a higher roughness than the coating with the main phase α-Al2O3.



Scanning electron microscope images showed that both coatings have a homogeneous layered structure characteristic of detonation coatings.



It was determined that the coating having the main phase of α-Al2O3 has high hardness, wear resistance and resistance to erosion in comparison with the coating having the main phase of γ-Al2O3.



It has been determined that the coating with γ-Al2O3 phase has a high adhesive strength compared to a coating with α-Al2O3 phase.



Thus, the results showed that it is possible to control the phase composition of coatings based on Al2O3 and, accordingly, the properties of coatings by changing the composition and degree of filling of combustible mixtures. The results obtained in the long-term make it possible to obtain layered or gradient coatings, which consist of a lower layer with the main phase γ-Al2O3, an upper layer with the main phase of α-Al2O3 and an intermediate layer consisting of α-Al2O3 and α-Al2O3. The production of such coatings provides high tribological and mechanical properties of the coatings, as the more viscous γ-Al2O3 phase provides good adhesion strength of the coatings to the substrate, and the α-Al2O3 phase, which is present in a large amount on the coating surface, provides high hardness and wear resistance. In future works, we will present the results on obtaining a gradient coating from alumina based on these results.
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Figure 1. Schematic diagram of the computer-controlled detonation spraying setup CCDS2000: 1—control computer; 2—gas distributor; 3—mixing ignition chamber; 4—spark plug; 5—barrel valve; 6—fuel line; 7—oxygen line; 8—gas valves; 9—gas supply unit; 10—indicated part of the barrel; 11—powder feeder; 12—workpiece; 13—manipulator; 14—the muzzle of the barrel; F1—acetylene; F2—propane–butane; O2—oxygen; N2—nitrogen. Reprinted from Ref. [23]. 






Figure 1. Schematic diagram of the computer-controlled detonation spraying setup CCDS2000: 1—control computer; 2—gas distributor; 3—mixing ignition chamber; 4—spark plug; 5—barrel valve; 6—fuel line; 7—oxygen line; 8—gas valves; 9—gas supply unit; 10—indicated part of the barrel; 11—powder feeder; 12—workpiece; 13—manipulator; 14—the muzzle of the barrel; F1—acetylene; F2—propane–butane; O2—oxygen; N2—nitrogen. Reprinted from Ref. [23].



[image: Coatings 11 01566 g001]







[image: Coatings 11 01566 g002 550] 





Figure 2. Scheme of testing the coatings for wear resistance (a), erosion resistance (b) and adhesive strength (c). 
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Figure 3. Diffraction patterns of Al2O3 coatings obtained under different modes of detonation spraying. 
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Figure 4. The wear volume (a) and the coefficient (b) of A90-P0 and A80-P10 coatings. 
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Figure 5. Relief and surface roughness micrographs of A80-P10 (a) and A90-P0 (b) coatings. 
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Figure 6. Distribution of hardness graph by depth of A90-P0 (a) and A80-P10 (b) coatings. 
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Figure 7. Comparison of erosion craters of A90-P0 (a) and A80-P10 (b) coatings after testing for resistance to erosion. 
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Figure 8. SEM image of the cross section of the coating A90-P0 (a) and A 80P10 (b). 
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Figure 9. Scratch test results of the A90-P0 (a) and A80-P10 (b) coatings. 
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Table 1. Technological modes of spraying coatings from aluminum oxide.
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	Sample
	Filling the Barrel with Gas Fuel C2H2/C3H8
	Fuel/Oxidizer Ratio
	Barrel Filling Volume, %
	Spray Distance, mm
	Number of Shots





	Al2O3-A80P10
	80/10
	1.026
	56
	250
	20



	Al2O3-A80P20
	80/20
	1.026
	57
	250
	20



	Al2O3-A80P30
	80/30
	1.026
	59
	250
	20



	Al2O3-A80P0
	80/0
	1.856
	55
	250
	20



	Al2O3-A90P10
	90/10
	1.026
	64
	250
	20



	Al2O3-A90P0
	90/0
	1.856
	63
	250
	20
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