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Abstract

:

Reliability is one of the most important requirements for electric motor installations. Bearing assembly is a common source of failure for most electric motors. One of the main reasons for such failures is the wear of the bearing seat of the end shield. This paper presents a combined technology for increasing the durability of the bearing bores of electric motor bearing shields made of aluminum alloys. The technological concept is that a worn-out end-shield bore is firstly restored by supersonic gas-dynamic spraying, and secondly, in order to improve anti-wear properties, it is strengthened by micro-arc oxidation. The adhesion of coatings has been studied, and the wear resistance of the formed coatings has been evaluated. Based on the performed studies, it can be assumed that the service life of the bearing assembly of an electric motor restored by gas-dynamic spraying with the novel technology of micro-arc oxidation in real operating conditions will increase on average by 3–4 times. The developed technology is recommended for repair, maintenance, or other technical services dealing with the restoration and hardening of worn-out parts.
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1. Introduction


Energy development and a number of industries in the modern world have dramatically increased loads on various equipment [1,2,3,4,5,6]. Operation requirements have changed, especially those for electrical systems and equipment [1,5,7,8]. Some aspects of the operation of power and electrical equipment have begun to attract more attention [1,7,8,9]. One of these is reliability.



Reliability is a fundamental requirement for electric propulsion systems [1,7]. For most electric motors, the bearing assembly is the second most important source of failure (after the winding) [8]. One of the main reasons for such failure is bearing seat wear of the end shield (Figure 1), which occurs because of fretting corrosion and subsequent rotation of bearing rings.



At present, the seats of electric motor shield bearings are restored with polymer materials, by thermal spraying, and press fitting of repair bushings.



The Obninsk powder spraying center has developed a fundamentally new method of recovering these parts by supersonic gas-dynamic spraying [9,10,11], with major advantages such as, environmental friendliness, simplicity, ability to form coatings of a few millimeters, and high adhesion of sprayed coatings to the base (40–80 MPa).



The physical and mechanical properties of coatings formed by cold gas-dynamic spraying are significantly influenced by the air pressure, which serves as a transporting gas of the applied powder material. In the work of many researchers, it is noted that the quality of the formed coatings (adhesion strength and density) can be improved by increasing the speed of the sprayed particles. The gas type, temperature, and pressure, along with the nozzle, control the particle speed [12]. It is well understood that higher gas pressure, higher gas temperature, or lower gas molecular weight causes higher speed of the sprayed particles [13]. In this case, the speed of the sprayed particles can be increased by increasing the pressure [14,15].



An increase in the heating temperature of the carrier gas during cold spraying leads to a decrease in the adhesion strength of the formed coatings [16].



To form coatings by gas-dynamic spraying, powder mixtures based on soft metals (aluminum or copper) are used. Aluminum has the advantages of good ductility, which makes it easy to use aluminum powder for gas-dynamic spraying, as well as high corrosion resistance, low cost, and availability in the market. These advantages make it possible to choose aluminum as a bond coating for the synthesis of a protective coating. However, the final coatings of such materials have low strength and wear resistance. [17,18]. As a result, the service life of parts recovered by gas-dynamic spraying, as a rule, is lower than that of new parts. To eliminate these shortcomings, a combined technology of restoration and hardening of the group of parts is proposed. The core fact is that a worn-out end-shield bore is first restored by supersonic gas-dynamic spraying, and then, in order to improve anti-wear properties, it is strengthened by micro-arc oxidation (MAO) [19,20,21].



The MAO technology has significant advantages over most other methods of surface treatment of aluminum alloys:




	
− It is nontoxic and environmentally friendly;



	
− It allows application of coatings to products of any configuration;



	
− It does not require special preliminary preparation, cleaning, or washing;



	
− It retains the shape and dimensions of the part during the formation of the coating;



	
− It is carried out at low temperatures, which does not lead to the deformation of products.








At the same time, MAO coatings have outstanding properties, such as high hardness, wear resistance, corrosion resistance, heat resistance, and high adhesive and cohesive strength.



Combined technologies, including the restoration of worn-out working surfaces of parts by various methods with subsequent hardening treatment of their outer layer, make it possible to increase the durability of movable joints; therefore, more attention has been recently drawn to different approaches to implement these technologies and their capabilities [22,23,24,25,26].




2. Object and Research Methodology


Gas-dynamic spraying (GDS) was performed on the metal coating system DIMET-403 (Figure 2) using aluminum powder A-80-13, consisting of aluminum and containing a technological additive of zinc, which prevents the deposition of material inside the nozzle. The coatings were applied at a temperature of 200–600 °C and a pressure of 0.5–0.9 MPa.



The spraying equipment set consisted of the following main parts (Figure 2).



The control and management unit (9) combined in its housing the elements of the power supply of the spray gun (10), the air temperature control system, the power supply system, the control of the powder consumption of the PV-43 feeders, the switch of the powder route, and the switching elements.



The DM-43 sprayer consisted of a supersonic nozzle directly connected to an air heating unit. The supersonic nozzle is the main element that ensures the acceleration of particles to high speeds, leading to the formation of a coating. The inner planes of the nozzle, which are most susceptible to wear during operation, were made in the form of replaceable nozzles, which make it easy to restore the characteristics of the nozzle when it is worn out.



The air heating unit in the sprayer provides heating and stabilization of the temperature of the carrier gas at the inlet to the nozzle, which makes it possible to increase the flow rate while maintaining the nozzle configuration.



The powder feeding device (PV-43) is a self-contained unit that provides uniform dosed movement of the powder loaded into it into the air flow of a supersonic nozzle. The operation of this unit is based on a vibration method for creating the fluidity of powder materials.



The chemical agents used for MAO were as follows: potassium hydroxide (GOST 24363 rev.1) and liquid glass (GOST 130078) with module m = 3.0 and density ρ = 1.47 g/cm3. The coatings were formed in electrolyte of “KOH-Na2SiO3” type at the following modes: DT = 18 A/dm2; t = 120 min; electrolyte: CKOH = 1 g/L, CNa2SiO3 = 8 g/L.



The samples were oxidized in equipment for the process of micro-arc oxidation, which is a current source, one outlet of which was attached to a part placed in an electrolyte (anode), and the other was attached to a working bath filled with electrolyte (cathode). A cooling system was used to maintain the electrolyte temperature in the required range.



Table 1 shows the modes of formation of coatings.



For the study, we used aluminum alloys AK12, AK7ch, and G-AlSi12, which are widely used for the manufacture of bearing shields for electric motors [2]. The chemical composition of the alloys is shown in Table 2.



The adhesion of the sprayed layer was determined by the pin method that evaluates the breaking force when the pin is pulled out in the direction normal to its end surface on which the coating was applied (GOST 9.304. Unified system or corrosion and ageing protection. Thermal sprayed coatings. General requirements and methods of control). As a limitation of the use of this method, it can be noted that it is only valid if the coating is completely detached from the pin.



The sample consisted of the pin (Figure 3a) and the washer (Figure 3b) with the gripping device used as a hole for splitting to have an interconnection with the coating layer during spraying. The cylindrical surface of the joined parts with a diameter of 4 mm was carried out on a sliding fit. The sample was made of aluminum alloy.



The assembly of pin and washer was installed in the device to fix the sample, and the working surface was ground. The coating was sprayed onto the working surface of the sample with a uniform movement with the following condition:


s = 0.77…1 d,



(1)




where s is the thickness of the sprayed layer, mm and d is the pin diameter, mm.



The sample was tested on a universal tensile testing machine RM-1000 (LLC “ETsNK” (Unified Center for Non-Destructive Testing, Moscow, Russia).



The tensile strength of the coating was evaluated for each sample by the formula [27]:


Pa = (4∙F)/(3.14∙d2 ),



(2)




where Pa is the pull-off stress to evaluate adhesion, MPa; F is the breaking force, N; d is the pin diameter, mm.



The comparative wear resistance of the sample’s surface was analyzed with boundary lubrication (as per GOST 23.224-86) on an MTU-01 friction machine (TU 4271-001-29034600-2004). Aluminum alloys AK12, AK7ch, and G-AlSi12, as well as a sprayed coating without strengthening by MAO were taken as the reference standard. The above alloys served as the material for the manufacture of the lower samples (Figure 4).



Before MAO, the lower specimen was ground in a mandrel on 3B722 surface grinding machine [28]. Then, the lower sample was subjected to MAO in electrolyte for 120 min. Then, the samples were ground with sanding paper to Ra = 0.35–0.40 μm. The upper samples (see Figure 4) of three pieces were made of steel 18KhGT (HRC 58–62) with a contact area of 1.5 cm2 and a roughness of the working surface Ra = 0.4 μm.



A friction pair was used as a reference standard: the lower specimen made of aluminum alloy without coating and the upper specimens of 18KhGT steel (HRC 58–62). The rotating speed of the friction pair was 580 min−1.



The boundary lubrication was made by industrial oil AU (GOST 1642-75) in the friction zone (Figure 5).



Once the constant value of the friction moment and the run-in of the contact area of the friction pair were fixed at least 90%, the load was increased to the designed level of 1.5 MPa through intervals of 0.25 MPa.



The wear of the samples and counterbodies was evaluated by the gravimetric method using VLA-200 scales as per TU 25.06-383-74.



The wear values were recorded every 2 h of testing with each friction pair tested for 20 h.



The control of materials and agents used for deposition was carried out by nuclear magnetic resonance (NMR), refraction, and atomic-beam spectroscopy [29,30,31,32,33]. These methods enabled obtaining unambiguous data about materials without changing their physical structure and chemical composition. The following equipment was used for measurements: an NMR-spectrometer “X-PULSE” (company “Oxford Instruments”, Oxfordshire, UK), a stationary Abbe refractometer “NAR-2T UH” (company “ATAGO”, Tokyo, Japan), and a WDXRF spectrometer “S8 TIGER Series 2” (company “Bruker”, Bremen, Germany).



The change in the linear dimensions of the samples during deposition and micro-arc oxidation was monitored with a lever micrometer MP-25, in accordance with the GOST 4381 standard. The measurement accuracy was ±2 μm. The thickness of the hardened coating layer was also measured on the specimen section using an EC METAM PB-21 metallographic microscope. The measurement error was no more than 1.5 µm at 500×.



The microhardness of the coatings was measured on a PMT-3M device in accordance with GOST 9450.




3. Research Results and Discussion


In order to select efficient operating modes of the equipment, we studied the coating adhesion and performed comparative wear testing.



Depending on air pressure, the analysis results of the sprayed coatings’ adhesion obtained on the AK7ch aluminum alloy showed that the best adhesion of the sprayed material to the base (65 MPa) was achieved with the air pressure of 0.9 MPa (Figure 6). However, in this mode, the unit can operate only briefly and unstably; hence, the best way is to have an air pressure of 0.7 MPa in the sputtering block. In this case, the sprayed material adhesion to the base amounted to 58–62 MPa.



When analyzing the sprayed coatings’ adhesion, in relation to the temperature of air heating in the spraying block (Figure 7), it was found that the temperature increase lowered the adhesion strength. This occurs if the air temperature increase leads to the increase in the thermodynamic activity of the sprayed particles. Hence, not only will particles with sufficient kinetic energy be fixed on the surface, but also the ones with lower kinetic energy and a higher temperature. This elevates the effective use of the sprayed material with the reduction in the coating adhesion.



As can be seen in Figure 7, the maximum adhesion value corresponded to the temperature mode, which led to air heating in the spraying block at about 200 °C. However, the study revealed that in such a temperature mode, there was a low deposition efficiency (4–8%). When the air temperature in the spraying block reached 400 °C, the utilization rate of the powder reached 12–15%. Therefore, the optimal temperature mode was about 400 °C.



The results of the obtained data (Figure 8) indicate that the interaction of a solid particle with a base, which occurs during gas-dynamic spraying, depends not only on the heating temperature and air pressure in the sputtering block, but also on the size of the sprayed particle or fractions. For any speed of a particle, there is the size when it bounces off the substrate, even if the maximum possible number of bonds are formed during the contact.



Thus, the finding revealed that in the interaction of the particle and the base, the elastic compression energy and the adhesion energy had the same values and, hence, the elastic compression energy played a decisive role in spraying with solid particles. Therefore, to reduce the effect of elastic rebound of a particle, it was necessary to have sufficiently small (≈40 μm) particles.



The characteristic phase composition of ceramic coatings is determined by the phase of mullite and corundum. There is also a SiO2 compound on the surface of the coatings (Figure 9). During MAO in a silicate–alkaline electrolyte, composite coatings with complex phase composition were formed on the surface of the aluminum base, in which the oxide α-Al2O3 (corundum) acted as a strengthening phase, providing high microhardness of the coating.



The main parameters of the coatings for wear testing are given in Table 3.



The investigation of the wear of the compared friction pairs showed (Figure 10) that the wear had different values depending on the material of the friction pair. The wear tested duration of friction pairs with lower samples of the following composition: aluminum alloys (AK12, AK7ch, G-AlSi12); aluminum alloy (AK7ch) with a coating formed by gas-dynamic spraying (powder A-80-13); and aluminum alloy (AK7ch) with a coating formed by gas-dynamic spraying (powder A-80-13) followed by MAO treatment for 20 h.



The wear rate of the coatings formed by gas-dynamic spraying on aluminum alloys from A-80-13 powder with subsequent strengthening by MAO was 0.0062 g/h. The wear rate of the final coating was several times lower than that of the alloys taken as a reference standard: AK12 alloy—5.13 times, AK7ch alloy—6.41 times, G-AlSi12 alloy—5.67 times, and the coating formed by gas-dynamic spraying—7.68 times.



The developed technology included the following main operations: machining of parts to remove wear marks, abrasive blasting, gas-dynamic spraying, boring, MAO, flushing, drying, and finish machining.



Aluminum surfaces of bored shields of electric motors usually do not require special preparation before gas-dynamic spraying. However, blast-abrasive (sandblasting) surface preparation for spraying increases the adhesion strength of coating to substrate. It can be performed on equipment for gas-dynamic spraying, for example, using K-00-04-16, other abrasive powder, or sand. In this case, the particle size of the powder should not exceed 0.2 mm.



For supersonic gas-dynamic spraying of powder materials on the surface of mounting holes, a commercial system for gas-dynamic spraying “DIMET-403” was used. It is advisable to use A-80-13 as a powder material recommended for shields restoration made of aluminum alloys.



It should be noted that the use of gas-dynamic spraying makes it possible to compensate parts wear up to several millimeters per side (2–4 mm). In this case, the powder was applied to the surface of the part without any bond coating.



To strengthen the holes repaired by gas-dynamic spraying (after their boring on a lathe), a set of equipment for MAO was used. With MAO, it is advisable to use alkaline electrolyte with water glass additives of the following concentration of components, g/l: potassium hydroxide (KOH)—2.9… 3; liquid glass (Na2SiO3)—4…6.



Due to the fact that MAO provides the formation of a hardened layer not only inward but also outward increasing the part’s linear dimensions (with formation of an outer friable layer), shields strengthening should be carried out with allowance for finish machining (at least 0.05…0.07 mm per side) (Figure 11).



It should be noted that an increase in the thickness of the outer loose layer occurred due to the components of sodium metasilicate contained in the electrolyte (SiO cations), which under the action of microarc discharges were included in the coating.



To remove the outer friable layer of the coating after MAO (finish machining), it is recommended to use an elastic abrasive tool consisting of abrasive paper petals fixed between two discs. After finish machining of the coating, the thickness of the hardened layer should be at least 0.12…0.14 mm. The indicated values were in good agreement with the data of various researchers, who recommend maintaining the thickness of the hardened layer in the range of 0.5…0.1 mm to ensure the high wear resistance of coatings [24,34,35,36].



The general view of the restored bearing assembly of electric motor is shown in Figure 12.




4. Conclusions


The dependence of the adhesion of aluminum coatings in the process of gas-dynamic spraying of composite aluminum powders on the pressure and temperature of the gas flow, as well as on the fractional composition of the powders, was analyzed; optimal technological parameters were recommended.



Rational modes of formation of hardened ceramic coatings for the restoration of aluminum products used in mechanical engineering were recommended.



On the basis of tribological tests, it was practically shown that the strengthening of aluminum coatings by the method of MAO can significantly increase their wear resistance.



Based on the above studies, it can be assumed that the service life of the bearing assembly of electric motors restored by gas-dynamic spraying with a new technology of MAO can be significantly increased under real operating conditions. The developed technology is recommended for implementation in repair, maintenance, or other technical services dealing with restoration and hardening of worn-out parts.
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Figure 1. General view of the end shield of an electric motor, outer diameter 30 cm. 
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Figure 2. Metal coating system “DIMET-403”: 1—nozzle; 2—silicone adapter; 3—sprayer; 4—powder feed button; 5—powder feed tube; 6—pneumatic valve; 7—manometer; 8—filter, 9—control and monitoring unit BKU-03; and 10—feeder PV-43. 
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Figure 3. Sample to evaluate the adhesion of the coating and the machined surface: (a)—pin and (b)—washer. 
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Figure 4. Samples for wear testing: 1—mandrel for upper samples; 2—upper sample; and 3—bottom sample. 
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Figure 5. Scheme of wear test samples: 1—base; 2—lubricant; 3—protective casing; 4—mandrel for upper samples; 5—upper sample; and 6—bottom sample. 
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Figure 6. Dependence of the coatings’ adhesion on air pressure in the sputtering block of RNB. Spraying modes: spraying distance h = 15 mm; air heating temperature in the sputtering block T = 400 °C; and material fraction f = 40 μm. 
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Figure 7. Dependence of the coatings’ adhesion on air temperature in the spraying block. Spraying modes: air pressure in the sputtering block P = 0.7 MPa; spraying distance h = 15 mm; and material fraction f = 40 μm. 
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Figure 8. Dependence of the coatings’ adhesion on the fraction of the sprayed material. Spraying modes: air pressure P = 0.7 MPa; spraying distance h = 15 mm; and air heating temperature T = 400 °C. 
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Figure 9. (a) Typical X-ray of the surface of ceramic coatings. (b) Surface morphology of the relief oxide-ceramic coating. 
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Figure 10. Values of the wear of friction pairs: lower sample (aluminum alloys; coating obtained by gas-dynamic spraying (GDS) (powder A-80-13); coating obtained by gas-dynamic spraying (with powder A-80-13) followed by MAO); upper samples (steel 18HGT). 
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Figure 11. General scheme for the formation of an oxide-ceramic coating (h), an outer loose layer and a modified base layer during MAO of aluminum alloys. 
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Figure 12. Coated bearing shield of an AD type electric motor. 
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Table 1. Efficient modes of coating formation.
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№

	
Parameter

	
Value






	
Modes of supersonic gas-dynamic spraying of coatings




	
1

	
Compressed air pressure, MPa

	
0.5




	
2

	
Compressed air consumption, m3/min

	
0.3




	
3

	
Compressed air heating temperature, °C

	
200–450




	
4

	
Powder size distribution, μm

	
40–60




	
5

	
Standoff distance, mm

	
10




	
Modes of sprayed coatings hardening by MAO




	
1

	
Current density, A/dm2

	
20




	
2

	
Electrolyte temperature, °C

	
30




	
3

	
Duration of oxidation, min

	
90–120











[image: Table] 





Table 2. The chemical composition of the used aluminum alloys.
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Alloy Grade

	
Mass Fraction of Main Components (Base—Aluminum), %




	
Mg

	
Si

	
Mn

	
Cu

	
Ti

	
Zn






	
AK7ch

	
0.20–0.40

	
6.0–8.0

	
0.50

	
0.20

	
-

	
-




	
AK12

	
0.05

	
11.0–13.0

	
0.50

	
0.50

	
0.05

	
0.30




	
G-AlSi12

	
11.0–13.0

	
0.50

	
0.15

	
0.30

	
0.15

	
0.20
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Table 3. Main parameters of coatings for wear testing.
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Layer Thickness, mm

	
Microhardness of the Sprayed Layer, HV






	
gas-dynamic spraying

	
hardened by MAO method

	
before MAO

	
after MAO




	
0.50–0.51

	
0.130–0.140

	
250–280

	
2965–3185
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