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Machine parts made of nickel-based alloys usually work in high-temperature service environments such as aircraft turbines. The mechanical properties and antioxidant properties of materials tend to be reduced at high temperatures. Therefore, it is of great practical significance to reveal the wear mechanisms of materials at different temperatures. In the present investigation, the tribological behaviour of an Inconel 718 superalloy at different temperatures was investigated. First, the coefficient of friction curves obtained under different test conditions were analysed in detail to illustrate the dynamic change process of friction at high temperature. Next, the morphology of the wear surface, surface morphology of friction pairs and material transfer during friction were analysed via scanning electron microscopy 3D morphology and energy dispersive spectroscopy measurements to reveal the wear mechanisms of materials in a high-temperature environment. Finally, the microstructure of the cross section of the wear tracks was analysed by using optical microscopy electron back-scattered diffraction etc., to clarify the mechanisms of crack initiation and material removal. The results show that the friction properties of the Inconel 718 superalloy have differences at different test temperatures. Although increasing the test temperature does not necessarily aggravate the wear of the material, the oxidation of the wear surface during the friction process significantly increases. In addition, when the contact load increases, the thickness of the oxide layer and wear of the material simultaneously increase.
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INTRODUCTION
High-temperature alloys are materials with excellent strength, creep resistance and fatigue resistance at working temperatures above 600°C (Reed, 2008). A nickel-based superalloy is a preferred material with excellent mechanical capability and mechanical performance when it needs long service in harsh environments such as high-temperature and high-pressure situations (Pollock and Tin, 2006; González-Fernández et al., 2012; Zheng et al., 2012). However, because the material has long been serving under high temperature and harsh conditions, the actual service life of components is much lower than the design life in practical engineering applications (Mazur et al., 2005; Vardar and Ekerim, 2007). In addition, the material surface damage caused by friction, especially the wear damage under high temperature conditions, causes the early failure of components (Laguna-Camacho et al., 2016). The early fracture and failure of these components seriously restrict the service safety of the equipment. For example, when an aero engine serves in a high-temperature environment for a long time, the turbine and blades of the engine are prone to damage due to fretting wear and fretting fatigue (Lavella and Botto, 2019). Thus, accidents and exposed hidden dangers can hinder passenger safety and the development of the national economy. Therefore, it has great practical significance to reveal the wear mechanisms of materials at different temperatures. In previous studies, many researchers have investigated the mechanical properties of nickel-based superalloys, e.g., the influence of high temperature on the microstructure of materials (Lu et al., 2013; Deng et al., 2015; An et al., 2019; Gao et al., 2019). Liu (Lu et al., 2013) studied the microstructure, tension and stress rupture properties of GH4169 superalloys after long-term thermal exposure. These authors found that the tensile strength at room temperature and 650°C slowly decreased and the stress rupture life remarkably decreased with increasing thermal exposure time. An (An et al., 2019) investigated the evolution of the microstructures and properties of a GH4169 superalloy during high-temperature processing. These researchers found that superalloys decreased the tensile strength and yield strength and increased the ductility with increasing temperature and time. Due to strengthening, precipitates such as the γ′ and γ″ phases in the grains and carbides in the grain boundaries gradually dissolve in the matrix. Other researchers have studied the fatigue and mechanical properties of superalloys from the viewpoint of high-temperature creep (Lund and Nix, 1976; Yeh et al., 2011; Chen et al., 2016; Long et al., 2019). Chen et al. (2016) studied the low cycle fatigue and creep-fatigue interaction behaviour of the nickel-base superalloy GH4169 at an elevated temperature of 650°C. They concluded that creep and oxidation at high temperatures greatly affected the fatigue life, especially for long holding periods. The effect of temperature on the wear mechanism of materials is also a focus of researchers (Günen, 2020; Li et al., 2020; Döleker et al., 2021). Zhen (Döleker et al., 2021) studied the influence of the test temperature on the tribological properties of nickel-based alloys. Through observation and analysis, the mechanism of friction wear was discussed. These scholars found that the composite had a good lubrication effect in a wide temperature range of 25–800°C. Ali Günen (2020) used a ball-on-disk tribometer under dry sliding conditions at temperatures of 25°C, 400°C, and 750°C, and the high-temperature dry sliding wear mechanism of Inconel 718 was investigated. These investigators thought that two-body abrasion was the effective wear mechanism in the superalloy, and the wear increased when the temperature increased. However, fewer researchers have investigated the effects of temperature on its wear mechanism from the viewpoint of microstructural evolution.
Inconel 718 is a precipitation-reinforced superalloy (Li et al., 2019) that is widely used in aerospace applications, the nuclear power industry and national defence technology due to its good high-temperature structural stability, oxidation resistance, and excellent fatigue and creep resistance (Chen et al., 2015; Lin et al., 2015). Therefore, the microstructure evolution was examined to explore the effect of temperature on the wear properties of the Inconel 718 superalloy. This approach can effectively reveal the wear mechanism of materials in different temperature environments and ultimately provide scientific guidance to improve their service life at high temperatures.
MATERIAL AND METHODS
In the present study, the blades of assembled turbines are often coated with ceramic coatings. The primary chemical compositions of the Inconel 718 superalloy are listed in Table 1. The chemical compositions of the material are within the standard. The metallurgical structure of the material is shown in Figure 1. The preparation of test materials and the test methods are described in Ref. (Xu et al., 2021). Namely, the high-temperature friction tests were examined on a rotating tribo-tester system (Bruker, UMT-TriboLab, United States) via a ball-to-plate contact mode. The testing device are shown in Figure 2A. By rotating the disk, motion between friction pairs can be realized. Friction tests were conducted for 15 min at test temperatures of 500°C and 700°C. A high-temperature friction test schematic diagram is shown in Figure 2B. The Inconel 718 superalloy specimen included a round plate with a diameter and height of Φ20 and 5 mm, respectively. A Si3N4 ball with a diameter of 9 mm was selected. In the tests, the wear track diameter is Φ10 mm. The rate of rotation (ω) was selected to be 200 rpm. The normal loads were selected to be 3 and 5 N, which corresponded to maximum contact stresses of 801 and 950 MPa, respectively.
TABLE 1 | The primary chemical compositions of Inconel 718 (wt%).
[image: Table 1][image: Figure 1]FIGURE 1 | Metallurgical structure of Inconel718: (A) 100X; (B) 500X.
[image: Figure 2]FIGURE 2 | Testing device: (A) UMT-TriboLab; (B) schematic diagram.
RESULTS AND DISCUSSION
Tribological Behaviours
In the high-temperature friction test, the coefficient of friction (COF) curve during the test was recorded in real time. An analysis of the value and change in COF can reveal the mechanism of friction and wear. The COF curves under different test conditions are shown in Figure 3. From Figure 3A, the COF curve progresses through three typical stages: 1) In the initial stage, the COF curve sharply rises. With the beginning of the high-temperature friction test, the contact pair is in direct contact with the matrix, and the typical two-body contact causes a sharp increase in friction coefficient. 2) In the decreasing stage, when the test continues, the oxidized debris produced by friction and wear enters the contact zone. The two-body contact model becomes a typical three-body contact model. The oxidized debris plays the role of lubrication and effectively improves the state of dry friction. Thus, the COF slowly decreases. 3) In the stabilization stage, the COF value is stable, and the friction experiment enters a stable period. Figure 3A also shows that the COF curve requires a shorter time to enter the stabilization stage at 700°C. A possible reason is that compared with those at 500°C, the mechanical properties of the material were reduced, and it was easier to yield at 700°C. In other words, it was easier to produce oxidized debris in the process of friction and wear when the material became soft. Therefore, the friction experiment can more quickly transition from the second stage to the third stage. Combined with Figures 3(A,B) , the average COF in the friction process is lower when the temperature is higher. This phenomenon occurred in the friction tests regardless of the normal load at 3 and 5 N. In addition, at the same temperature, a high normal load, which corresponded to a lower average COF, was observed. These phenomena will be discussed in the analysis of surface wear tracks. Further analysis will be combined with the COF and evolution of surface wear to reveal the wear mechanism of the 718 alloy at different temperatures.
[image: Figure 3]FIGURE 3 | The coefficient of frictional curves and average friction coefficient under different conditions during the tribological tests: (A) coefficient of friction curves; (B) average friction coefficient.
Analysis of Worn Surfaces
After the high-temperature friction experiments, the morphology and 3D profile of the wear surface are shown in Figure 4. The wear surface of the Inconel 718 alloy at 500°C was more irregular than that at 700°C. However, under identical test temperature conditions, the wear of the material increased with increasing normal load. By more intuitively comparing the wear tracks under different conditions, Figure 5 shows the 2D profile of the wear surface. As shown in Figure 5, both depth and width of the wear tracks were larger at 500°C than at 700°C under identical normal load conditions. Thus, the wear of the material is more serious at 500°C. Combined with the results of Figure 4 and Figure 5, the damage states of the wear surface at the two temperatures were not identical. At 500°C, the main worn mechanisms were abrasive wear, stripping and oxidative wear. At 700°C, there was mainly adhesive wear, oxidative wear and thermal creep of the materials. Therefore, the wear was more serious, and the wear tracks were more irregular when the temperature was 500°C.
[image: Figure 4]FIGURE 4 | 3D morphology and 2D profile of worm surface: (A), (a1):Fn = 3N, T = 500°C; (B), (b1): Fn = 3N, T = 700°C; (C), (c1): Fn = 5N, T = 500°C; (D), (d1): Fn = 5N, T = 700°C.
[image: Figure 5]FIGURE 5 | 2D profile of worn surface.
To reveal the wear mechanisms, after the friction test, the worn surface was observed by scanning electron microscopy (SEM), as shown in Figure 6. In Figures 6A,B, the wear surface of the specimens was irregular at 500°C. The wear damage of tracks was also uneven. As shown in Figure 6(A-1) and Figure 6(B-1), some areas have severe spalling, and other areas show the characteristics of abrasive wear. Figure 6(A-1) also presents the characteristics of adhesive wear. Therefore, with an increase in normal load from 3 to 5 N, the adhesive wear in the wear mechanism is more obvious.
[image: Figure 6]FIGURE 6 | SEM picture of worn surface: (A): Fn = 3N, T = 500°C; (B): Fn = 5N, T = 500°C; (C): Fn = 3N, T = 700°C; (D): Fn = 5N, T = 700°C.
The energy dispersive spectroscopy (EDS) testing results in Figure 6A show that O was present on the surface, as shown in Figure 6E. This result indicates that oxidation wear occurred during friction, and the peeling debris was oxidized. However, the width of the wear tracks decreased but was more well distributed at 700°C. The wear surface also exhibited abrasive wear, but the main wear mechanism was adhesive wear. The EDS testing results showed that the oxidation reaction also occurred on the worn surface, as shown in Figure 6F. Moreover, the surface of the material shows high-temperature creep under the action of a contact load. Comparing the two-dimensional depth in Figure 5, the depth of the wear marks is deeper at 500°C than that under identical conditions at 700°C. The main reason for this difference may be temperature. The hardness of the material decreases at 700°C compared to that at 500°C. The softer material has better plastic deformation, and it is more difficult to produce cracks and surface peeling during friction. Moreover, the abrasive wear of the material is more serious at 500°C, which leads to an increase in wear. As a result, when the friction test was conducted at 700°C, the wear of the material slowed compared to that at 500°C. The EDS test results show that Si was found at the wear surface at both temperatures, which indicates material transfer between the sample and the friction pairs. A further analysis of the material transfer will be presented in the next section.
Figure 7 shows the wear morphology of the friction pairs under different test conditions. Due to the point contact mode between the friction pairs and the test sample, the wear spot of the friction ball presents an irregular ellipse. As shown in Figure 7, the morphology of the wear spot is typical of dry friction. Thus, there is an obvious phenomenon of material transfer on the surface. Accordingly, the EDS results also demonstrate that the alloy material was transferred to the surface of the friction pairs during the friction process. In addition, the results show that the normal load has no obvious effect on the size of the wear spot. However, the temperature directly affects the wear spot size of the friction ball. At 500°C, there is a larger area of wear spot for the friction pairs. However, the material transfer in the wear spot is more dispersed. This is not like a phenomenon of bulk accumulation at 700°C. The main reason is that the hardness of the matrix material at 500°C is high. The main wear mechanism is abrasive wear. Abrasive wear leads to the dispersion of minute wear debris. At 700°C, the matrix material becomes soft. The abrasion wear decreases with increasing adhesion wear. Therefore, the morphology of wear spots mainly shows characteristics of adhesion wear.
[image: Figure 7]FIGURE 7 | SEM images and EDS analysis of the wear scars on the counterpart Si3N4 ball under different conditions: (A): 3N, 500°C; (B): 5N, 500°C; (C): 3N, 700°C; (D): 5N, 700°C; (E) (F): the element content map of EDS.
Analysis of the Cross Section
The analysis of the cross section of wear tracks mainly clarifies the microstructure evolution and crack initiation mechanism during friction. At 500°C, the morphology of the cross section under different contact loads is shown in Figure 8. In Figures 8(A–D), the groove formed by wear can be found on the surface layer of the sample. Some cracks can also be found in the surface layer. The cracks were distributed at different depths on the surface layer of the sample, as shown in Figure 8C. The EDS tests were performed on different depth surface layers of the sample in Figure 8(C), which shows that the presence of O elements was detected in the surface layer that formed the crack. Thus, it can be speculated that the crack layer is an oxide layer that formed on the sample surface during high-temperature friction. The metallurgical structure of the cross section was prepared using a corrosion solution (copper sulfate pentahydrate + hydrochloric acid + alcohol), as shown in Figures 8B,D. The metallurgical image results verified the previous calculation that the sample surface contained an oxide layer. The surface of the material was subjected to the combined action of the normal stress and friction shear stress, which initiated and propagated microcracks. Simultaneously, oxidation of the sample surface occurred due to the high temperature and dry friction action. When the cracks propagated and connected with one another, the oxidation layer stripped the sample surface and eventually formed oxidation debris. The oxidation layer thickened with increasing normal loads. Thus, the thickness of the oxidation layer is affected by the normal loads. The high normal load acts on the sample surface and produces a higher contact stress and a deeper influence depth. The sample surface has a thicker oxidation layer.
[image: Figure 8]FIGURE 8 | SEM picture of the cross-section (T = 500°C): (A),(B) Fn = 3N; (C),(D) Fn = 5N; (E) eds-point.
These phenomena can also be found at 700°C. The difference is that the thickness of the oxidation layer significantly increases at higher temperatures, as shown in Figure 9, possibly because the rate of oxidation is faster on the material surface. Therefore, the material surface oxidation increases during the same friction time. Another reason is that the material becomes softer at 700°C than at 500°C, and the depth affected by the contact stress increases, which thickens the oxidation layer of the sample surface. The EDS map analysis results of the cross section are shown in Figure 9(E). The Ni, Fe, and Cr contents are higher in the matrix material. There is hardly any O present. However, a large amount of O can be found on the surface of the sample. This result validates the previous inference that oxide layers appeared on the surface.
[image: Figure 9]FIGURE 9 | SEM picture of the cross-section (T = 700°C): (A), (B) Fn = 3N; (C),(D) Fn = 5N; (E) eds-maps.
EBSD Analyses
The EBSD results of the cross section at different temperatures are shown in Figure 10 and Figure 11. Figure 10 shows the cross section of the wear track when the contact load Fn = 5 N and the test temperature is 500°C. Many grains are observed in Figure 10(A) with dislocation accumulation at the grain boundaries. Additionally, some twins were found in the grain. The appearance of twins indicates the stress concentration in the contact area. This result was mainly caused by the stress deformation of the material. Figure 10(B) shows that in the region of the cross section, high-angle grain boundaries (HAGBs) and angles greater than 10° (the yellow lines) dominate. Low-angle grain boundaries (LAGBs, with angles of 0–10°) form the subgrain boundaries by dislocation pile-up near the HAGBs. Geometrically necessary dislocations (GNDs) also confirm that dislocations accumulate near the grain boundaries. In Figure 10D, the GND value at the grain boundary is higher, especially at the location where the LAGB was formed. When the test temperature increases to 700°C, the EBSD result of the cross section is shown in Figure 11. Many dislocation cell structures were formed due to the generation and accumulation of dislocations, as seen in the subgrains in Figure 11A. The LAGB significantly increases at 500 °C, as shown in Figure 11B. Significant recrystallization occurs in the microstructure of the material at higher temperatures. The phenomena correspond to the previous results of wear analysis. Although the test temperature increases, the wear of the material does not increase. The main reason is that the material is softer at higher temperatures, so the material deforms more at identical contact loads. Finally, severe recrystallization occurs at 700°C. Thus, the recrystallization of the material is mainly affected by the temperature. The action of contact stress mainly produces twin crystals and dislocations. The dislocations accumulate near the HAGBs, forming LAGBs (subgrain boundaries). The properties change due to the formation of cell structures in the microstructures of the material. Finally, the material effectively reduces wear damage through deformation.
[image: Figure 10]FIGURE 10 | The EBSD results of cross section of worn surface at 500°C: (Fn = 5N: (A) (B) EBSD band contrast and phase map; (C) Inverse pole figure (IPF) map; (D) Geometrically necessary dislocation (GND) map).
[image: Figure 11]FIGURE 11 | The EBSD results of cross section of worn surface at 700°C.
(Fn = 5N:(a) (b) EBSD band contrast and phase map; (c) Inverse pole figure (IPF) map; 4) Geometrically necessary dislocation (GND) map;
CONCLUSION
In this study, the wear mechanisms and tribological behaviours of Inconel 718 against Si3N4 balls at different temperatures were investigated in detail. The conclusions are summarized as follows:
1. The wear mechanisms of the Inconel 718 superalloy materials are different at elevated temperatures. The wear mechanisms mainly include abrasive wear, oxidation wear and delamination wear at 500°C. However, the adhesive wear and oxidation wear became dominant in the wear mechanisms at 700°C. An oxide layer with a lubricating function appeared on the surface of the material under high-temperature conditions. Therefore, when the test temperature increases, the wear of the material decreases.
2. With increasing test temperature, the oxide layer significantly thickened. With increasing normal load, the oxide layer at identical test temperatures also thickened.
3. The microstructure of the material presents different changes under identical contact stress at different temperatures. At 500°C, the microstructure consists mainly of a twin structure and HAGBs. At 700°C, it mainly consists of the dislocation structure of LAGBs and dislocation cells.
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