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Abstract

:

In this paper, the powder metallurgy (P/M) Ni-based superalloy FGH4096 with an incomplete dynamic recrystallization structure was treated by a solution treatment at different temperatures, cooling methods, and holding times. The size, morphology, and distribution of grains and γ′ precipitates were characterized by an optical microscope (OM) and a scanning electron microscope (SEM). Research results showed that with the increase of solution temperature from 1060 °C to 1100 °C, the degree of recrystallization increased continuously, the distribution of grain became uniform, and a large number of annealing twins were found. At the same time, the degree of redissolution of the primary γ′ precipitates at the grain boundary increased, and the size of secondary γ′ phase reprecipitated within the grain decreased. The morphology of the secondary γ′ precipitates is mainly spherical with a single distribution under air cooling (AC), while the morphology is near-spherical, cuboids, octets, petaloid, and dendrites with a bimodal distribution under furnace cooling (FC). The size of the γ′ precipitates decreased and the volume fraction increased with the extension of holding time at a higher solution temperature (1100 °C).
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1. Introduction


Nickel-based powder metallurgy superalloys solve the problems of severe segregation, uneven structure, and poor hot workability commonly existing in traditional cast superalloys. It has a series of advantages, including no macro segregation, uniform structure, and fine grain. It has become the preferred material for preparing key hot end components, such as high thrust weight ratio and high-performance aero-engine turbine disks [1,2,3,4]. In recent years, with the rapid development of aero-engine technology, higher requirements are put forward for the performance indexes of P/M superalloys, and the balanced development of high temperature strength, plasticity, creep, and fatigue crack resistance is increasingly pursued [5]. FGH4096 is a γ′ precipitation strengthening nickel-based powder superalloy, which is representative of the second-generation nickel-based powder superalloys in China. FGH4096 alloy can serve up to 750 °C. It has excellent comprehensive properties such as high temperature resistance, high strength and toughness, and low crack growth rate. It is a damage tolerant powder superalloy widely used in the manufacture of advanced aero-engine high-pressure turbines and high-pressure compressor powder discs [6,7]. The Ni-based FGH4096 superalloy has a face centered cubic (FCC) structure and contains about 40 percent coherent precipitates (γ′ phase) of L12 structure within the solid solution matrix (γ phase) [8]. Due to its superb resistance against dislocation shearing, the γ′ phase plays a significant role in improving the high-temperature performance of Ni-based superalloys [9].



It is well-known that the strengthening effect of alloys is closely related to the grain size and the number, size, distribution, and stability of precipitates, and a reasonable heat treatment system is the key to obtain appropriate grain size and precipitates [10,11]. In previous studies, a large number of researchers have discussed the relationship between heat treatment and microstructure evolution of P/M superalloys [12,13,14]. Tian et al. [15] studied the effect of aging treatment on the microstructure and properties of a novel spray-formed P/M superalloy FGH100L; they found that the grain size of the sub-solvus and super-solvus solution treatments changed little during the long-term aging treatment. As the aging time increases, γ′ precipitates are coarsening and splitting. Compared with the super-solvus solution treatment, the sub-solvus had excellent high-temperature tensile properties after long-term aging treatment. Ding et al. [16] studied the effect of cooling rate on the microstructure and tensile properties of nickel-based P/M superalloy CSU-A1 by using two different quenching methods. The experimental results show that the average grain size of oil-quenched and air-cooled specimens is almost the same. The tensile strength of oil-quenched specimens at room temperature is higher than the equivalent tensile strength of air-cooled specimens, but the difference between them tends to be the same as the temperature rises to 650 °C. Huang et al. [17] studied the effect of cooling rate on the microstructure and tensile properties of an FGH98 nickel-based P/M superalloy at 750 °C. The results showed that with the decrease of cooling rate, the average size of the secondary γ′ precipitates increase, and the morphology changes from a near-cuboidal shape to a butterfly shape. Han et al. [18] studied the effect of heat treatment on the microstructure and properties of a P/M Inconel 718 superalloy. Zhang et al. [19] optimized the microstructure and tensile properties of MIM418 P/M superalloys through a heat treatment process. Hao et al. [20] studied the effect of heat treatment on the microstructure and mechanical properties of nickel-based P/M superalloys melted by a selective laser.



The above studies on various P/M nickel-based superalloys have discussed the relationship between the heat treatment process and microstructure evolution from different perspectives, but they mainly focus on the microstructure after complete dynamic recrystallization, which has a uniform initial microstructure; however, there are few reports on the heat treatment process with incomplete dynamic recrystallization. In fact, there are great differences in the environment of the turbine disc from the center to the edge under the working state—the disc center is connected with the shaft, with large bearing capacity but relatively low working temperature; the disc edge is in contact with the fuel gas, and the working temperature is higher although the bearing capacity is smaller. Therefore, it is necessary to prepare dual-performance turbine disks that meet the different performance requirements of different parts, that is, the hub part has a fine-grained structure, which has high yield strength and low cycle fatigue performance at low temperatures. The rim has a coarse-grained structure, which has high endurance, creep strength, and crack propagation resistance at high temperatures. Hence, the transition region of coarse and fine grains will inevitably appear in the junction of the rim and hub, which has an incomplete dynamic recrystallization structure, and its performance will directly affect the service life of the turbine disk [21,22,23,24]. It is found that proper solution heat treatment after deformation can effectively improve the microstructure and material properties [10,25,26]. Therefore, how to optimize the microstructure of the transition region has become a major problem restricting the further improvement of material properties. Based on this, this paper mainly studies the heat treatment process of the incomplete dynamic recrystallization structure, and analyzes the evolution mechanism of the structure and precipitates, which has important engineering application value for realizing the process control of dual performance turbine disk and promoting its application.




2. Materials and Methods


In this experiment, hot isostatic pressing (HIP) nickel-based P/M superalloy FGH4096 was used. It is a second-generation damage-tolerant superalloy, which has a reduced volume fraction of the γ′ precipitates compared with the first-generation FGH4095. Although sacrificing a certain strength, its crack propagation resistance is significantly improved, its service life is greatly extended, and its service temperature is also increased from 650 °C to 750 °C [27]. The nominal chemical composition of FGH4096 is shown in Table 1. The metal powder was prepared by the plasma rotating electrode process (PREP), and the size of the spherical metal powder particles was about 50–100 μm. The required metal powder is obtained by the plasma rotating electrode process (PREP), and the particle size of the spherical metal powder is about 50~100 μm. After vacuum degassing, the obtained metal powder particles were sealed inside a container of stainless steel, and then processed with HIP at 1120 °C and 130 MPa for 3 h, followed by furnace cooling to room temperature.



Hot compression experiments were carried out at 1080 °C and 0.001 s−1 on the Gleeble-1500D thermal simulation tester. Several Φ8 mm × 12 mm cylindrical specimens were cut by electrolytic discharge machining (EDM) after hot isostatic pressing. In order to obtain an incomplete dynamic recrystallization structure, 30% compression was selected. After compression, the specimens were cut along the central axis, and specimens with the size of 3 mm × 3 mm × 5 mm were taken from the most central area of the section for solution treatment experiment to ensure that the specimens had the same structure before heat treatment. Previous studies have found that the complete dissolution temperature of the primary γ′ precipitates of the FGH4096 superalloy is between 1120 °C and 1140 °C [28,29,30], so the solution temperature is determined as 1060 °C, 1080 °C, and 1100 °C; the holding times are 1 h and 10 h; and the cooling methods are AC and FC. After the experiment, sand paper with different particle sizes was used for polishing until there was no scratch on the surface. Then, abrasive paste of W1.5 was added to the polishing machine for 30 min. The microstructures were observed using an OLYMPUS DSX510 optical microscope (OM) and the etching solution was 5 g CuSO4 + 50 mL HCl + 25 mL H2O2. The morphology of the γ′ precipitates were observed by the TESCAN MIRA3 XMU field emission scanning electron microscope (FESEM) and the electrolytic polishing solution was 30 mL H2SO4 + 30 mL HNO3 + 10 mL H3PO4. Image-pro Plus 6.0 software was used to calculate the size and distribution of grains and precipitates.




3. Results and Discussion


3.1. Initial Microstructure


The initial microstructure of the as-HIPed FGH4096 is shown in Figure 1. It can be seen from Figure 1a that the original microstructure is composed of a large number of equiaxed grains, original powder particles, and lamella-like straight annealing twins, with an average grain size of about 32.3 μm. Figure 1b shows the original morphology of γ′ precipitates. It can be seen that the typical microstructure of FGH4096 is mainly composed of a large irregular shape primary γ′ precipitates pinned at the grain boundary, the form of spherical, butterfly-shaped petaloid secondary γ′ precipitates, and a large number of fine tertiary γ′ precipitates with dispersive distribution within the grain. The γ′ precipitates are uniformly distributed in equiaxed grains, original powder particles, and near lamella-like straight annealing twins.




3.2. Effect of Solution Temperature on Microstructure and Precipitates


Figure 2 shows the grain structure before and after solution treatment at different temperatures. It can be seen that the structure before heat treatment is a mixed structure of deformed grains and a large number of dynamic recrystallized grains with very small size. The recrystallized grains are distributed around the deformed grains in a necklace shape. Twins exist in some deformed grains, and the average grain size is about 32.47 μm. After holding at 1060 °C for 10 h, the number and size of recrystallized grains increase obviously, but there are still a large number of deformed grains, with an average grain size of about 28.92 μm and the volume fraction of recrystallization is about 43.26%. At 1080 °C for 10 h, most of the large deformed grains have been eliminated, and some recrystallized grains begin to grow. The average grain size is about 14.64 μm and the volume fraction of recrystallization is about 72.53%. At 1100 °C for 10 h, the deformed grains have completely disappeared, complete recrystallization has occurred, and a large number of annealing twins have appeared. The grains are evenly distributed, and the average grain size is about 24.66 μm.



Figure 3 shows the morphology of γ′ precipitates after solution treatment for 10 h at different temperatures by AC. At 1060 °C, primary γ′ precipitates on grain boundary are partially dissolved, but a large amount of undissolved primary γ′ precipitates remain. The average size of the primary γ′ phase is 1–3 μm with smooth profiles, and part of it became spherical or nearly spherical. The secondary γ′ precipitates within the grain are spherical with an average size of 274 nm and a small volume fraction. The transformation from multi-shape and multi-size distribution in the initial microstructure to spherical dispersion distribution with uniform and single size indicates that the secondary and tertiary γ′ precipitates distribution in the original forged microstructure can be completely redissolved into the matrix during the sub-solvus solution treatment at 1060 °C, and then precipitated in a uniform spherical state during the cooling process. At 1080 °C, only a few small primary γ′ precipitates with an average size of 1.24 μm and shape of nearly spherical or cuboidal are left. A few secondary γ′ precipitates and a large number of tertiary γ′ precipitates are reprecipitated within the grain, the average size of which are 417 nm and 55 nm, respectively, with a spherical distribution and increased volume fraction. At 1100 °C, the primary γ′ precipitates at the grain boundary are almost completely dissolved, and the remaining primary γ′ precipitates are spherical or nearly spherical with an average size of 252 nm. The average size of secondary γ′ precipitates reprecipitated within the grain is 43 nm, and the volume fraction increased significantly.



The grain size is affected by the degree of recrystallization and solubility of precipitates. At 1060 °C, a large amount of undissolved primary γ′ precipitates on the grain boundary seriously hinder the grain boundary migration process, resulting in a larger grain size and smaller degree of recrystallization. With the increase of temperature (1080 °C), a large amount of γ′ precipitates are dissolved on the grain boundary, the migration rate of the grain boundary is accelerated, and the serrated grain boundary becomes straight. The increase of recrystallization degree leads to the decrease of average grain size, thus forming a relatively uniform microstructure. The secondary γ′ precipitates within the grain grows, but the volume fraction decreases obviously, with the reprecipitation of a large number of fine tertiary γ′ precipitates. With the further increase of temperature (1100 °C), all of the primary γ′ precipitates on the grain boundary are almost redissolved, and the resistance to grain boundary migration was greatly reduced, with the increase of grain size and smooth grain boundary. The increase of temperature leads to complete recrystallization of grain structure, and a large number of annealing twins are produced, thus forming a uniform but relatively rough microstructure [31]. In addition, a large amount of redissolution of γ′ precipitates cause the supersaturation of the matrix and the nucleation density to increase obviously. The secondary γ′ precipitates reprecipitated under AC have no time to grow, resulting in their relatively small size [17,32].




3.3. Influence of Cooling Mode on Precipitates


Figure 4 shows the morphology of the γ′ precipitates at 1080 °C for 10 h by FC. It can be seen that large γ′ precipitates are partially dissolved on the grain boundary, and the profiles gradually become smooth, with an average size of 1.71 μm. The reprecipitated secondary γ′ precipitates and the fine tertiary γ′ precipitates are distributed within the grain. The secondary γ′ precipitates have a bimodal distribution; the large secondary γ′ precipitates are cuboids, octets, or dendrites, with an average size of 578 nm, and the small size of the secondary γ′ precipitates are near-spherical, octets, or petaloid, with an average size of 234 nm. A large number of tertiary γ′ precipitates can be seen around the small secondary γ′ precipitates, with an average size of about 50 nm. Compared with the morphology of the γ′ precipitates after AC at the same solution temperature and holding time (Figure 3c,d), the quantity and size of the undissolved primary γ′ precipitates on the grain boundary increase after FC, and the secondary γ′ precipitates reprecipitated within the grain present a bimodal and heterogeneous distribution. In addition, the size of the tertiary γ′ precipitates are similar to that after AC.



The volume fraction of γ′ precipitates reprecipitated after FC is obviously smaller than that after AC, indicating that the nucleation density of γ′ precipitates is low under the slow cooling condition. This results in a lower total coherent strain energy, which leads to coarsening of the γ′ precipitates [33]. The slow cooling rate (FC) provides supersaturation and a sufficient diffusion rate, resulting in irregular growth and unstable morphology of the γ′ precipitates during cooling. It can be seen from Figure 4 that a large number of unstable cuboids γ′ precipitates are reprecipitated during cooling, which have a high chemical driving force along the <111> crystal direction during the growth process, and its growth rate is greater than the <100> crystal direction with low chemical driving force. Therefore, the cuboid γ′ precipitates become concave in four <100> crystal directions, that is, the edge of γ′ precipitates have obvious indentation. The elastic stress field distributed in the concave region can strongly trap solute atoms dissolved in the γ matrix and interact with the solute atoms enriched in the elastic stress field to promote the partial dissolution of γ′ precipitates. With the increase of the concave curvature radius, the γ phase gradually permeates into the concave of γ′ precipitates along the <100> crystal direction, leading to phase splitting and gradually forming the cuboid or octet γ′ precipitates [34,35]. The linear arrangement of the cuboid γ′ precipitates indicates that there exists strong interaction between γ′ precipitates.



At the same time, in this slow cooling process, sufficiently high saturation of solid solution elements leads to the rapid diffusion and elastic strain of solute atoms, which together lead to the instability of the γ/γ′ interface, and the split and the unstable growth of γ′ precipitates simultaneously, resulting in the dendritic morphology of the precipitated phase. It can be seen from Figure 4 that the dendrites’ growth follows a certain direction, and the growth of these directional dendrites strongly depends on the coherent strain energy induced by lattice mismatch. In the early stage, it was along the <111> direction, resulting in morphological instability, and then formed a concave shape. The concave shape forms a new {100} plane along the <100> direction, releasing the increasing coherent strain energy related to the size of the precipitated phase. The repetition of this process leads to the formation of secondary branches [36,37]. However, due to the relatively high content of γ′ precipitates, the particles inevitably interact with each other, which greatly reduces the probability of γ′ precipitates developing into complete dendrites (Figure 4c) [38], and more of the γ′ precipitates present butterfly dendritic prototypes (Figure 4b). Therefore, the secondary-precipitated γ′ precipitates transform from spherical to near-spherical, cuboids, octets, petaloid, and dendrites with a slow cooling rate (FC). In addition, due to the slow cooling rate, a large number of dense and fine tertiary γ′ precipitates are observed in the matrix channel, and most of the precipitates are spherical with a size of about 50 nm.




3.4. Influence of Holding Time on Precipitates


Figure 5 shows the morphology of γ′ precipitates after holding at 1100 °C for 1 h by AC. The large primary γ′ precipitates on the grain boundary have been dissolved in large quantities, and the remaining primary γ′ precipitates are thin strip or near-spherical with an average size of 526 nm. The average size of the secondary γ′ precipitates precipitated within the grain is 185 nm, and the shape is nearly spherical and cuboidal. Compared with the morphology of γ′ precipitates after holding for 10 h and air cooling at the same temperature (Figure 3e,f), after holding for 1 h, the degree of redissolution of the large primary γ′ precipitates on the grain boundary becomes significantly smaller, and the size of the secondary γ′ precipitates reprecipitated within the grain becomes larger. The reason for this phenomenon can be explained as follows: in the case of high solution temperature, with the extension of holding time, the degree of large primary γ′ precipitates redissolved on the grain boundary increases, hence the γ matrix has enough supersaturation and nucleation density and a large amount of γ′ precipitates are reprecipitated during the cooling process. Under the rapid cooling rate (AC), there is not enough time and room for γ′ precipitates to grow, making the size of the γ′ precipitates become smaller. The morphology of γ′ precipitates is mainly dominated by isotropic interface energy because the lattice mismatch between γ/γ′ interfaces is small and can be ignored at this time. Therefore, in order to reduce the interface energy, the morphology of γ′ precipitates are mainly spherical, and the γ′ spherical and γ matrix are in a lattice coherent state [33].



In summary, as the solution temperature increases from 1060 °C to 1100 °C, the average grain size decreases first and then increases compared with the incomplete dynamic recrystallization microstructure before heat treatment. At 1080 °C, due to the growth of recrystallized grains, a relatively uniform microstructure is formed between the recrystallized grains and the deformed grains, which makes the mean grain size minimum. The whole process is closely related to the dissolution degree of the initial γ′ precipitates. With the increase of the solution temperature, the large primary γ′ precipitates on the grain boundary dissolve more and more, and the hindering effect on the grain boundary migration becomes weaker. The recrystallized grains around the deformed grains continue to grow and gradually replace the deformed grains, making the grain boundaries straight. The supersaturation of the γ matrix and the nucleation density of the re-precipitated γ′ precipitates increase, resulting in the secondary γ′ precipitates with a small size and the tertiary γ′ precipitates with a smaller size being re-precipitated during AC. As the cooling mode changes from AC to FC, the cooling rate and the nucleation density of the re-precipitated γ′ precipitates decrease, which provides a large supersaturation for the γ matrix and a high diffusion rate for the γ′ precipitates, making the γ′ precipitates grow irregularly. At the same time, due to the larger chemical driving force along the <111> crystal direction than the <100> crystal direction, the re-precipitated γ′ precipitates grow rapidly along the <111> crystal direction, causing the precipitates to split and form different morphologies. As the holding time of the solution treatment decreases from 10 h to 1 h, the degree of redissolution of the primary γ′ precipitates decreases, the supersaturation of the γ matrix decreases, the nucleation density of the re-precipitated γ′ precipitates decreases, and the size of the re-precipitated γ′ precipitates increases compared with the holding time of 10 h under the same AC condition.





4. Conclusions


In this work, the incomplete dynamic recrystallization P/M nickel-based superalloy FGH4096 was treated by solution treatment at different temperatures, holding times, and cooling modes, and the effect on the size, morphology, and distribution of the grains and precipitates were analyzed. The following conclusions can be drawn:




	
With the increase of solution temperature, the recrystallization degree of the incomplete dynamic recrystallization structure gradually increases, and the average grain size first decreases and then increases when the temperature is increased 1060 °C to 1100 °C. With the increasing degree of redissolution of γ′ precipitates on the grain boundary, the pinning effect to grain boundary becomes weaker, and the size of the secondary γ′ precipitates within the grain becomes smaller and the volume fraction becomes larger.



	
The reprecipitated secondary γ′ precipitates are mainly spherical under AC and have a bimodal distribution under FC. The morphology transforms from spherical to near-spherical, cuboids, octets, petaloid, and dendrites.



	
The γ′ precipitates have a small size and large volume fraction due to high nucleation density and high cooling rate with the extension of holding time under a higher solution temperature (1100 °C).
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Figure 1. Initial microstructure of the as-HIPed FGH4096: (a) grain structure and (b) γ′ precipitates morphology. 
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Figure 2. Influence of solution treatment temperature on size distribution of grain: (a,c,e) before solution treatment and (b,d,f) after solution treatment for 10 h; (b) 1060 °C, (d) 1080 °C, and (f) 1100 °C. 
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Figure 3. Morphology of γ′ precipitates after solution treatment for 10 h at different temperatures by AC: (a,b) 1060 °C, (c,d) 1080 °C, (e,f) 1100 °C. 
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Figure 4. Morphology of γ′ precipitates after holding at 1080 °C for 10 h by FC: (a) low magnification, (b–d) high magnification and feature distribution of secondary γ′ precipitates and tertiary γ′ precipitates. 
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Figure 5. Morphology of γ′ precipitates after holding at 1100 °C for 1 h by AC: (a) low magnification, (b) high magnification and feature distribution of primary γ′ precipitates and secondary γ′ precipitates. 
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Table 1. Chemical composition of the nickel-based superalloy FGH4096 (wt.%).
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	C
	Al
	W
	Nb
	Mo
	Ti



	<0.030
	2.321
	4.063
	0.832
	3.973
	3.721



	Cr
	Co
	Fe
	B
	Mn
	Zr



	16.213
	13.142
	<0.510
	<0.015
	<0.150
	0.036



	Si
	P
	O
	H
	N
	Ni



	<0.200
	<0.015
	<0.005
	<0.001
	<0.005
	Bal.
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