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Abstract:



High wear and corrosion of parts lead to an increase in operating costs at thermal power plants. The present paper shows a possible solution to this problem through the arc spraying of protective coatings. Cored wires of the base alloying system Fe-Cr-C were used as a feedstock. Rise of wear- and heat-resistance of the coatings was achieved by additional alloying with Al, B, Ti, and Y. The wear and heat resistance of the coatings were tested via a two-body wear test accompanied by microhardness measurement and the gravimetric method, respectively. A high-temperature corrosion test was performed at 550 °C under KCl salt deposition. The porosity and adhesion strengths of the coatings were also evaluated. The microstructure was investigated with a scanning electron microscope (SEM) unit equipped with an energy dispersive X-ray (EDX) microanalyzer, and the phase composition was assessed by X-ray diffractometry. The test results showed the positive influence of additional alloying with Y on the coating properties. A comparison with commercial boiler materials showed that the coatings have the same level of heat resistance as austenite steels and are an order of magnitude higher than that of pearlite and martensite-ferrite steels. The coatings can be applied to wear- and heat-resistant applications at 20–700 °C.






Keywords:


waste-to-energy boilers; arc spraying; cored wire; wear and corrosion resistance; adhesion; coating












1. Introduction


At thermal power plants in Russia, repair costs account for 12% of the total cost of the electricity generated [1]. This is caused by corrosion and wear of parts operating at high temperature and sustaining wear. The protection of parts and surfaces by means of thermally-sprayed (TS) coatings is one of the rapidly developing fields in surface engineering. Arc spraying (AS) is one of the most cost-effective methods among other TS alternatives.



Corrosion, fouling, and slagging of superheaters are serious problems in boilers utilizing fuels with high alkali and chlorine content. It has been reported that the combustion of biomass [2,3], waste [4,5], and high-chlorine coals [6,7] cause severe materials wastage in superheaters.



Applied thermal and aggressive loads in the coal-fired power plant are divided into groups due to the operating temperature, up to 800 °C, and the particulate content. In a gas corrosion medium, a small amount of particulate is present. In another typical group, the temperature drops, but the share of particulates increases. Various correlations between temperatures and particulate content cause changes in the wear type (gas corrosion, cavitation, abrasive, etc.). A typical incineration plant, shown in Figure 1, is subjected to similar loads, which are specified in Table 1.


Figure 1. The principle of a steam generator in a waste incinerating plant [8].
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Table 1. Heat loads in the main areas of a steam generator in a waste incinerating plant [8].







	
Areas According to Figure 1

	
Name

	
Temperature, °C






	
1

	
Combustion chamber

	
400–1200




	
2

	
Flue, up duct

	
950–1200




	
3

	
Flue, down duct

	
850–1000




	
4

	
Superheater

	
600–650




	
5

	
Vaporizer

	
200–500




	
6

	
Economizer

	
220–300










Arc spraying is supremely suitable for protecting a large coating area due to the low operating costs and the simplicity of handling [9,10,11]. Active arc spraying (AAS) was applied for coating deposition in the present study. The process differs from a typical AS process by the use of propane-air combustion products as a carrier gas instead of compressed air. This increases the particle velocity and temperature and forms a reducing atmosphere in the arc burning zone. These features can decrease the burnout of spraying metal in flight, increase the adhesion strength of the coating, and lower the porosity of the coating [12,13].



Various Fe-based solid and cored wires are used as feedstock materials for the formation of coatings for wear- and heat-resistant applications.



Wear resistant coatings with a metastable austenite structure are of particular interest due to low alloying costs and high resistance in various conditions of mechanical wear (abrasion, impact, cavitation, etc.). Here, the energy of the external load which is applied to the working surface is dissipated due to the transformation of austenite to disperse martensite. This improves the reliability by synergetic combination of surface hardening and reducing internal stresses [14,15,16,17]. Pukasiewicz et al. showed that in Fe-Mn-Cr-Si arc-sprayed coatings cavitation resistance increased due to strain-induced martensite transformation [18].



Fe-Cr-Al alloys are traditionally used as bulk materials and as coatings for protecting against gas corrosion [19,20]. The heat resistance of the Fe-Cr-Al alloy is provided by a surface alumina layer, which forms at high operating temperatures. This oxide layer is characterized by a high melting temperature, chemical and thermal stability, and a low rate of growth [21]. Alloying the Fe-Cr-Al by B increases the wear resistance of the alloy by forming reinforcing carboboride phases [22]. Arc sprayed Fe-Cr-Al-B coatings save their protective properties when the erosion is combined with corrosion at elevated temperatures. The coatings demonstrate a 10–30-fold improvement in heat resistance at elevated temperatures of 600 and 700 °C compared with the steel 12Cr1MoV [23]. The addition of yttrium is favorable for protecting against gas corrosion and wear for the following reasons: First, Y-containing Fe-Cr-Al alloys showed good oxide adherence on the arc-sprayed coatings during operations undertaken at high temperatures under thermal cycling [24,25]. Second, during the AS process, alloying element burnout can take place. Yttrium’s affinity to oxygen is higher than that of other alloying elements [26]. Therefore, yttrium protects them from oxidation during the transition from the feedstock to the coating and preserves the ability of the alloying elements to resist against gas corrosion and wear.



A number of Fe-based cored wires for wear- and heat-resistant applications were developed [20,27,28] and patented with the participation of authors. The aim of the study was an analysis of wear- and heat-resistant properties of the coatings from the developed Fe-based cored wires.




2. Experimental Details


ASME 1020 steel were used as a substrate. An ADM-10 (UWI, Ekaterinburg, Russia) AAS gun was used for spraying the tested coatings. Current and voltage differed according to the type of test (see Table 2). The other employed parameters were kept constant: spraying distance 100 mm, input pressure of gases: air—0.34 MPa, propane—0.32 MPa, traverse velocity 200 mm/s.



Table 2. Samples for the test.







	
Type of Test

	
Sample Dimension

	
Coating Thickness

	
Current

	
Voltage






	
Wear

	
10 mm × 10 mm × 50 mm

	
1.5 mm

	
180 A

	
28 V




	
Heat resistance

	
30 mm × 20 mm × 3 mm

	
0.4 mm

	
250 A

	
30 V










A 1.5Cr8Ti2Al cored wire 1.6 mm in diameter was used as a feedstock in tests up to 200 °C. This alloy belongs to the metastable austenite type of alloy, which is used for increasing wear resistance via arc spraying [27]. The coatings were examined in an as-sprayed state and after additional rolling down of the surface, which was carried out via a “ball-on-plate” reciprocating technique. The test parameters were as follows: ball diameter: 10 mm; ball steel: E52100 ASTM (HRC 65); traverse speed: 0.16 m/s; stroke: 125 mm; friction path: 5 m; and axial load: 100 N, which corresponds to pressure of 2000 MPa [29]. This allows to reproduce loads sufficient for martensitic transformation in steels with metastable austenite [17].



Two Cr13Al5B5 cored wires 2.0 mm in diameter were used for high temperature tests. The composition of the second wire differs because of the alloying of yttrium. The Y content in the wire was designated according to the neural network model, which has been developed with respect to arc spraying [30]. The chemical composition of the cored wires is given in Table 3.



Table 3. The chemical composition of the cored wires.







	
Name

	
Alloying System

	
The Chemical Composition, wt %




	
C

	
Cr

	
Ti

	
Al

	
B

	
Y

	
Fe






	
1.5Cr8Ti2Al

	
1.5Cr8Ti2Al

	
1.5

	
8

	
2

	
0.8

	
–

	
–

	
Bal.




	
AAS

	
Cr13Al5B5

	
0.08–0.11

	
13

	
–

	
5

	
5

	
–

	
Bal.




	
AAS-Y

	
Cr13Al5B5Y

	
0.08–0.11

	
13

	
–

	
5

	
5

	
0.7

	
Bal.










All coatings were subjected to a two-body abrasive test via the pin-on-plate reciprocating technique. Corundum abrasive paper with a grain size up to 150 μm, was fixed on the plate and the as-sprayed sample, 50 mm × 10 mm × 10 mm, was fixed in a holder. The test conditions were as follows: sliding distance: 60 m; pin velocity: 0.16 m/s; and specific load: 1 MPa. The pin is made of 1020 steel. To reduce the lapping period during the wear tests, the sprayed work surface area, 10 mm × 10 mm, on the pin was polished to Ra 0.8. A combination of corundum microhardness 22.900 MPa [31] and a specific load of 1 MPa provide the scratching abrasive wear. This type of test was chosen for the following reasons:

	
This type of wear is most easily reproduced in the laboratory and can be easily unified. Therefore, reference data on the relative wear resistance of various materials are comparable;



	
Other types of abrasive wear (hydro- and gas-abrasive, shock-abrasive, and thermal-abrasive ones) also realize the same kind of surface failure with applying additional loads. The row of relative wear resistance, obtained with scratching abrasive wear, is reproduced in other types of abrasive wear if microcutting is the main mechanism of surface failure during wear [32,33].








For wear-resistant coatings, the following studies were performed. Microhardness was measured with a PMT-3 device (LOMO, St. Petersburg, Russia) under a 100 g load. The load was assigned ensuring the ratio (indentation depth)/(coating thickness) < 0.1 [34]. To verify, microhardness measurements were made with a successive decrease in the load, 0.981, 0.49, and 0.196 N. The deviations of the average values of the corresponding series from five measurements of each did not exceed 4%. The coating structure was studied with a MET 2 microscope (Altami, St. Petersburg, Russia), a DRON-3.0 X-ray diffractometer (Bourevestnik Inc., St. Petersburg, Russia) in Fe- and Co- Kα radiation, and a Philips SEM 525 scanning electron microscope (FEI, Hillsboro, OR, USA).



The following studies were performed to evaluate the heat-resistant coatings. The amount of oxygen in the coating was measured by melting the coating in an inert gas flow with an ON-900 analyzer (Eltra, Haan, Germany). The porosity of the coatings was determined via the metallographic method on the transverse sections using commercial SIAMS 700 hardware and software (SIAMS, Ekaterinburg, Russia) to estimate the distribution of pores by size, area, and volume. The results of the porosity determination were averaged for the five fields of view in accordance with ASTM E2109-01(14).



The adhesion strength of the coatings was determined by the separation of a conical pin. A schematic view of the test is presented in Figure 2. Here, washer 1 serves as the base; pin 2 is inserted into the hole so that its end face is flush with the external plane of the washer. The pin is fixed by screw 4. The total surface of the pin and the washer after preparation is coated with coating 3. The test consists of pulling the pin by applying force (F). The quantitative characteristic of the adhesive strength is the ratio of the maximum applying force to the pin face area. The results were averaged from three samples. The method is characterized by the versatility and high-speed performance. In case of a pin end diameter of 2 mm and a coating thickness of more than 300 μm, reliable results are possible [34].


Figure 2. Scheme of conical pin separation, dimensions are in mm.
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The heat resistance of the coatings from these wires was evaluated in accordance with GOST 9.312 [35]. The gravimetric method was used according to the weight-loss measurements of samples exposed for 100 h in air at 700 °C. To decrease measuring errors, the 30 mm × 20 mm × 3 mm samples were deposited with a 10 μm galvanic nickel layer in order to protect the sample from non-controlled oxidation at elevated temperatures. A special evaluation of the heat resistance of the galvanized Ni were not carry out. However, oxidation of Ni and Fe differ as follows: A passivizing oxide film is formed on a Ni surface at 635 °C, and it is preserved up to 1200 °C [36]. On the Fe surface, at a temperature above 572 °C, the film is mainly composed of wuestite, which has weak protective properties due to the predominant diffusion of Fe [37]. After the exposition there were no signs of disturbance of the Ni oxide film. Before spraying, the layer from one side of the specimen surface (30 mm × 20 mm) was removed by grinding. This side was subjected to grit blasting with corundum sand; after that, the arc-spray coatings with a thickness of 700 μm were deposited. The galvanized surfaces were not specially prepared, so the coating that formed on them was easily removed. The sprayed surface was ground to a thickness of 400 μm.



The high-temperature corrosion test was performed in an alumina tube furnace at 550 °C for a duration of 168 h. The coating samples on ASME 1020 steel were cut to a size of 20 mm × 20 mm, while an area of about 255 mm2 (an 18 mm-diameter circle) was covered with approximately 1 g of KCl salt. The salt was finely ground in a ceramic mortar and mixed with ethanol to create a paste and facilitate the deposition. The furnace environment was purged with 1.5 L/min of air with the addition of water vapor to reach 12% of the specific humidity.



Microhardness measurements were performed with a Leica VMHT device (Walter Uhl, Aßlar, Germany) under 50 and 300 g loads. When measuring the average hardness value before wear testing, a load of 300 g is taken. After the wear tests, it is important to evaluate the microhardness of the thinner surface layer subjected to friction hardening. This requires a smaller load on the indenter [34] and a procedure of verifying the test results was carried similar to wear-resistant coatings.



A microstructural study of the as-sprayed coating from a Y-containing wire was performed as follows: Phase composition on the coating surface was determined by a XRD-7000 X-ray diffractometer (SHIMADZU, Kyoto, Japan, Cr-Kα radiation). The microchemical structure and composition of the coatings was studied with a VEGA II XMU scanning electron microscope (Tescan, Brno, Czech Republic). It was equipped with an INCA Wave 700 wavelength dispersive X-ray spectrometer and INCA Energy 450XT microanalyzers (Centre “Plastometria”, the Institute of Engineering Science, Ural Branch of RAS, Ekaterinburg, Russia).



The microstructure of the coating after a corrosion test from an AAS-Y wire was investigated via a scanning electron microscope (SEM) and a microanalysis of the cross-section was studied with a Philips XL30 equipped with an energy dispersive X-ray (EDX). Phase composition was assessed by X-ray diffractometry (XRD, Empyrean, PANAnalytical, Co-Kα radiation, the wavelength is 1.79021 Å) of the surface of the coating. The experimental conditions include the scanning range from 20° to 120° in 2θ, at a scanning step rate of 0.02°, a beam mask of 20 mm, a programmable divergent slit fixed at ½ degree, a Fe-filter, and a PANAnalytical PIXcel 3D detector (Malvern Panalytical B.V., Almelo, The Netherlands). Phase identification was performed using the PANAlytical X’Pert High Score Plus software (version 4.0) using the ICDD JCPDF-2 database (International Centre of Diffraction Data, Newtown Square, PA, USA).




3. Results


3.1. Wear-Resistant Coatings from a 1.5Cr8Ti2Al Cored Wire


3.1.1. Microstructure of the As-Sprayed Coatings


The metallographic analysis of the transversal microsections of the coatings has shown that the structure of the coating has a wave-like nature in the arrangement of the structural components (Figure 3). Etching reveals inclusions of metal oxide complexes of various shades of gray. This corresponds to a change in the reflectivity of the complexes, depending on the metal-oxide ratio. At the ‘coating-substrate’ interface there are thin oxide films with rare thickenings and an insignificant quantity of pores. The fragment pieces of the coating microstructure on the surface are multicolored and their sizes are in the range of 10–50 μm. They have irregular or rectangular shapes.


Figure 3. Structure of the AAS coating from a 1.5Cr8Ti2Al cored wire.
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The SEM analysis of the coating surface showed that light fields contain Fe (bal.), Cr (6–10 wt %), and a negligible quantity of Ti. These metal fragments represent a solid solution of Cr in austenite and martensite. The gray-colored fragments contain the maximum concentration of the alloying elements Cr (10–12 wt %) and Ti (2–3 wt %) (Fe bal.). These gray areas are likely complexes of carbides and oxides.



The X-ray diffraction analysis of the coating surface showed that the phase structure is based on metal (70 vol %). It consists of martensite and retained austenite in a 50/50 ratio, vol %. According to the EDX analysis on the SEM (Figure 4), it can be stated that the main phase of the coating is a solid solution of alloying elements based on Fe. The oxides of different compositions, like Al2O3, Cr2O3, SiO2, and (Al, Ti)2O3, are unevenly distributed in the solid solution. Additionally, there are separate particles of chromium carbide in the coating.


Figure 4. The distribution of chemical elements (atomic percent) over the thickness of the 1.5Cr8Ti2Al as-sprayed coating.
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Thus, light fragments are comprised of a metal base, gray ones are comprised of carbides (i.e., Ti, Cr), and dark ones are comprised of Fe oxides.




3.1.2. Microhardness, Phase Composition, and Wear Resistance after Ball Rolling


Measurements of the coating surface after the ball-on-plate test showed that the microhardness rises from 600 ± 62 HV0.1 before loading to 770 ± 48 HV0.1 after the first rolling and 880 ± 42 HV0.1 after the second rolling. The change in microhardness after multiple loadings by ball rolling was accompanied by a reduction in the amount of austenite in the metal matrix, as shown by the X-ray analysis. The measurement of the austenite-martensite ratio was made by estimating the integral intensities of the diffraction lines obtained from the corresponding crystallographic planes of the phases (110)α and (111)γ. According to the phase calculation by the XRD-7000 diffractometer software, the amount of austenite dropped noticeably after ball rolling of the surface. However, after the wear test, the martensitic transformation took place to a greater extent than after the ball rolling (Table 4). Wear tests confirmed an influence of martensitic transformation. They showed that the wear resistance of AAS coating from a 1.5Cr8Ti2Al cored wire is three times larger compared to the arc-sprayed coating from an AISI 420 (X20Cr13) solid wire (Figure 5).


Figure 5. Weight loss after the two-body abrasive wear test.
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Table 4. Phase change in the deposition after surface loading.







	
Type of Test

	
Austenite-Martensite Ratio, vol%






	
Before loading

	
50/50




	
Ball-on-plate

	
1 rolling

	
40/60




	
2 rolling

	
30/70




	
Pin-on-plate, mode 1

	
20/80












3.2. Heat-Resistant Coatings from AAS and AAS-Y Cored Wires


3.2.1. Oxygen Inflow during the Spray Process


Measuring the amount of oxygen in the coating showed that the oxygen content in the AAS-Y coating (1.3 wt %) is 1.8 times less compared to the AAS coating. This result coincides with the side data, according to which the oxygen content in the arc-sprayed coatings is cut in half by the introduction of rare earth metals into cored wires [24].




3.2.2. Adhesion Strength and Porosity


In the AAS-Y coating, adhesion strength is 43 ± 3 MPa, and its mean value is 1.2 times higher than that of the coating prepared from the AAS wire.



The porosity of the AAS coating is 25% higher, while the range of the diameters of pores is slightly lower, in comparison with the AAS-Y coating (see Table 5). The pore distribution is similar in both cases (see Table 6).



Table 5. Porosity of the coatings.







	
Parameters

	
AAS Coating

	
AAS-Y Coating






	
Analyzed area, μm2

	
1,943,352

	
1,783,493




	
Porosity, %

	
3.5

	
2.8




	
Minimal pore size, μm

	
1.2

	
1.2




	
Maximal pore size, μm

	
24.2

	
27.2










Table 6. Distribution of pores of various diameters (DP) in the coatings. N, A, V—accumulated shares of pores by size, area, and volume, respectively.







	
Parameters

	
AAS Coating




	
DP, μm

	
0–2

	
2–4

	
4–6

	
6–8

	
8–10

	
10–12

	
12–14

	
14–16

	
16–18

	
18–20

	
20–22




	
N, %

	
31.8

	
77.8

	
91.2

	
95.7

	
97.7

	
98.8

	
99.3

	
99.7

	
99.9

	
99.9

	
100.0




	
A, %

	
5.5

	
29.1

	
49.5

	
63.3

	
73.4

	
82.0

	
86.9

	
93.6

	
96.3

	
98.3

	
99.3




	
V, %

	
1.2

	
10.6

	
24.2

	
37.0

	
49.2

	
61.8

	
70.3

	
83.8

	
89.9

	
94.9

	
97.8




	
Parameters

	
AAS-Y Coating




	
DP, μm

	
0–2

	
2–4

	
4–6

	
6–8

	
8–10

	
10–12

	
12–14

	
14–16

	
16–18

	
18–20

	
20–22




	
n, %

	
32.1

	
76.4

	
89.6

	
94.8

	
97.4

	
98.6

	
99.4

	
99.8

	
99.9

	
99.9

	
100.0




	
A, %

	
5.2

	
26.9

	
45.7

	
60.8

	
73.1

	
82.3

	
89.8

	
94.7

	
97.1

	
99.0

	
99.0




	
V, %

	
1.1

	
9.8

	
22.1

	
35.9

	
50.4

	
63.7

	
76.6

	
86.2

	
91.5

	
96.2

	
96.2








Note: The pore volume was calculated as V = πD3/6, here D = (4A/π)0.5—the diameter of a circle equivalent to the pore by area.









3.2.3. Heat Resistance


The measured specific weight-loss for the AAS-Y coating is an order of magnitude smaller than those of T11 and T122 steels and is similar to the heat resistance of austenite steel during the heat resistance test. In addition, its specific weight-loss is lower by 20% in comparison with AAS coating (Table 7).



Table 7. Heat resistance of commercial boiler materials [38,39] and the studied coatings.







	
Steel Grade

	
Corresponding ASM Grade

	
Class of Steel

	
Specific Mass Loss, g/(m2·h)






	
12Cr1MoV GOST20072

	
T11 ASME A213

	
pearlite

	
80




	
1Cr12W2MoV GOST5632

	
T122 ASME A213

	
martensite-ferrite

	
10




	
1Cr18Ni12T GOST5632

	
TempaloyA-1 ASME SA312

	
austenite

	
0.4




	
Cr23Ni18 GOST5632

	
TP310 ASME SA312

	
austenite

	
0.1




	
–

	
AAS-Y coating

	
–

	
0.54




	
–

	
AAS coating

	
–

	
0.64











3.2.4. Wear Resistance of the Coatings


The microhardness of the AAS-Y coating was HV0.3 1111 ± 64 before the wear test and HV0.05 1222 ± 52 after the wear test. The weight loss of the AAS-Y samples after tribological tests was in the range of 0.15–0.19 g. The AAS-Y coating was compared with an AAS arc-sprayed coating from a 1.5Cr8Ti2Al cored wire, which was studied before, and ASME 1020 solid steel. The results showed that the wear resistance of an AAS-Y coating is higher compared to the examined alternatives (Table 8).



Table 8. Comparison of examined materials by relative weight loss.







	
Material

	
Relative Weight Loss,






	
AAS-Y coating

	
1




	
AAS coating

	
1.2




	
1.5Cr8Ti2Al coating

	
2.1




	
ASME 1020 solid steel

	
12










As shown, the AAS-Y coating is better by the criteria of oxygen content, porosity, hardness, and wear- and heat-resistance. Therefore, further studies were focused on these coatings.




3.2.5. Structure of the As-Sprayed Coatings


The surface SEM results mainly showed spectra corresponding to the basic coating components, i.e., Fe, Cr, Al (spectrum 2), in the presence of spectra corresponding to the precipitation of mixed spinel-type oxides, like (Al, Y)2O3 (spectrum 1) (Figure 6A).


Figure 6. Structural features of AAS-Y coating. (A) SEM image of the AAS-Y coating surface and quantitative EDS elemental analysis of areas 1 and 2; and (B) the microstructure of the AAS-Y coating and SEM/EDS quantitative elemental analyses of the indicated microstructural details.
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Si was not especially added: it exists only as an impurity. A cross-section of the AAS-Y coating is shown in Figure 6B. The zones marked as (a–e) were detected by EDX microanalysis. The different grey-scale colored striations (a,b) differ according to the content of Al and Y. In particular, darker striations have significant amounts of Al and Y. Small cracks were detected along the boundaries of such zones (white arrow). Some small dark grey drop-like inclusions (c) are plentiful in Y and Al. Pores (d) are present in the coating. On the coating-substrate interface, several white, long inclusions of a size of about 100 µm were observed (e). These large inclusions are Ni-rich, which could be residual material from the galvanic Ni layer.



According to the surface analysis, the coating from the AAS-Y wire consists of iron α-phase (solid solution of Fe-Cr-B, enriched with carbon) with reinforcing phases: borides Fe2B (Fe,Cr)2B and carboborides (Fe,Cr)2(B,C) (Figure 7).


Figure 7. Diffraction pattern of the AAS-Y coating surface. 1—α-Fe, 2—Fe2B, 3—(Fe, Cr)2(B,C), 4—(Fe, Cr)2B.
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3.2.6. Corrosion Resistance of the AAS-Y Coating


An overall image of the coating after the test and corrosion products is presented in Figure 8. A homogeneous thin corrosion product layer was detected on top of the coating.


Figure 8. BSE/SEM cross-section image of AAS-Y coating after the test.
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A magnification of the corrosion products is given in Figure 9. EDX microanalysis showed the following: A homogeneous thin corrosion product layer was detected on top of the coating. The topmost corrosion product layer (a) is rich in metal oxides, probably in the form of chromates and ferrates of potassium. A thin porous layer lies between the corrosion products and coating (b). The EDX spot analysis in the pores (c) indicates the presence of Cr, Y, and Al. The high amount of Fe probably belongs to the coating. This porous morphology might be a precipitation zone of borides, which was subjected to selective corrosion of Cr, as the XRD analysis suggests.


Figure 9. Cross-section of AAS-Y coating after the high-temperature corrosion test.
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This type of morphology may be caused by chlorine-induced corrosion [40]. Chlorine can selectively react with alloying elements and precipitates, like borides and carbides, forming volatile chlorides that leave the surface in the form of a vapor, resulting in a porous area. The formed chlorides then migrate toward the surface, where the higher partial pressure of oxygen makes them deposit in the form of oxides [41]. The chromium oxide in the layer lying on top of the porous area (c) probably originated in such a way. Several inclusions of different shapes and sizes were detected (d). The presence of Al and Y oxides has been revealed in these inclusions.



Along the coating cross-section, the multiple cracks are filled with Fe, Cr, and Al oxides (Figure 10). The coating is well bonded to the substrate. However, some cracks are visible, and metal oxides, including Fe, Cr, Al, and a very small amount of Cl, were detected (Figure 10, area a). The very minor presence of chlorine along the coating cross-section might be induced by the sample preparation procedure. However, the high number of cracks is a possible pathway for chlorine to propagate and, therefore, further studies are required to verify the effectiveness of the coating protection. A very thin corrosive product layer is formed on the surface of the coating, as in the case of a Ni-based arc-sprayed coating tested under similar conditions [42].


Figure 10. Cracks and oxides through the cross-section of the AAS-Y coating and at the coating/substrate interface of sample.
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4. Discussion


4.1. Wear-Resistant Coatings with a Metastable Austenite Structure


The coating structure forms under the rapid cooling of the sprayed particles on the substrate. The cooling rate of the coating is 104–105 °C/s. [43]. Thus, the crystallization corresponds to a high rate type which occurs via diffusionless transformation. This type of crystallization is characterized by the delayed precipitation of carbides from the solution [44]. The primary carbides and eutectics are absent in the structure of the as-sprayed coatings. Only secondary carbides, allocated from the austenite after crystallization, are present in the structure. They are about an order of magnitude smaller than the primary carbides [45]. This reduces the tendency of the coatings to crack.



As is known, previous droplets solidify 2–3 orders faster than new molten droplets impacting the substrate, even at maximum spraying capacity [43,46]. Thus, the strain-induced martensite nucleation on each surface layer is facilitated by the impact of droplets during the formation of the coating. Due to the specific features of the coating formation, the share of martensite in the coating structures is increased in comparison with the arc surfaced layer from the cored wire of the same composition [28].



The behavior of the metastable retained austenite in the sprayed coating is the same as in solid TRIP-steels. At contact load, the retained austenite quantity is lowered by 2–3 times and the deformation of martensite occurs. Thus, the wear resistance of the coating improves via the following synergetic effects:

	
Internal stresses in the coating drop due to the change in the crystal lattice volume;



	
The energy of the contact load is dissipated by the strain-induced nucleation of martensite; and



	
Surface hardening takes place.









4.2. Heat-Resistant Coatings from a FeCrBAlY Cored Wire


The present study showed that the oxygen content in the coating reduced upon the addition of yttrium and the content of the oxide layer changed. This is probably due to the higher affinity of yttrium with oxygen compared to aluminum. The free Gibbs energy of the formation of oxides of alloying elements is as follows: Y2O3 −1300 kJ/mol; Al2O3 −1120 kJ/mol [26]. Applying the addition of yttrium to the Fe-Cr-Al bulk alloys results in the following [47,48]: improved oxidation resistance and oxide adherence.



Analysis of the influence of yttrium on the properties of the Fe-Cr-Al-Y arc-sprayed coatings requires further research. However, based on the results and analogies with bulk metal the following conclusions can be drawn:

	
Yttrium prevents the burnout of other alloying elements during spraying. Thus, the proper content of the alloying elements has been maintained for further operations.



	
An increase in the coating’s oxidation resistance is associated with the formation of complex oxides, such as (Fe, Al, Y)2O3.



	
The lower degree of oxidation causes an increase in the adhesion strength and a reduction in porosity. This can be explained by a decrease of the oxide layer on sprayed particles in flight. As shown by Sobolev and Guilemany, oxidation decreases the pressure developed upon the droplet impact that is detrimental to the contact between the substrate and splat [49].



	
Prevention of the aluminum oxidation with yttrium during spraying causes an amplification of aluminothermic reactions. It leads to a more uniform melting of boron-containing components and the formation of a denser coating structure. Additionally, this was confirmed by previous studies [22]. As a result, wear resistance increased by 20%.








The microhardness of the coatings from the cored wires of the Fe-B-Cr alloying system is 1.5–1.8 times as high, and the wear resistance is more than twice as high in comparison with wear-resistant 1.5Cr8Ti2Al coatings with a metastable austenite structure. Obviously, borides of the (Fe, Cr)2(B, C) type, which form in the first case, are more effective as strengthening phases in abrasive wear than martensite and chromium carbides in the second case.



An increase in the order of wear resistance of the AAS-Y coating, in comparison with ASME 1020 solid steel, indicates that this coating is a good solution for protecting parts from abrasive wear.



Chlorine-induced corrosion takes place mainly on the surface of the coating from the yttrium-added wire. The corrosion product thickness on the surface of the coating is quite low and of the same magnitude as the comparable Ni-based arc-sprayed coatings tested under similar conditions.





5. Conclusions


Cored wires of the base alloying system Fe-Cr-C were used as a feedstock for arc spraying. They included 1.5Cr8Ti2Al cored wire and two Cr13Al5B5 cored wires. One of the last was additionally alloyed by yttrium. The coatings were investigated in the range of 20–700 °C. The studies comprise the following: wear and heat resistance tests, microhardness measurements, high-temperature corrosion testing, porosity and adhesion strength evaluation, and SEM and XRD analyzes.



A metastable austenite structure forms in the coating from 1.5Cr8Ti2Al cored wire. As a result, after loading at room temperature, a share of the martensitic phase rises. The strain-induced martensite nucleation on each surface layer is facilitated by the impact of droplets during the formation of the coating.



This leads to an increase of abrasive wear resistance, which is three times larger compared to the arc-sprayed coating from the AISI 420 (X20Cr13) solid wire. Thus, the wear resistance of the coating improves via the following synergetic effects:

	
Internal stresses in the coating drop due to the change in the crystal lattice volume;



	
The energy of the contact load is dissipated by the strain-induced nucleation of martensite;



	
Surface hardening takes place.








Addition of yttrium to the Cr13Al5B5 coating results in the following, as compared to the Y-free coating:

	
Oxygen content is 1.8 times less, which indicates a lowering of the burnout of other alloying elements during spraying, Thus their proper content is saved for further operations;



	
The formation of complex oxides like (Fe, Al, Y)2O3 leads to an increase in the coating’s oxidation resistance by 20%;



	
Adhesion strength is 1.2 times higher and the porosity drops by 25% due to less oxidation of sprayed particles in flight; and



	
Wear resistance increases by 20% due to an influence of amplified aluminothermic reactions on the uniformity of boron-containing components melting and the coating density.








Borides of the (Fe, Cr)2(B, C) type, which form in the case of the Cr13Al5B5 coating, are more effective as strengthening phases at abrasive wear than martensite and chromium carbides in the case of the 1.5Cr8Ti2Al coating. Consequently, the wear resistance in the former case is twice as high as in the latter one.



Chlorine-induced corrosion takes place mainly on the surface of the coating from the yttrium-added Cr13Al5B5 wire. Corrosion product thickness on the surface of the coating is quite low and of the same magnitude as the comparable Ni-based arc-sprayed coatings tested under similar conditions.



Values of wear- and heat resistance of the coating from the yttrium-added Cr13Al5B5 cored wire are an order of magnitude higher than those of pearlite and martensite-ferritic steels that are typical for boiler applications.



Economically alloyed Fe-Cr-C-based arc sprayed coatings can be applied in wear- and heat-resistant conditions in the range of 20–700 °C. Possible applications in power engineering include protection of the parts of fossil energy systems and waste incinerators.
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