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In this paper, NiCrAlY coating was prepared by atmospheric plasma spraying (APS), and the influence of heat treatment on the mechanical property, tribological property, and oxidation resistance property of coating was researched. The coating was heat-treated at 900 and 1,100°C, respectively. The microstructure of coating became more homogeneous after heat treatment. Meanwhile, heat treatment could effectively increase the microhardness and adhesive strength as well as decrease the porosity of coating. The coating presented the highest adhesive strength of 62.1 MPa and the lowest porosity of 3.06%, as well as excellent tribological property and oxidation resistance property at 900°C after 1,100°C heat treatment.
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INTRODUCTION

Over the past few decades, MCrAlY (M = Nickel or/and Cobalt) coatings act as a kind of representative metal-based protective coating that are widely used in several industries such as gas turbines and aircraft engines (Zhao et al., 2004; Vilar et al., 2009; Tahari et al., 2012; Di Leo et al., 2014; Yaghtin et al., 2014; Li et al., 2016, 2017c; Amann et al., 2018). These coatings are often used to prevent the hot parts of rotary and static blades and other components in the high-temperature section of gas turbines. However, the coatings often have poor wear resistance at high temperature. Because the gas turbine engines are exposed in the dusty environment, the stability and lifetime of coatings could deteriorate (Zhao et al., 2004; Li et al., 2017c). Therefore, these coatings should show an excellent mechanical strength, wear resistance, hardness, and oxidation resistance at high temperature (Hou et al., 2015). The plasma-sprayed coatings often present a lamellar structure and contain many defects such as pores and cracks, which would deteriorate the properties of coatings (Li et al., 2017a). In recent years, some researchers investigated the influence of heat treatment on the microstructure and mechanical property of composite coatings, and the results show that heat treatment could make the microstructure of coatings more homogeneous, effectively decrease the defects, and improve the mechanical properties of coatings (Poza and Grant, 2006; Dellacorte and Edmonds, 2009; Peng et al., 2013; Liu et al., 2014; Chraska et al., 2015; Ghadami et al., 2015; Matthews, 2015; Pan et al., 2015; Shao et al., 2015; Wang et al., 2015b; Li et al., 2017b; Kar et al., 2018). Poza and Grant prepared the CoNiCrAlY coating by vacuum plasma spraying (VPS), and heat treatment effectively improved the adhesive strength of the coating (Poza and Grant, 2006). Meanwhile, the MCrAlY coating should show the excellent oxidational resistance properties at high temperature, which could guarantee the stability and lifetime of coatings (Karaoglanli, 2015; Karaoglanli and Turk, 2017). So, it is significant to research the effect of heat treatment on the microstructure, mechanical property, and oxidation resistance property of coatings.

The present work aimed to investigate the effect of heat treatment on the microstructure, mechanical property, tribological property, and oxidation resistance property of the NiCrAlY coating.

MATERIALS AND METHODS

Coating Preparation

The NiCrAlY coating was fabricated by APS (SulZer Metco 9 M, US). The Ni22Cr10Al1.0Y feedstock powder was gained from Metco. The substrate material (Inconel 718) was grit blasted with alumina powders prior to deposition. The size of the alumina powder was about 100 μm. The thickness of the NiCrAlY coating was about 300 μm. The spray parameters are listed in Table 1. The vacuum furnace was used to treat the samples, and the dynamic vacuum was about 10−1 Pa. The samples were heat-treated at 900 and 1,100°C for 1 h, respectively.


Table 1. Spray parameters.
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Characterization

The processes of microhardness, adhesive strength, and tribological property tests have been described in detail elsewhere (Li et al., 2016). The microstructures of coatings were characterized by field emission scanning electron microscopy (FE-SEM; Tescan Mira 3) and high-resolution transmission electron microscope (HRTEM; FEI Tecnai G2 F30, USA). The cross-sectional samples were prepared by mechanical polishing. First, the samples were mechanically grounded with 100, 400, 800, 1,000, and 1,500 grit emery paper, respectively, and then polished by cloth. The composition and structure of coatings were examined by an X-ray diffractometer (Philips X'Pert-MRD) utilizing Cu-Ka radiation, and operating voltage was 40 kV. The Jade software was used to analyze the XRD image. The porosity of coatings was measured with an image analyzer. The Chinese national standards (GB/T 13303-91) were used for the oxidation experiment. Before the experiment, all the crucibles were dried in a muffle furnace at 1,050°C and held for 6 h, which could make the weight of the crucibles not change in the experiment. The test temperatures of the oxidation experiment were selected at 900 and 1,000°C in the muffle furnace. The weight of the specimen was measured after every 20 h during oxidation and then removed from the furnace directly into atmosphere and cooled down to room temperature. Each temperature was repeated at least three times for the oxidation experiment test in order to ensure the repeatability of the experimental results and then worked out the average value and obtained the curves.

RESULTS AND DISCUSSION

Microstructure, Microhardness, Adhesive Strength, and Porosity of Coating

Figure 1 presents the SEM morphology and XRD patterns of the NiCrAlY powder. It can be clearly seen that the powder is spherical in shape with sizes of 53–106 μm (Figure 1a). The spherical shape powder has an excellent flowability, which is very useful for the feeding rate during the spray process. The XRD analysis indicates that the NiCrAlY powder consists of Ni3Al, NiAl, and Ni-based solid solution phases, which have good crystallinity (Figure 1b).
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FIGURE 1. SEM morphology (a) and XRD patterns (b) of NiCrAlY powder.



Figure 2 shows the XRD patterns of the NiCrAlY coating. The coating mainly contains the NiAl (JCPDS file no. 20-0019), Ni (JCPDS file no. 45-1027), and Ni3Al (JCPDS file no. 09-0097) phases. After heat treatment, the Y2O3 (JCPDS file no. 43-1036) and Cr phases (JCPDS file no. 06-0694) appear in the coating. The Y2O3 usually acts as the oxide dispersive strengthening phase, which could effectively improve the microhardness of the coating. After 1,100°C heat treatment, the NiAl phase is substituted by the Ni3Al phase. This result, probably due to the NiAl phase, would be expected in thermodynamic equilibrium conditions (Bolelli et al., 2015) and solidified in the matrix.
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FIGURE 2. XRD patterns of NiCrAlY coating: (a) as-sprayed, (b) heat-treated at 900°C, and (c) heat-treated at 1,100°C.



Figure 3 shows the cross-sectional microstructures of coatings at different heat treatment temperatures. The as-sprayed coating contains many pores and cracks, while they lessened after heat treatment. Heat treatment can obviously reduce the cracks and pores of the coating, which could effectively improve the density, and decrease the porosity of the coating. After 1,100°C heat treatment, the coating has less cracks and pores. The microstructure of the coating becomes smooth after heat treatment, which means heat treatment could significantly influence the microstructure of the coating. It is generally accepted that the mechanical properties of thermal sprayed coatings are highly dependent on the intrinsic property and microstructure. Compared with the microstructure of as-sprayed coating (Figure 4a), the microstructure of the coating becomes more homogeneous, and more precipitated phase offers after 1,100°C heat treatment (Figure 4b). Figures 4c, d, respectively, present the HRTEM image and corresponding SAED pattern of the coating after 1,100°C heat treatment. The lattice distance is 0.207 nm in the HRTEM image (Figure 4c), consisting of the (111) plane of cubic phase Ni3Al (JCPDS file no. 09-0097), which corresponds to the XRD analysis in Figure 2. The diffraction spots in the SAED pattern of coating (Figure 4d) originate from the Ni3Al cubic phase, oriented along its [112] axis.
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FIGURE 3. SEM morphologies of polished cross section of NiCrAlY coating: (a) as-sprayed, (b) 900°C heat treatment, and (c) 1,100°C heat treatment.
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FIGURE 4. TEM morphologies and corresponding SAED patterns of NiCrAlY coating: (a) as-sprayed, (b–d) 1,100°C heat treatment.



The microhardness of the NiCrAlY coating at different heat treatment temperatures is presented in Table 2. The microhardness of the coating increases with the rise of the treating temperature, which is due to the second phase precipitate after heat treatment. After 1,100°C heat treatment, the coating shows the highest hardness of 371.1 HV (Vickers hardness). This is probably due to the microstructure of the coating becoming more homogeneous, and the Y2O3 oxide dispersive strengthening phase is precipitated (Figure 2).


Table 2. Vickers hardness of NiCrAlY coating.
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The adhesive strength and porosity of the NiCrAlY coating at different heat treatment temperatures are given in Figure 5. Heat treatment could efficiently improve the adhesive strength of the coating and the highest adhesive strength of 62.1 MPa after 1,100°C heat treatment. The enhanced adhesive strength of the coating after heat treatment is closely related to the homogeneous microstructure and interfacial diffusion of bond coating and substrate. In the process of the tests, the break occurred between the interface of the bond coating and substrate. Figure 6 presents the interface morphologies of the coating and the corresponding element maps. It can obviously be seen that the interface of the as-sprayed coating is very clear and has many pore distribution. So, the coating has lower adhesive strength. After 1,100°C heat treatment, the interface area of the bond coating and substrate becomes broad, and the pores are reduced. The element diffusion between the bond coating and the substrate could be clearly seen in the element maps in Figure 6b. Therefore, the coating shows the highest adhesive strength after 1,100°C heat treatment. The porosity of coating decreases with the increase in treating temperature, and the coating holds the lowest porosity of 3.06% after 1,100°C heat treatment. Heat treatment can make the total sample shrink and reduce the residual porosity (Dellacorte and Edmonds, 2009; Chraska et al., 2015), which could improve the density of the coating. It is very beneficial to adhesive strength enhancement and might contribute to the improvement of the tribological property of the NiCrAlY coating. The porosity estimation of the coating at different heat treatment temperatures is shown in Figure 7. The pores and cracks are larger in the as-sprayed coating than in the others (Figure 3). The pores and cracks of the coating obviously reduce during heat treatment, which is probably due to the element diffusion and the pores and cracks shrink. The coating shows the least pores and cracks and the surface of the coating is the smoothest after 1,100°C heat treatment. So, the coating shows the lowest porosity of 3.06% after 1,100°C heat treatment (Figure 5).
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FIGURE 5. Adhesive strength and porosity of coating at different heat treatment temperatures.
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FIGURE 6. Interface morphologies of NiCrAlY coating and corresponding element maps: (a) as-sprayed, (b) 1,100°C heat treatment.
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FIGURE 7. Porosity estimation of NiCrAlY coating: (a,a′) as-sprayed, (b,b′) 900°C heat treatment, and (c,c′) 1,100°C heat treatment.



Tribological Properties of the NiCrAlY Coating

Figure 8 presents the friction coefficient of the NiCrAlY coating at different heat treatment temperatures. The friction coefficient of the coating decreases with the increase in temperature. After 1,100°C heat treatment, the coating shows the lowest friction coefficient at all test temperatures. The reason is probably due to the cracks and pores of the coating are reduced and the microstructure of the coating becomes homogeneous after heat treatment (Figure 3).
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FIGURE 8. Friction coefficient of coating at different friction test temperatures.



In order to illustrate the evolution of the friction coefficient of the coating at different temperatures, the friction coefficients corresponding to rotating time curves of the coating after 1,100°C heat treatment at different temperatures are presented in Figure 9. The curves of the friction coefficient reach a steady condition after a short running-in period. In combination with the homogeneous microstructure (Figure 3c) and excellent mechanical property, this could be reasonably ascribed to the steady friction process of coating.
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FIGURE 9. The friction vs. rotating time curves of coating heat-treated at 1,100°C tested at different friction test temperatures.



Figure 10 presents the wear rate of the NiCrAlY coating at different heat treatment temperatures. The variation trend of the wear rate vs. temperature is similar with that of the friction coefficient. The wear rate of all the coatings decreases consecutively with the temperature increase. After 1,100°C heat treatment, the coating also exhibits the lowest wear rate at all test temperatures. At room temperature, the wear rate of the coating sharply decreases through heat treatment. It is closely related to the homogeneous and dense microstructure of the coating after heat treatment.
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FIGURE 10. Wear rate of coating at different friction test temperatures.



Worn Surface Morphologies of Coatings at Different Temperatures

The worn surface morphologies of the coating at different test temperatures are presented in Figure 11. At 25°C, the worn surface of the as-sprayed NiCrAlY coating is covered with grooves and brittle fracture (Figure 11a), the friction coefficient (Figure 8), and wear rate (Figure 10) of the coating are higher. It is due to the severe abrasive action between the tribological pairs of coating disk and alumina ball, and the wear mechanism is abrasive wear (Wang et al., 2015a). While for the 900 and 1,100°C heat treatment coatings, the worn surfaces have no obvious grooves and delamination and become very smooth (Figures 11d,g). In the as-sprayed coating, the main damage is intergranular fracture, and contact fatigue makes the grains pull out. Obviously, the damage in the rough regions of the as-sprayed coating is more serious than that in the coating through 900 and 1,100°C heat treatments. The worn surface of 1,100°C heat treatment coating is the smoothest at room temperature (Figure 11g). After heat treatment, the microstructure of the coating becomes more homogeneous. So, the coating shows excellent tribological property. At 500°C, the worn surfaces of all the coatings become smoother, and some wear debris could be seen on the worn surface (Figures 11b,e,h). The wear mechanism is mainly microplowing and delamination. At 900°C, the worn surfaces of the coatings are covered with the glaze film and have obvious plastic deformation (Figures 11c,f,i; Liu et al., 2013; Krishna et al., 2015). After 1,100°C heat treatment, the worn surface of the coating is covered with a continuous glaze film. So, the coating has the lowest friction coefficient (Figure 8) and wear rate (Figure 10). With the increase in temperature, the worn surfaces of the coatings become smooth and are covered with the glaze film. So, the friction coefficient and wear rate of the coatings decrease with the friction test temperature increasing. Based on the discussion above, it can be concluded heat treatment can effectively improve the tribological property of coatings at all test temperatures. The coating through 1,100°C heat treatment exhibits superior tribological property at all test temperatures.
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FIGURE 11. SEM morphologies of worn surfaces of NiCrAlY coating (a–c) as-sprayed, (d–f) 900°C, and (g–I) 1,100°C heat treatments at different friction test temperatures.



In order to further investigate the wear mechanism of coating at different friction test temperatures, element maps of worn surfaces are conducted. Figure 12 presents the SEM morphologies of the worn surfaces of the NiCrAlY coating after 1,100°C heat treatment at different friction test temperatures and corresponding element maps. At room temperature, the elements distribute uniformity on the worn surface. The worn surface has no obviously oxide layer and is covered with some grooves. At 500°C, the worn surface of the coating is covered with a discontinuous glaze layer. After 900°C friction test, the worn surface is covered with a continuous oxide layer. The oxide layer mainly contains Y and O elements from element maps, which could effectively improve the tribological property of the coating. So, the coating has the lowest friction coefficient (Figure 8) and wear rate (Figure 10) at 900°C.
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FIGURE 12. SEM morphologies of worn surfaces of NiCrAlY coating after 1,100°C heat treatment at different friction test temperatures and corresponding element maps: (a) room temperature, (b) 500°C, and (c) 900°C.



Oxidation Resistance Measurement

The coating has a homogeneous and dense microstructure as well as excellent mechanical property after 1,100°C heat treatment. So, the oxidation resistance of coating after 1,100°C heat treatment is investigated. Figure 13 gives the mass gain vs. time curve of the coating for 100 h at 900 and 1,000°C. The curves reach a steady condition after 40 h of oxidation experiment. It is probably due to the surface of coating forming an oxidation layer. The coating shows excellent oxidation resistance at 900°C, and the mass gain is 1.50 mg/cm2 after 100 h of the oxidation experiment. However, the coating presents a higher oxidation rate at 1,000°C. The mass gain of the sample is up to 6.01 mg/cm2 after 100 h of the oxidation experiment, and the oxidation resistance of the coating becomes bad. It is probably due to Ni and Cr occurring oxidation on the coating surface, and the coating has a higher oxidation rate at 1,000°C.
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FIGURE 13. Curves of coating heat treatment at 1,100°C oxidized for 100 h at different test temperatures.



In order to further investigate the microstructure and phase changes of coating at different temperatures oxidized for 100 h, element maps of surfaces are conducted. Figure 14 shows the SEM morphologies of coating surfaces after 1,100°C heat treatment at different temperatures oxidized for 100 h and corresponding element maps. The elements distribute uniformity, and the surface has no big particles after 900°C oxidized for 100 h. The coating shows excellent oxidation resistance. However, the surface is covered with some big particles and becomes more rough at 1,000°C oxidized for 100 h. The coating has severe oxidation. These big particles mainly contain the Y element from element maps. At the same time, the Ni and Cr elements occur oxidation and form NiO and Cr2O3. So, the coating has a higher oxidation rate at 1,000°C.
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FIGURE 14. SEM morphologies of NiCrAlY coating surfaces after 1,100°C heat treatment at (a) 900°C and (b) 1,000°C oxidized for 100 h and corresponding element maps.



CONCLUSIONS

In this work, the effect of heat treatment on the microstructure, microhardness, porosity, adhesive strength, tribological property, and oxidation resistance property of the NiCrAlY coating by APS was investigated. The main conclusions can be drawn as follows:

1. Heat treatment could obviously reduce the porosity of coating, which could effectively improve the density, adhesive strength, and microhardness of the NiCrAlY coating.

2. After 1,100°C heat treatment, the microstructure of the coating became more homogeneous, and more Y2O3 oxide dispersive strengthening phase was precipitated; the coating had the highest adhesive strength, microhardness, and excellent tribological property at a wide range of temperature.

3. The coating heat-treated at 1,100°C presented excellent oxidation resistance property at 900°C.
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