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Hot compression tests were conducted using a Gleeble 3500 thermomechanical simulator at temperatures ranging from 1,000 to 1,200°C with the strain rate ranging from 0.1 to 10 s−1. Electron backscatter diffraction (EBSD) technique was employed by investigating the microstructure evolution during hot deformation. Microstructure observations reveal that deformation temperatures and strain rates have a significant effect on the DRX process. It is found that the fraction and grain size of DRX increase with the decreasing deformation temperature, along with the increasing high-angle grain boundaries (HAGBs). The fraction of DRX first decreases and then increases with the increase of strain rates. It is noted that there are both the nucleation mechanisms of discontinuous dynamic recrystallization (DDRX) and continuous dynamic recrystallization (CDRX) during the DRX process for Co–Ni–Cr–W–based superalloys. DDRX and CDRX are the primary and subsidiary nucleation mechanisms of DRX, respectively. It is also found that deformation temperatures and strain rates have almost no effect on the primary and subsidiary nucleation mechanisms of DRX. At the temperature above 1,150°C, the complete DRX occurred with the average grain sizes of about 25.32–29.01 μm. The homogeneity and refinement of microstructure can be obtained by selecting the suitable hot deformation parameters.
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INTRODUCTION
The Co–Ni–Cr–W–based superalloy has excellent ductility, outstanding strength at high temperatures, good resistance to hostile environments, and weldability. It is suitable for various assembly applications in the aerospace industry. It is widely used in the combustion tank, transition tube, and afterburner of military and commercial gas turbine engines (Haynes International, 2020; Bhanu et al., 1997). In such applications, the components are subjected to complicated conditions, such as high temperature, high pressure, severe environment, and combinations of them (Coutsouradis et al., 1987; Bonacuse and Kalluri, 1995; Lee et al., 2008). In order to obtain excellent properties, it is very important to control the microstructure of the alloy during hot deformation (Cai et al., 2007). In the process of hot deformation, strain hardening, dynamic recovery (DRV), and dynamic recrystallization (DRX) usually occur, which contribute to a complex microstructure evolution (Humphreys et al., 2004). Therefore, the control of the microstructure is of great significance to optimize the final properties of products.
In the present, the microstructure characteristics, recrystallization behavior, and DRX mechanisms in hot deformed nickel-based superalloys, such as Inconel 625 (Li et al., 2011), Inconel 718 (Azarbarmas et al., 2016), Haynes 230 (Liu et al., 2008), Hastelloy C-276 and Co–Cr–based alloys (Jaladurgam and Kanjarla, 2018), Co–Ni–Cr–Mo superalloy (Kartika et al., 2009), Co–28Cr–6Mo–0.16N alloy (Chiba et al., 2009), Co–Cr–W–based alloy (Yamanaka et al., 2014), and Co–Ni–Cr–Mo–Nb alloy (Ouyang et al., 2020), have been extensively studied using hot torsion or hot compression experiments. However, there are few reports about the microstructure evolution of the Co–Ni-Cr–W–based superalloy during hot deformation. This study was aimed to investigate the effect of deformation temperature and strain rate on the microstructure evolution and nucleation mechanisms of DRX for Co–Ni–Cr–W–based superalloys during hot deformation. The DRX process and grain boundary misorientation of DRX under different hot deformation conditions were investigated. The microstructures of the deformed specimens were observed using electron backscattered diffraction (EBSD) technique.
2 EXPERIMENTAL
The as-received Co–Ni–Cr–W–based superalloy is a forging bar with a nominal diameter of 300 mm, and its chemical composition (wt.%) is 22.54Ni–22.63Cr–14.56W–0.28Fe–0.35Si–0.04Mn–0.04La–0.005B–(bal.)Co. The bar was solution treated at 1,200°C for 120 min followed by water quenching to obtain equiaxed and homogeneous grains. Cylindrical specimens with dimensions of Φ8 × 12 mm were machined from the solution-treated bar. The specimens were hot compressed to the true strain of 0.7 at temperatures ranging from 1,000 to 1,200°C with the strain rate ranging from 0.01 to 10 s−1. Each specimen was heated to the set temperatures at a rate of 5°C/min. In order to ensure temperature uniformity, the specimens were held in the chamber for 5 min before hot compression. After hot compression, the specimens were water quenched to room temperature to maintain the microstructures at the end of hot deformation. Then, the deformed specimens were sliced along the compression axis to characterize their microstructures.
EBSD was employed to investigate the microstructure evolutions of hot deformation specimens, which are attached to a SYMMETRY equipped with TSL OIM analysis software. The orientation imaging microscopy (OIM) maps and misorientation angle and size of the grains can be calculated from the EBSD results. The specimen for EBSD investigation was electropolished in a 20% H2SO4 and 80% methanol solution under 15–30 V for 5–15 s at room temperature.
3 RESULTS AND DISCUSSION
3.1 Initial Microstructure
Figure 1 shows the original microstructure of the solution-treated superalloy at 1,200°C for 120 min by EBSD. The OIM map of the solution-treated superalloy is shown in Figure 1A. The grain boundaries with misorientation angles below 10° are defined as low-angle grain boundaries (LAGBs). The grain boundaries with misorientation angles above 15° are defined as high-angle grain boundaries (HAGBs). The grain boundaries with misorientation angles between 10° and 15° are defined as medium-angle grain boundaries (MAGBs) (Wang et al., 2008; Li et al., 2011; Zhang et al., 2015a). In Figure 1A, the black and blue lines represent HAGBs and MAGBs, respectively. Moreover, red and green lines represent LAGBs. It is noted that equiaxed grains with HAGBs are presented in the solution-treated superalloy, and some annealing twins also exist, as shown in Figure 1A. The grain size distributions are shown in Figure 1B. The average grain size of the solution-treated superalloy is 88.4 μm.
[image: Figure 1]FIGURE 1 | Microstructure of the solution-treated superalloy: OIM map (A) and grain size distribution (B).
3.2 Flow Stress Curves
Figure 2 shows typical true stress–strain curves of different temperatures at a strain rate of 0.1 s−1 and different strain rates at a temperature of 1,100°C. It can be seen from Figure 2 that the shape of the flow curves is significantly affected by the temperature and strain rate. The maximum flow stress increases with the decrease of temperature and with the increase of strain rate. The flow stress increases to peak stress and then gradually decreases and reaches a steady state with the increase of strain. The characteristic features of flow stress are related to the competition between dynamic softening and work hardening during hot deformation. At higher deformation temperatures (1,150 and 1,200°C), the flow stress increases to peak stress and then gradually decreases with the increase of strain, as shown in Figure 2A. This flow softening is related to the DRX process. At deformation temperatures below 1,100°C, the stress increases and reaches a steady state. This characteristic feature is related to the occurrence of DRV. At a strain rate of 10 s−1, flow softening is observed in Figure 2B. The adiabatic temperature rise of the sample caused by deformation heat may result in this softening phenomenon at a higher strain rate. The DRV and DRX for the studied superalloy will be revealed by the analysis of the microstructural evolution.
[image: Figure 2]FIGURE 2 | Typical true stress–strain curves for the studied superalloy under (A) different temperatures at a strain rate of 0.1 s−1 and (B) different strain rates at a temperature of 1,100°C.
3.3 Effect of Deformation Temperature on the Microstructure Evolution
The microstructures of the Co–Ni–Cr–W–based superalloy deformed to the true strain of 0.7 at different temperatures with the strain rate of 0.1 s−1 were examined by EBSD. Figures 3A1–E1 show the OIM maps of the superalloy deformed in the different deformation conditions. Figures 3A2–E2 display the corresponding kernel average misorientation (KAM) maps. It can be seen from Figure 3 that the deformation temperature has an obvious effect on the DRX process. It is found that a small amount of DRX grains are distributed along the initial grain boundaries and only a tiny amount of new grains are observed inside the original grains at temperatures below 1,050°C. With the increase of deformation temperature, the fraction of DRX grains increases. DRX grains, along with the boundaries of the original grains and elongated deformed grains, form the necklace structures, as shown in Figures 3B1,C1. When the deformation temperature increases to 1,150°C, the recrystallized microstructures become uniformly equiaxed grains, as shown in Figure 3D1. It is also found that the grain size begins to coarsen at 1,150°C. The degree and grain size of DRX increase with the increase of deformation temperature, as shown in Figures 3A1–E1. It is generally known that the grain boundary migration rate is related to the deformation temperature. With the increase of deformation temperature, the grain boundary migration rate increases, which results in the increase of the convex grain boundary to the critical size required to form the recrystallization core in a short time; thus, new DRX grains are formed. The high migration rate caused by high deformation temperature will promote the growth of DRX nuclei. Therefore, when the deformation temperature is high, it is conducive to the nucleation and growth of recrystallization and the degree of recrystallization is also high. It is also noted that the extensive serrated and bulging grain boundaries are the dominant characteristic during hot deformation, as shown in Figure 3. Such grain boundary morphology contains the nucleation of DRX grains and subsequent grain growth (Zhang et al., 2015b). These salient features indicate that the nucleation mechanism of DRX for Co–Ni–Cr–W–based superalloys during hot deformation can be attributed to the discontinuous dynamic recrystallization (DDRX).
[image: Figure 3]FIGURE 3 | Typical OIM and KAM maps of the Co–Ni–Cr–W–based superalloy deformed to a true strain of 0.7 at different temperatures with a strain rate of 0.1 s−1: (A) 1,000°C, (B) 1,050°C, (C) 1,100°C, (D) 1,150°C, and (E) 1,200°C.
It is well known that the KAM value can be used to represent the dislocation density qualitatively (Liu et al., 2020). It is found that, with the increase of temperature, the dislocation density decreases. At the temperatures of 1,000 and 1,050°C, the dislocation distribution is very non-uniform. There are high dislocation densities in the grains deformed, as shown in Figures 3A2,B2. Figure 4 presents the misorientation distribution of boundaries for the treated solution samples and the samples deformed at different temperatures with the strain rate of 0.1 s−1. The grains of the treated solution samples have a relatively high fraction of HAGBs, as shown in Figure 4A. It can be observed in Figures 4B,C that the samples deformed at temperatures below 1,050°C contain a great quantity of LAGBs. The dislocation generation and proliferation leads to strain hardening. This suggests that the partial primary grains have undergone work hardening with high dislocation densities, as shown in Figure 3A2,B2.
[image: Figure 4]FIGURE 4 | Misorientation distribution histogram at different temperatures with the strain rate of 0.1 s−1: (A) solution, (B) 1,000°C, (C) 1,050°C, (D) 1,100°C, (E) 1,150°C, and (F) 1,200°C.
Meanwhile, there are relatively low dislocation densities in the grains deformed at the temperature of 1,100°C, as shown in Figure 3C2. At the higher temperature deformation, the partial different sign dislocations annihilate each other to form dislocation cells in elongated large grains. The dislocation cells might further develop to transform into subgrains by absorbing dislocations. Thus, the dislocation density reduces. The dislocation annihilation and rearrangement probably results in strain softening. It is also noted that there exists a small amount of MAGBs in Figure 4D. These results indicate that the subgrains have been formed and the dynamic recovery (DRV) has occurred at the temperature of 1,100°C. The microstructures are characterized by the deformation of initial grains and a certain amount of subgrains and DRX grains. With the increase of deformation temperature, the dislocation density gradually decreases. Correspondingly, the LAGBs decrease gradually by taking the place of MAGBs or HAGBs. The microstructures of the samples deformed at temperatures above 1,150°C in Figures 4E,F are characterized by the DRX grains with almost dislocation-free microstructures in the interior of the grains, as shown.
It has been reported that the nucleation of CDRX operated through progressive subgrain rotation required the occurrence of MAGBs. In other words, the fraction of MAGBs could directly represent the role of CDRX during the DRX process (Wang et al., 2008; Li et al., 2011; Zhang et al., 2015a). Subgrain boundaries might further develop to transform into HAGBs by absorbing dislocations. The new DRX grains would be formed in the interior of original grains (Jia et al., 2014). It is also found that the percentage of MAGBs is low in these deformation conditions. This indicates that the amount of DRX grains formed by subgrains is relatively less and CDRX is the subsidiary nucleation mechanism for Co–Ni–Cr–W–based superalloys during the DRX process.
3.3 Effect of Deformation Temperatures on Grain Size
Figure 5 displays the grain size distributions and average grain sizes of the alloy deformed at the strain rate of 0.1 s−1 with different temperatures. At the temperatures of 1,000 and 1,050°C, due to the lowest volume fraction of DRX grains, the grain size distribution is very wide, as shown in Figures 5A,B. The size of deformed original grains is about 180.47 μm, whereas the size of DRX grains is about 7.52 μm at the temperature of 1,050°C. The microstructure is very unevenly distributed. With the temperature increase to 1,150°C (Figure 5C), a narrower grain size distribution is gradually developed. Compared with that at the temperature of 1,050°C, the average grain size decreases from 93.97 ± 12.15 to 25.32 ± 4.68 μm. The fraction of the grains with the size in the range of 4.5–27.2 μm reaches 85%. Moreover, the difference in size between the coarse grain and the small grain is 43.2 μm. The homogeneity and refinement of the microstructure are effectively obtained at the temperature of 1,150°C. At the temperature of 1,200°C (Figure 5E), the average grain size increases to about 29.01 ± 5.11 μm. This indicates that the growth of DRX grains due to the higher deformation temperature improves the ability of grain boundary migration.
[image: Figure 5]FIGURE 5 | Grain size distributions of the Co–Ni–Cr–W–based superalloy deformed at different temperatures with the strain rate of 0.1 s−1: (A) 1,000°C, (B) 1,050°C, (C) 1,100°C, (D) 1,150°C, and (E) 1,200°C.
3.4 Effect of Strain Rates on the Microstructure Evolution
Figure 6 exhibits the typical OIM maps of the sample deformed at 1,100°C with different strain rates. It can be noted that the microstructure evolution of the Co–Ni–Cr–W–based superalloy during hot deformation is closely related to the strain rate. The strain rates have a significant effect on the volume fraction, growth, and size of DRX grains. At the strain rates of 0.01 and 10 s−1, the microstructures consist of many DRX grains and some elongated original grains, as shown in Figures 6A–D. Except for the strain rate of 10 s−1, with the increasing strain rate, the degree of DRX decreases. It is commonly known that the DRX process consists of nucleation and core growth. At the strain rate of 0.01 s−1, there is enough time for the core of DRX to grow up, leading to the acceleration of the DRX process. When the strain rates are less than or equal to 1 s−1, the DRX process is inhibited due to the increase of the critical dislocation density of DRX. At the higher strain rate of 10 s−1, the high deformation rate can promote the interaction of dislocations and increase the density of dislocations. There is a higher storage energy in deformed grains, which is beneficial to the nucleation of DRX. In addition, the heat of deformation causes the adiabatic temperature rise of the specimen. Because of the short deformation time, the heat could not be diffused out. The high stored energy and adiabatic temperature rise accelerate the grain boundary migration, resulting in the promotion of the DRX process at the strain rate of 10 s−1.
[image: Figure 6]FIGURE 6 | Typical OIM maps of the Co–Ni–Cr–W–based superalloy deformed to a true strain of 0.7 at different strain rates with the temperature of 1,100°C: (A) 0.01 s−1, (B) 0.1 s−1, (C) 1 s−1, and (D) 10 s−1.
Figure 7 presents the misorientation distribution of boundaries for the samples deformed at different strain rates. The change of relative fraction at different misorientation angle scopes is shown in Figure 8. It is noted that there are many HAGBs at the strain rates of 0.01 and 10 s−1. However, there are many LAGBs at the strain rates of 0.1 and 1 s−1. These results indicate that the degree of DRX at 0.01 and 10 s−1 is higher than that at 0.1 and 1 s−1. The fraction of MAGBs can directly represent the influence of CDRX on DRX processing with various strain rates (Wang et al., 2008; Li et al., 2011; Zhang et al., 2015a). It can be found that MAGBs increase first in the strain rate range of 0.01–0.1 s−1 and then decrease in the strain rate range of 0.1–10 s−1, as shown in Figure 8. These results indicate that, with the increase of strain rate, the effect of CDRX on DRX processing is strengthened first in the strain rate range of 0.01–0.1 s−1 and then weakened again in the strain rate range of 0.1–10 s−1. When the strain rate increases from 0.01 to 0.1 s−1, the fraction of MAGBs only increases from 0.015 to 0.02. Then, it decreases to 0.01 with a strain rate of 10 s−1. This suggests that CDRX can only be confirmed as a subsidiary nucleation mechanism of DRX for Co–Ni–Cr–W–based superalloys during hot deformation.
[image: Figure 7]FIGURE 7 | Misorientation distribution histogram at different strain rates with the temperature of 1,100°C: (A) 0.01 s−1, (B) 0.1s−1, (C) 1 s−1, and (D) 10 s−1.
[image: F8]FIGURE 8 | Change of relative fraction at different misorientation angle scopes at different strain rates with the temperature of 1,100°C.
3.5 Effect of Strain Rates on Grain Size
Figure 9 shows the grain size distributions and average grain sizes of the alloy deformed at a temperature of 1,100°C with different strain rates. At the strain rate of 10 s−1, the area fraction of the grain sizes below 18 μm is the highest and up to 67% in Figure 9D. The high stored energy and adiabatic heating promote the development of DRX, and the short deformation time inhibits the growth of the DRX grain. At the strain rate of 0.01 s−1, the area fraction of the grain sizes below 25 μm is up to 81% in Figure 9A. In other words, the volume fraction of DRX is about 81%. DRX is a dominant evolution mechanism due to the deformation time adequate for the nucleation and growth of DRX. At the strain rate of 1 s−1, the grain size distribution is very wide, as shown in Figure 9C. Hence, the lowest volume fraction of DRX grains is developed. The size of deformed original grains is about 174.96 μm, whereas the size of DRX grains is about 5.78 μm at the strain rate of 1 s−1. The average grain size is 90.4 ± 14.77 μm. The microstructure is mainly composed of the deformed original grains. Compared with those at the strain rates of 0.01 and 10 s−1, the deformation time sufficient for grain boundary migration would be shorter and the stored energy and the adiabatic temperature rise would be lower. The DRX process is relatively slow. There is a large difference between the grain sizes of deformed original grains and DRX grains. The microstructure is very coarse and uneven at the strain rate of 1 s−1.
[image: Figure 9]FIGURE 9 | Grain size distributions of the Co–Ni–Cr–W–based superalloy deformed at different strain rates with the temperature of 1,100°C: (A) 0.01 s−1,(B) 0.1 s−1, (C) 1 s−1, and (D) 10 s−1.
4. CONCLUSION
Microstructural evolution of the Co–Ni–Cr–W–based superalloy was investigated in the temperature range of 1,000–1,200°C with the strain rate ranging from 0.1 to 10 s−1 through isothermal compression tests and microstructures analysis by EBSD. The following conclusions are drawn:
Deformation temperatures and strain rates have a significant effect on the DRX process. The fraction and grain size of DRX increase with the increase of deformation temperature, along with the increase of HAGBs. The fraction of DRX first decreases and then increases with the increase of strain rate.
At temperatures below 1,050°C, the primary grains have undergone work hardening with high dislocation densities. The microstructures are very non-uniform. At the temperature of 1,100°C, microstructures are composed of the deformation initial grains and a certain amount of subgrains and DRX grains.
At temperatures above 1,150°C, the original grains are replaced by the new grains of DRX. The average grain size is about 25.32 ± 4.68 μm. The homogeneity and refinement of microstructure are obtained.
The continuous dynamic recrystallization (CDRX) is the primary nucleation mechanism of DRX for Co–Ni–Cr–W–based superalloys during hot deformation. CDRX can only be confirmed as a subsidiary nucleation mechanism.
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