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Due to their superior strength and oxidation resistance at high temperatures, precipitation-strengthened Ni-based superalloys are widely used in load-bearing hot components in energy generation systems, such as gas/steam engines in aircraft or power plants. However, brittleness originating from a grain boundary (GB) in a certain temperature range is one of the greatest deadlocks, which desperately restricts their thermal-mechanical processing capabilities and also industrial applications. Experimental and theoretical investigations of the origin of GB brittleness with aims to overcome it still attract many research efforts in the high-temperature material field. It is desirable to understand the GB embrittlement mechanism by dynamically investigating the entire GB cracking process in real time under stress/temperature combination, which might be hardly revealed by a traditional experiment on precipitation strength/theoretical technologies. Current advances in high-temperature mechanical testing systems, which can be operated in a transmission electron microscope (TEM), provide unique opportunities for in situ exploration of the mechanistic origins of GB brittleness of superalloys with the resolution up to an atomic scale. Here, we first briefly give an overview of the phenomenon and current understanding on GB brittleness, followed by introducing the state-of-art techniques in an in situ TEM/mechanical testing system (MTS). In the end, we will also discuss the potential application of the in situ TEM/MTS on GB brittleness and a perspective overlook.
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INTRODUCTION
Containing high concentrations of as many as 10 alloying elements, precipitation-strengthened Ni-based superalloys have emerged as the materials for high-temperature operation when resistance to creep, fatigue, and environmental degradation is required, such as gas/steam engines in aircraft or power plants (Reed and Rae, 2014; Pollock, 2016; Duan et al., 2019). Although their composition is very complicated, precipitation-strengthened Ni-based superalloys have a relatively simple microstructure, especially consisting of two coherent phases. The matrix is a solid solution (γ phase) with the face-centered cubic (FCC) crystal structure, and the precipitate is an intermetallic compound Ni3Al with an ordered L12 crystal structure (γ′ phase). The unique comprehensive properties, such as mechanical properties and resistance to oxidation of the Ni3Al compound, make it extremely appropriate for high-temperature use. With Ni3Al precipitations strengthening the materials, the strength at elevated/service temperature has been significantly improved to meet the high-temperature capability of industry applications. However, brittleness originating from GB in a certain temperature range is one of the greatest deadlocks, which desperately restricts their thermal-mechanical processing capability and also industrial applications (McLean and Maradudin, 1958; Watanabe, 2001; Chu et al., 2010).
Limited ductility and lack of plastic deformation ability in precipitation-strengthened Ni-based superalloys are generally accompanied by the observation of intergranular cracks. Microstructure examination reveals that materials fracture along GBs at a very early stage of deformation, sometimes in the elastic stage during tensile testing (Watanabe, 2001). This phenomenon often refers to GB brittleness, which greatly increases the difficulty for thermomechanical forming, plastic processing, and also industrial applications of the alloys. In an extreme case for turbine blade application in aeroengine industries, huge amounts of investments and resources are poured in to develop directional solidification and single crystal growth to modify the GB structure or even completely eliminate the GB (Hirano, 1990). With the “weakest site”-GBs completely removed in single-crystal (SX) Ni-based superalloys, mechanical properties and temperature capability of modern SX blades have been greatly increased (Pollock, 2016). The innovation and development of modern SX Ni-based superalloy turbine blades are actually a history of the battle over the boundary between weakness and brittleness.
Although GB structures can be modified or even removed by directional solidification/single-crystal growth for one of the most critical applications in turbine blades, in most cases, the application of precipitation-strengthened Ni-based superalloys still utilizes their polycrystalline forms if the cost, size/complication of the part, the flexibility of fabrication processing, and equipment/technological limitations are considered. GBs are not avoidable in almost all other Ni-based superalloys. GB brittleness still remains an active research topic with the aims of mechanistically understanding its origin and further strengthening the GB through GB engineering, such as B effects on the brittleness of intermetallic Ni3Al (Liu et al., 1985; Hanna et al., 2002). Here, we first briefly describe the phenomenon of GB brittleness using a disk alloy GH4151 as an example and then provide a mini review on the understanding of GB brittleness, followed by introducing the state-of-art techniques in the in situ TEM/mechanical testing system (MTS). Later, we will discuss the perspective overlook of the future application of in situ TEM/MTS on GB brittleness of Ni-based precipitation-strengthened superalloys.
THE PHENOMENON OF GRAIN BOUNDARY BRITTLENESS
GB brittleness commonly exists in polycrystalline Ni-based precipitation-strengthened superalloys (Pang et al., 1994; Viskari et al., 2013; Németh et al., 2017). Take the Ni-based disk alloy GH4151 as an example, which is a counterpart of the Russian alloy эκ151 (Chabina et al., 2015). The microstructure of this alloy is a typical γ′/γ two-phase structure, as shown in the inset of Figure 1A. The strengthening phase (Ni3Al, γ′) with a darker contrast is uniformly distributed in the γ matrix. During tensile tests at 923 K, polycrystalline GH4151 alloy fractures at the elastic deformation stage, and the alloy exhibits nearly zero plastic strain under tensile testing (Figure 1A). The fracture surface is extremely smooth, and the grains are almost peeled off one by one, indicating an entire intergranular fracture. In comparison, the single crystal GH4151, which is GB-free, exhibits considerable plastic deformation after yielding. Continuous work hardening is observed with a final fracture strain of about 14% (Figure 1A). Large amounts of dimples are observed on the fracture surface, indicating ductile fracture of the single crystal GH4151. Clearly, limited ductility and lack of plastic deformation before fracture of the GH4151 polycrystalline Ni-based precipitation-strengthened superalloys are indeed due to GB brittleness. Similar to the GH4151 alloy, other precipitation-strengthened Ni-based superalloys, such as Inconel 718 (Pfaendtner and McMahon, 2001), 718 plus (Viskari et al., 2013), and Udimet 720Li (Németh et al., 2017) alloys, also exhibit GB brittleness during various mechanical testing procedures. At 1023 K, the Udimet 720Li alloy fractures at a plastic strain of only 3%, and the fracture surface is also entirely intergranular (Németh et al., 2017). In addition, the Inconel 718 plus alloy exhibits GB brittleness under a fatigue experiment using a 10-Hz triangular waveform and a load ratio R = Pmin/Pmax = 0.05 at 1023 K (Viskari et al., 2013), and brittle intergranular cracking is observed for the Inconel 718 alloy at temperatures between 823 and 923 K in a single-notched four-point bending test (Pfaendtner and McMahon, 2001).
[image: Figure 1]FIGURE 1 | GB brittleness of precipitation-strengthened Ni-based superalloys and their origin. (A) Engineering tensile stress–strain curves of polycrystalline and single-crystal GH4151 alloys at 923 K and their corresponding fracture surfaces. Polycrystalline GH4151 fractures along GBs at the elastic deformation stage. In comparison, the single crystal GH4151 fractures with a plastic strain higher than 14%, and dimples indicate the ductile fracture mode. (B) Origin of GB brittleness is attributed to intergranular oxides. The STEM-EDX result shows that the crack tip of the 718Plus alloy tensile fractured at 923 K is filled with oxide, which consists of NiFeO (blue) wrapped in chromium oxide (red), and the outermost structure is a Ni-enriched region (green) (Viskari et al., 2013). BSE-EDX measurements of intergranular oxidation show the formation of Ni-, Co-, Cr-, Ti-, and Al-rich oxidation products at and ahead of the crack tip in U720Li after slow strain rate testing at 1123 K (Németh et al., 2017).
A BRIEF OVERVIEW ON THE GRAIN BOUNDARY BRITTLENESS OF NI-BASED SUPERALLOYS
GB brittleness appears to be a common phenomenon for precipitation-strengthened Ni-based superalloys. Many researchers exert great efforts to find the origin of GB brittleness by using various methods. Currently, it is believed that GB segregation is the most important factor, such as the brittleness of GBs induced by carbides or enrichment with oxygen or other trace elements (Pang et al., 1994; Gao et al., 1995; Fournier et al., 2001). For example, blocky primary niobium carbide precipitations are observed at the GBs of the Inconel 718 alloy, and these niobium carbide precipitations act as crack initiation sites because of the oxidation and swelling of primary niobium carbides in air under the stress/temperature combination (Fournier et al., 2001). The enrichment and segregation of niobium at GBs play an important role in creep crack growth in the Inconel 718 alloy, especially when oxygen exists in the testing environment (Pang et al., 1994; Gao et al., 1995). Under mechanical loading, the stress assists the formation of brittle niobium oxides, which act as a cracking path (Fournier et al., 2001).
Figure 1B reveals the formation of oxides at and/or ahead of cracked GB in the Inconel 718 plus alloy (Viskari et al., 2013) and the Udimet 720Li alloy (Németh et al., 2017). A scanning transmission electron microscope with energy-dispersive spectroscopy (STEM-EDX) techniques shows that oxidation takes place at or immediately ahead of an open crack tip along the GB of the Inconel 718 plus alloy, forming a closed but layered oxide structure. Near GB, the oxide is Ni-rich, an intermediate layer essentially composed of Cr2O3, and a Fe-enriched layer is found far away from the metal. It is clear that the formation of oxides is in the direction of crack growth (Figure 1B) (Viskari et al., 2013). A backscattered electron image in combination with energy-dispersive spectroscopy (BSE-EDX) analysis reveals that the oxides formed at an intergranular crack tip of the Udimet 720Li alloy consist of Ni, Co, Ti, Cr, and Al (Figure 1B) (Németh et al., 2017). Except for the oxides formed at GBs, the segregations of other trace impurities, such as sulfur, phosphorus, and hydrogen in GBs, also have detrimental effects on the brittleness of Ni-based superalloys (Dong et al., 2002; Martin et al., 2012). Segregation of impurities might reduce GB cohesion; As a result, the GB becomes the “weakest site” which causes alloy failure immaturely and loss of ductility. Theoretical studies propose that the embrittling potency of impurities can be assessed by the Rice–Wang model (Rice and Wang, 1989) using segregation energies calculated from the ab initio or semi-empirical model [molecular dynamics (MD) or Monte Carlo (MC)]. Although modeling and theoretical studies show some success in the prediction that H, S, and P act as an embrittler (Yamaguchi et al., 2005), the values of the segregation energy of a solute at GBs show large uncertainty and sometimes differ by more than one order of magnitude (Lejček et al., 2017).
For γ′-precipitation-strengthened Ni-based superalloys, the carbide that exists at GBs is often one of the origins of the crack. For the GB free of carbides, the impurity segregation at GBs or oxide formation after deformation is usually observed accompanied by the intergranular fracture. However, this is a dynamic process that ideally needs observation of the entire GB cracking development in real-time in order to understand the GB embrittlement mechanism. Under the coupling conditions of high temperature and stress, the composition distribution, defects, phase composition, and distribution of GBs are all in the change. Although some information can be obtained by traditional experimental analysis, the real-time and dynamic process of these changes cannot be obtained. In particular, for a traditional ex situ experiment, cooling the sample from high temperature to room temperature is often needed. This might make many traditional experimental analyses difficult in capturing the “real” evidence of the GB fracture process at high temperatures and stresses. It is highly desirable to understand the GB embrittlement mechanism by dynamically investigating the entire GB cracking process in real time under the stress/temperature combination using high-temperature in situ experimental techniques.
HIGH-TEMPERATURE MECHANICAL IN SITU EXPERIMENTAL TECHNIQUES
In situ high-temperature mechanical testing systems (MTSs), which can be operated in a transmission electron microscope (TEM), have been rapidly developed. In situ TEM/MTS technology offers a variety of experimental platforms for exploring the microstructure-performance evolution to reveal underlying deformation mechanisms of materials under simulated service conditions. Generally, the in situ TEM/MTS includes several integrated MEMS chips with a unique biaxial tilting system that enables real-time observation of the microstructural evolution at a resolution up to the atomic scale under the combination of force and heat. Figure 2A schematically shows the atomic-resolved high-temperature MTS developed by Bestron Science and Technology (Bestron, 2019; Zhang et al., 2021). The integrated system offers high-drive force and a long displacement range with angstrom step accuracy. The precise and controllable heating stage enables the sample to reach a temperature as high as 1473 K, which has temperature accuracy, good thermal stability, and long service life.
[image: Figure 2]FIGURE 2 | High-temperature mechanical in situ experimental techniques and application. (A) Schematic representation of the atomic-resolved high-temperature mechanical testing system (Zhang et al., 2021). (B) Snapshots of in situ TEM/MTS images showing atomic-scale sliding of an asymmetric tilt GB in a Pt bicrystal (Wang et al., 2022).
All these advantages make the in situ TEM/MTS a unique tool for tracking the sliding of GBs at the atomic scale for the first time (Wang et al., 2022). As shown in Figure 2B, using the in situ TEM/MTS , the atomic-level dynamic slip process of the GB can be observed, indicating that the GB slip at room temperature is achieved through the coordination between the direct slip between atoms at the GB and the short-range diffusion of atoms (Figure 2B). Such an observation is promising and has not been predicted in previous theories (Wang et al., 2022). In addition, with the high-temperature capability of in situ TEM/MTS , the atomistic fracture mechanism of tungsten has been reported (Zhang et al., 2021). On the atomic scale, the in situ experiment found that tungsten indeed fractures in a ductile manner at 973 K because strengthening induced multi-step body-centered cubic (BCC) to face-centered cubic (FCC) transformation. The plasticity of tungsten involves dislocation activities within the strain-induced FCC phase (Zhang et al., 2021). These research studies provide an approach for timely and atomic-resolved high-temperature mechanical investigation of materials at high temperatures. Current advances in high-temperature MTSs, which can be operated in a transmission electron microscope (TEM), might provide unique opportunities for in situ exploration of the mechanistic origins of GB brittleness of superalloys with a resolution up to the atomic scale.
THE POTENTIAL APPLICATION ON THE INVESTIGATION OF GRAIN BOUNDARY BRITTLENESS OF PRECIPITATION-STRENGTHENED NI-BASED SUPERALLOYS
Over the past several years, rapid progress has been made in the in situ atomic resolution experiments, while the dynamic and atomic-scale resolution of research studies and methods on GB brittleness of Ni-based alloys are still in development. The ability to track the time-resolved, atomic-scale motion of GBs in a Pt bicrystal (Wang et al., 2022) opens opportunities for gaining deeper insight into the mechanisms of GB brittleness of precipitation-strengthened Ni-based superalloys. Revealing the atomistic mechanisms for the high-temperature mechanical behavior of GBs may answer important questions, such as when oxides were observed near the crack and whether they form before or after cracking. Theoretically, if the oxygen concentration can be measured in real-time in and just near the cracks using the in situ TEM/MTS with EDS mapping, details of cracking development related to the aforementioned questions can be answered, although such experiments still lack.
Despite these advantages, many challenges still remain, for example, the brittle fracture of GBs occurs very quickly; thus, it is hard to capture all details of the deformation microstructure characteristics in a very short time. The GBs refer to the interface of two grains with different crystal orientations. Particularly, the general type GBs in polycrystals are commonly asymmetric, which makes it difficult to realize the high resolution at the atomic level due to different Kikuchi patterns. In addition, the in situ tensile sample is merely prepared by FIB, and it is difficult to avoid gallium ion contamination or other implantation damage (Shim et al., 2009). Finally, most of the in situ mechanical sample stages are in a displacement-controlled or temperature-controlled mode, and direct force measurement is still in the development stage; therefore, it is difficult to capture the stress and quantitatively explain the deformation behavior of the material. We believe that the future development direction of high-temperature in-situ TEM/MTSs not only requires a very fine sample stage design but also needs to develop a sensitive stress detection system and high-temperature components with stable performance and high resolution under a harsh environment.
CONCLUSION AND SUMMARY
GB brittleness significantly restricts the mechanical property of precipitation-strengthened Ni-based superalloys and limits their thermal-mechanical processing capability and industry applications. Current experimental and theoretical investigations of the origin of GB brittleness with aims to overcome it still need more effort for the high-temperature material field, especially since the detailed microscopic mechanism of GB remains ambiguous. Although current advances in high-temperature MTSs, which can be operated in a TEM, provide unique opportunities for gaining deeper insight into the mechanisms of GB brittleness of Ni-based superalloys, many challenges still remain. We believe that the future development direction of high-temperature in situ TEM/MTSs not only requires a very fine sample stage design but also needs to develop a sensitive stress detection system, high-temperature components with stable performance, and high resolution under a harsh environment.
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