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In the marine environments, NiCrAlY coatings with high content of Cr would suffer much severer corrosion due to the effect of NaCl. Thus, NiSiAlY coatings with different Si content were proposed and deposited on Ni-based superalloys by multi-arc ion plating. The as-deposited coating was mainly composed of γ’-Ni3Al phase with a small amount of β-NiAl phase. NaCl-induced hot corrosion tests were performed on the coatings at 500°C, 600°C, and 700°C, respectively. Compared with Ni-based alloy substrates, the NiSiAlY coatings exhibited a good corrosion resistance to NaCl at elevated temperatures. However, with an excessive amount of Si, the NiSiAlY coating showed a degradation in the hot corrosion resistance. In this work, the corrosion mechanisms of the tested coatings were discussed. Moreover, the role of Si was also investigated.
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1 INTRODUCTION
Due to the excellent high-temperature mechanical properties, Ni-based superalloys are widely used for manufacturing aircraft turbine components (Sun et al., 2015; Wu et al., 2019; Wu et al., 2021). Considering the harsh service environments, the thermal components made of Ni-based superalloys are also required to have a good oxidation/hot corrosion resistance (Zhang et al., 2020; Qi et al., 2023). However, to meet the requirement on the mechanical properties, the Ni-based alloys usually make a compromise on the oxidation and corrosion resistance with a relatively low Al and Cr content (Wang et al., 2010; Xing et al., 2014). One practical solution is to apply protective coatings on the surface to improve the corrosion resistance without reducing the mechanical properties of the workpiece itself (Norrell et al., 2020; Yang et al., 2020). Among all the protective coatings, traditional NiCrAlY coatings are widely used due to their excellent oxidation resistance (Wang et al., 2003; Ren et al., 2005; Li et al., 2010; Peng et al., 2013). Generally, the Cr and Al in this coating form dense Cr2O3 and Al2O3 at a high temperature to protect the inner parts from severe corrosion (Saharkhiz et al., 2020; Texier et al., 2020). In addition, Cr element inside the coating can promote the formation of Al2O3.
With the increase of human activities in marine environments, aircraft turbine components face harsh corrosion problems (Gurrappa, 1999; Candan and Bilgic, 2004; Ma et al., 2013). Accordingly, the workpiece has to be subjected to a series of corrosion environments. During service, the solid salt particles along with humid air would be easily sucked into the turbines, depositing on the surface of components (Li et al., 2021). The solid NaCl particles could accelerate the corrosion of the related materials under the synergistic effect of higher temperature air and water vapor (Shu et al., 2000; Wang et al., 2004; Wu et al., 2023). Nowadays, researchers showed that the corrosive rate of the Cr-containing alloys can be accelerated by NaCl (Shinata and Nishi, 1986; Wang and Shu, 2003). Cr would produce volatile products, such as CrCl3, which damages the integrity of the protective oxide scale (Sadeghimeresht et al., 2018; Yu et al., 2022). In order to protect the components of the aircraft turbine and prolong the service lifetime, Cr needs to be substituted with new elements. Among the multiple candidate elements, Si is considered as a promising candidate element. Firstly, Si can be well dissolved in Ni-Al binary alloy. Secondly, the Pilling-Bedworth Ratio (PBR) value of Si element is between 1 and 2, Si could thus form a very dense oxide scale during oxidation (Xu and Gao, 2000). Thirdly, Si has excellent chlorination resistance, doping Si in the coatings would help enhance the resistance of alloys to the NaCl-induced hot corrosion (Zhang et al., 2006; He et al., 2013; Hou et al., 2015; Liu et al., 2020). Therefore, to take the advantages of Si, a NiSiAlY coating was proposed in this work.
In this paper, two NiSiAlY coatings named as NiSiAlY Ⅰ (NiSiAlY coatings with 2.5 wt% Si) and NiSiAlY Ⅱ (NiSiAlY coatings with 6.5 wt% Si) were deposited by arc ion plating. The corrosion resistance of the coatings was investigated with NaCl in a humid atmosphere. This paper aimed to investigate the corrosion resistance behavior of the NiSiAlY coatings in a simulated marine service environment, providing some new sight into the protective coating of aero-engine compressor blades.
2 MATERIALS AND EXPERIMENTAL
2.1 Coating deposition
Ni-based alloy plates (GH4169), as the substrate, were cut into 30*20*3 mm3 sizes. To reduce the residual stress of the coatings, all the sharp edges of substrates were removed to obtain the chamfers with a 1 mm radius. Two cathode NiSiAlY targets used in this study were supplied by Mat-cn Technology Co., Ltd. (China). The detailed compositions of the used targets and substrates are listed in Table 1.
TABLE 1 | Composition of substrates and NiSiAlY targets (wt%).
[image: Table 1]The NiSiAlY coatings were prepared with a Multi-arc Ion Plating system (MIP, Hauzer Flexicoat 850, Hauzer Techno Coating BV, Netherlands). After being ground with 1,000 grit SiC papers, wet sand-blasted, ultrasonically cleaned, oven dried and cleaned with ethanol and acetone, the substrates were placed in the vacuum chamber. The chamber of the deposition equipment was evacuated to a pressure of about 4 × 10−3 Pa. Then, Ar was introduced into the vacuum chamber as a working gas. Before the deposition, the substrates were subsequently etched by Ar+ bombardments for 2 min with substrate bias voltages of −900, −1,100, and −1200 V to remove the oxide layers and impurities on the surface. As shown in Table 2, the detailed deposition parameters are presented.
TABLE 2 | The deposition parameters of the NiSiAlY coatings.
[image: Table 2]2.2 Experimental procedures
The hot corrosion tests were performed with a hot corrosion testing system as illustrated in Figure 1. It was carried out with a tube furnace (BTF-1200C-Ⅱ, BeQ equipment and technology Co., Ltd., Hefei, China) equipped with a peristaltic pump and a gas flow controller. The dry air was introduced into the well-sealed tube furnace from a compressed air cylinder with a flow rate of 100 sccm. To simulate the humid service environment in the marine environment, deionized water was introduced into heating zone Ⅰ with a flow rate of 0.33 mL/min by the peristaltic pump. Due to the high temperatures, the deionized water can be immediately evaporated into water vapor. Meanwhile, it was carried by airflow to the heating zone Ⅱ where the corrosion tests were performed. Prior to the corrosion tests, solid NaCl particles were applied on the tested samples by spraying an ethanol-based saturated salt solution. After drying by hot air, the deposited solid NaCl on the surface was controlled to a mass of 3 ± 0.15 mg/cm2. After the furnace achieved the target temperature and stable atmosphere, the samples were quickly loaded into the heating zone. With an interval of 4 h, the tested samples were taken out from the tube furnace, cooling down to room temperature in air. Then, the tested samples were weighted by an electronic scale (EX125DZH, OHAUS, U.S.) with an accuracy of 10–5 g. Each sample was weighed three times to get an accurate mass gain. The mass gain during the hot corrosion test can be calculated by the following Eq. 1:
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in where Δw (mg/cm2) was the mass change per unit area; S represented the surface area of the oxidized sample in cm2; wt (mg) was the net mass of the sample with different corrosion time; wi (mg) was the initial net mass of the sample. After measurement, the coatings were re-coated with fresh NaCl particles and restarted the hot corrosion test.
[image: Figure 1]FIGURE 1 | Schematic illustration of the hot corrosion testing system.
The surface morphologies of the NiSiAlY coatings before and after corrosion were characterized by the Scanning Electron Microscopy (SEM, EVO18, Carl Zeiss AG, Germany) equipped with an Energy Dispersive Spectrometer (EDS). The microstructural of the coating was characterized by the X-ray diffraction (XRD, D8 ADVANCED DAVICI, Bruker Corporation, Germany) with Cu Kα radiation (λ= 0.154 nm), which was performed as the voltage at 40 kV and the current at 40 mA. The scanning range was set to be 20°–90° with a step size of 0.02°, and the scanning time lasted for 12 min for each sample. Cross-sections of the coatings were prepared by a Focused Ion Beam (FIB, Auriga, Carl Zeiss AG, Germany) equipped with an Energy Dispersive Spectrometer (EDS, AZTEC, Oxford Instrument, The United Kingdom). Before characterization, a Pt film was deposited on the surface of coatings in order to improve the conductivity of coatings. The Photoluminescence (inVia Reflex, Renishaw, United Kingdom) with a spot size of 5.4 μm in diameter was used to determine the type of Al2O3 formed during the corrosion test.
3 RESULTS AND DISCUSSION
3.1 Results
The actual chemical compositions of the as-deposited coatings evaluated by EDS were presented in Table 3. Compared to the components of targets, no significant deviation in the chemical composition was found from the as-deposited coating. As shown in Figure 2, XRD analysis displayed that both the NiSiAlY coatings mainly consisted of the γ'-Ni3Al and β-NiAl phases. Moreover, no diffraction peak of silicide was found, indicating that Si was well dissolved in the coatings.
TABLE 3 | Chemical composition of the as-deposited coatings.
[image: Table 3][image: Figure 2]FIGURE 2 | XRD patterns of the NiSiAlY coatings.
Corrosion kinetic curves of the NiSiAlY coatings during the hot corrosion tests at different temperatures are presented in Figure 3. Moreover, the substrates as the reference were also subjected to corrosion tests. During the corrosion test, the weight loss of both coatings was observed in the initial stage of corrosion at all three temperatures. Moreover, at the lowest test temperature (500°C), the weight of both coatings decreased continuously during the whole corrosion process (Figure 3A). With a low melting point, solid NaCl has a very high evaporation rate in high-temperature environments (Tsaur et al., 2005). Thus, the weight loss could be attributed to that the growth rate of the corrosion products was lower than the evaporation rate of NaCl. Viewed from Figures 3B, C, the mass of the corroded coatings kept increasing at 600°C and 700°C, and the final mass gains of the coatings were proportional to the testing temperature. Compared to the substrates, both NiSiAlY coatings had slower mass growth during the hot corrosion tests at all temperatures. The NiSiAlY coatings exhibited effective corrosion resistance and protected capability. For the NiSiAlY Ⅰ, the final mass gain after the hot corrosion tests at 600°C and 700°C were 5.6 and 12 mg/cm2. These values were less than that of the NiSiAlY Ⅱ (6.9 and 16.7 mg/cm2). Obviously, the NiSiAlY Ⅰ showed the best resistance to the NaCl-induced hot corrosion.
[image: Figure 3]FIGURE 3 | Corrosion kinetic curves of the NiSiAlY coatings and substrates at (A) 500°C, (B) 600°C, and (C) 700°C.
XRD patterns of the NiSiAlY coatings after hot corrosion tests at 500, 600°C and 700°C are illustrated in Figure 4. Corrosion products including Al2O3 (PDF#10–0170), NiO (PDF#44–1159) and Na2CrO4 (PDF#25–1107) were detected on all the corroded coatings. Besides, the peaks of Al2O3 were very intensive, revealing that the oxide scales mainly consisted of Al2O3. According to the diffraction peaks, it could be noticed that more NiO formed on the surface of the NiSiAlY Ⅱ than the NiSiAlY Ⅰ. The content of Si seemed to have a certain influence on the formation of corrosion products during the NaCl-induced hot corrosion.
[image: Figure 4]FIGURE 4 | XRD patterns of the NiSiAlY Ⅰ and NiSiAlY Ⅱ after being corroded at (A) 500°C, (B) 600°C, and (C) 700°C.
The surface morphologies of the NiSiAlY coatings with 2.5 wt% and 6.5 wt% Si after corrosion at different temperatures are presented in Figure 5. By comparison, Figures 5A, B showed that the oxide scales formed on the surface of the NiSiAlY coatings had more compact and smoother morphologies after the corrosion test at 500°C, indicating a lower corrosion rate caused by the relatively low temperature. In addition, the NiSiAlY Ⅱ exhibited a coarser surface morphology than the NiSiAlY Ⅰ. The corrosion on the surface seemed to be further accelerated with the higher content of Si. With the increase of corrosion temperature (600°C and 700°C), more corrosion products were intuitively observed on the surface of the NiSiAlY coatings. Both NiSiAlY coatings appeared coarse, uncompact and porous surfaces. Obviously, the higher corrosion temperature intensified the reaction between metallic elements and corrosion mediums.
[image: Figure 5]FIGURE 5 | Surface morphology of the NiSiAlY coatings after corrosion test at different temperatures: (A) the NiSiAlY Ⅰ at 500°C, (B) the NiSiAlY Ⅱ at 500°C, (C) the NiSiAlY Ⅰ at 600°C, (D) the NiSiAlY Ⅱ at 600°C, (E) the NiSiAlY Ⅰ at 700°C, (F) the NiSiAlY Ⅱ at 700°C.
Figure 6 displays the cross-sectional microstructures of the NiSiAlY coatings with 2.5 wt% and 6.5 wt% Si after the hot corrosion tests at different temperatures, the microstructures of the coatings showed significant differences. As shown in Figures 6A, B, oxide scale of the NiSiAlY Ⅱ was thicker than that of the NiSiAlY Ⅰ, and voids were found forming in it. However, no obvious internal corrosion and defects can be observed from the two coatings. Both NiSiAlY coatings exhibited good corrosion resistance at 500°C. At 600°C, the cross-sectional microstructures showed that both coatings suffered severer corrosion (Figures 6C, D). Viewed from Figure 6C, voids appeared in the oxide scale of the NiSiAlY Ⅰ. Nevertheless, the oxide scale formed on the surface exhibited continuous and dense structure. The coating still played an effective protective role in the corrosion process. With more content of Si, the NiSiAlY Ⅱ was severely corroded, and internal oxides were obviously observed beneath the coating (Figure 6D). Obviously, the coating cannot provide effective protection for the substrate, it showed poorer resistance to the NaCl-induced hot corrosion than the NiSiAlY Ⅰ. With a further increase of the corrosion temperature, a heavier hot corrosion was observed from both tested samples. Figure 6E showed that the oxide scale formed on the surface of the NiSiAlY Ⅰ became thicker, and the coating interior was obviously observed to be corroded. Not only that, slight internal corrosion was also found in the substrate. As shown in Figure 6F, the NiSiAlY Ⅱ suffered a severer corrosion at 700°C. Besides, it can be noted that a large area of internal corrosion formed beneath the coating accompanied with voids. Obviously, testing temperature and the Si content had significant effects on the corrosion behaviors of coatings. In addition, excess addition of Si in the NiSiAlY coatings could cause a negative influence, resulting in a worse corrosion resistance of the NiSiAlY Ⅱ to NaCl at elevated temperatures.
[image: Figure 6]FIGURE 6 | Cross-sectional microstructures of the NiSiAlY coatings after corrosion test at different temperatures: (A) the NiSiAlY Ⅰ at 500°C, (B) the NiSiAlY Ⅱ at 500°C, (C) the NiSiAlY Ⅰ at 600°C, (D) the NiSiAlY Ⅱ at 600°C, (E) the NiSiAlY Ⅰ at 700°C, (F) the NiSiAlY Ⅱ at 700°C.
4 DISCUSSION
Compared to oxidation, NaCl introduced hot corrosion can lead to a faster and heavier degradation of the coating. It has been widely recognized that NaCl played a critical role in the hot corrosion of coating in a marine service environment. Besides, water vapor might dissociate into free H atoms and OH groups at elevated temperatures, further accelerating the chemical reactions on the surface (Douglass et al., 1996). In this study, the corrosion temperatures (500°C, 600°C, and 700°C) were lower than the melting point of NaCl (801°C). NaCl thus reacted with coating elements in the form of solid particles. The corrosion thus belonged to type II hot corrosion. According to the activity and content of relevant elements, the oxychlorination of Al was the main reaction from direct contact of the coatings and NaCl at the initial stage of corrosion, as listed below (Wang et al., 2022):
[image: image]
Al(s) + NaCl(s) + 3/4O2(g) + H2O(g) → 1/2Al2O3(s) + NaOH(g) + HCl(g) (3)
Therefore, Al was quickly consumed under the synergistic effect of NaCl and water vapor on the surface, releasing corrosive gaseous Cl2 and HCl [reactions (2) and (3)]. Meanwhile, part of the generated Cl2 and HCl would diffuse into the coating/oxide interface through the defects or grain boundaries, further corroding the metal elements as described in reactions (4) and (5). Then, the volatile metal chlorides could diffuse outward and be rapidly oxidized by O2 to form stable metal oxides with the following reactions (6) and (7). The corrosive Cl2 and HCl were released again, continuing to participate in the hot corrosion. During the entire corrosion tests, Cl2 and HCl were not be consumed by participating in the reactions. They acted as catalysts, constantly attacking the coatings. Furthermore, violent reactions would lead to the formation of large amounts of corrosion products, enhancing the internal stress of the oxide scale. Besides, the volatile substances such as Cl2, HCl and AlCl3 could destroy the integrity of the oxide scale in the process of overflow, resulting in a porous structure. The coatings were severely corroded with NaCl in a moist environment, and a higher service temperature can significantly accelerate the hot corrosion rate.
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MCl(g) + xH2O(g) → MOx(s) + 2xHCl(g) (7)
Based on the XRD patterns of the NiSiAlY alloys, intensive diffraction peaks of NiO were observed after hot corrosion tests at different temperatures (Figure 4). Obviously, the oxide scales formed on the surface contained lots of nickel oxide. NiO has a rock salt structure. Oxide scales which are composed of NiO generally exhibit a loose and porous microstructure. The such porous microstructure was beneficial for the inward infiltration of the corrosive mediums, leading to an accelerated corrosion rate. This seriously reduced the oxidation resistance of the alloy. In addition, the Pilling-Bedworth ratio (PBR) of the NiO (1.65) is higher than Al2O3 (1.28). The continuous accumulation of NiO could thus increase the internal stress of the oxide scale, finally leading to the peeling of the oxide scale. In order to promote the corrosion resistance of the coatings, it is particularly important to restrain the formation of NiO in the early stage of the corrosion. Through thermodynamic calculation, possible corrosion reactions of Ni exhibit positive standard Gibbs free energy, indicating that the corrosion of Ni was hard to react spontaneously with the solid NaCl particles and H2O (Table 4). Ni accordingly only underwent oxidation reaction in the presence of NaCl during the initial stage. Generally, enhancing the content of Al in the Ni-Al binary alloy is widely used to reduce the selective oxidation of Ni and promote the formation of Al2O3. However, the content of Al in the coatings was limited since that the excessive addition of Al in coatings would have negative effects on the mechanical properties. Thus, enhancing the oxygen affinity of Al by doping elements to facilitate the formation of Al2O3 was vitally important. According to the third-element effect, the doping elements whose oxygen affinities are between the basis metal Ni and the protective oxide-forming element Al could promote the selective oxidation of Al, helping establish the protective scales on the surface (Niu et al., 2006). As shown in Figure 7, the Ellingham diagram of the possible oxidation reaction is presented. The stability of the oxides increases in the order of NiO, SiO2, Al2O3 and Y2O3. Correspondingly, the sequence of oxygen affinity could be as follows: Y > Al > Si > Ni. Si, as one of the reactive elements, could thus make a third-element effect. Wagner proposed that the doped elements which conform to the third-element effect could tend to act as an oxygen getter to promote the oxidation of Al, restraining the formation of NiO. Therefore, Si could play a positive role in the high-temperature protection performance of the NiSiAlY coatings.
TABLE 4 | Standard Gibbs free energy of possible reactions at 500°C, 600°C and 700°C.
[image: Table 4][image: Figure 7]FIGURE 7 | Ellingham diagram for possible oxidation products of the NiSiAlY coatings.
According to the XRD patterns of the coatings after the corrosion test at 600°C and 700°C, the characteristic peaks of the NiAl phase which were identified on the as-deposited coatings disappeared. This was attributed to the intensive consumption of Al during the NaCl-induced hot corrosion test, leading to the reduction of the Al-rich phase (Reaction 8). Al2O3 was accordingly formed on the surface.
[image: image]
It is well accepted that the type of Al2O3 played an important role in the investigation of corrosion behaviors. It indicates the difference in the formational mechanism, growth rate and protection ability of the oxide scales. In order to confirm the type of Al2O3 formed on the surface of the coatings with 2.5 wt% and 6.5 wt% Si, the Photoluminescence (PL) was used to detect the relative contents of θ-Al2O3. The PL patterns of the samples with 2.5 wt% and 6.5 wt% Si are given in Figure 8. It is well known that the doublet peaks of α-Al2O3 appear at 14,432 and 14,402 cm−1 in a stress-free condition, while that of the θ-Al2O3 is at 14,645 and 14,575 cm−1. The content of θ-Al2O3, Cθ, in the Al2O3 scale can be roughly estimated using the following relationship as listed in Eq. 9 (Chen et al., 2018).
[image: image]
in which A denoted the areas of the characteristic peaks. Based on the relative area of the Al2O3 peaks, the Cθ of the NiSiAlY Ⅰ was higher than that of the NiSiAlY Ⅱ. It indicated that more α-Al2O3 was formed on the surface of the NiSiAlY Ⅱ. Generally, in the oxidation process, the newborn Al2O3 from the reaction of Al and O2 is mainly θ-Al2O3. In contrast, the corrosion product of Al in the NaCl-induced hot corrosion was generated in the form of α-Al2O3 (Cui et al., 2021). Therefore, higher proportion of α-Al2O3 indicated more intensive corrosion reactions on the surface of the NiSiAlY Ⅱ. The consumption of Al was correspondingly accelerated. Moreover, the oxide scales formed by in the NaCl-induced hot corrosion were uncompact and porous, which was difficult to play a protective role. Furthermore, the priority depletion of Al would lead to rapid failure of the coatings in long-term corrosion. Moreover, with the consumption of Al, the Ni2Si phase gradually formed in the coatings. During the intensive hot corrosion tests, the brittleness of the Ni2Si phase would promote the inward diffusion of corrosive mediums, damaging the protection of the coatings (Yu et al., 2021).
[image: Figure 8]FIGURE 8 | Photoluminescence (PL) patterns of the coatings after corrosion test at different temperatures: (A) the NiSiAlY Ⅰ at 500°C, (B) the NiSiAlY Ⅱ at 500°C, (C) the NiSiAlY Ⅰ at 600°C, (D) the NiSiAlY Ⅱ at 600°C, (E) the NiSiAlY Ⅰ at 700°C, (F) the NiSiAlY Ⅱ at 700°C.
5 CONCLUSION
In this paper, the NiSiAlY coatings with different Si contents were successfully prepared by arc-ion plating on the GH4169 substrate. The coatings mainly consisted of γ’-Ni3Al with a limited amount of β-NiAl. During the hot corrosion tests at 500°C, 600°C, and 700°C, NaCl significantly accelerated the corrosion rate of all the coatings. The corrosion rate enhanced with increase of the temperature. For the NiSiAlY coatings, it exhibited effective high-temperature protection capability. Si could enhance the oxygen affinity of Al, promoting the formation of Al2O3 in the initial stage of corrosion. In addition, Si would accelerate the diffusion rate of Al in the coatings, leading to a rapid corrosion rate. Meanwhile, the Ni2Si phase gradually formed with the consumption of Al, resulting in severe corrosion. Therefore, excess Si will reduce the corrosion resistance of the coatings.
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