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Abstract

:

The formation of the irregular γ′ precipitates in the nickel-based superalloy Waspaloy was investigated during the continuous cooling, which is relevant to the cooling rates and interrupted temperature. The morphology of the γ′ precipitates was observed to change from a dispersed sphere to the flower-like one with the decreasing of the cooling rates. It was found that there are three modes of transportation of the solute atoms involved in relation to the γ′ precipitates: dissolution from the small γ′ precipitates to the γ matrix, diffusion to the large γ′ precipitates from the matrix, and the short distance among γ′ precipitates close to each other. Meanwhile, the slower cooling rates tend to result in the serrated grain boundaries, and the wavelength between successive peaks (λ) and the maximum amplitude (A) are larger with the decreasing of the cooling rates. The content of the low ΣCSL boundaries increases with the decreasing of the cooling rates, which is of great benefit in improving the creep property of the Waspaloy.
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1. Introduction


Waspaloy is widely used in high-temperature applications, such as turbine disks and blades, as well as the nonrotation high-temperature structural parts, such as aero engine casing and rotating parts. It is mainly because of the excellent tensile strength and rupture strength below 760 °C, along with the enhanced oxidation resistance below 870 °C [1,2,3,4]. Generally, the microstructure of Waspaloy consists of the disordered face-centered cubic matrix γ phase, carbides (mainly the precipitated M23C6 during aging), and the dispersed L12-ordered γ′ precipitates (Ni3(Ti, Al)) (precipitated during solution treatment and aging) [5,6,7,8]. In addition, the excellent properties of Waspaloy depend on the γ′ precipitate. Previous studies [9,10] have noted that the morphology, size, distribution, and volume fraction can influence the mechanical properties. In order to determine this effect, it is necessary to investigate the factors that influence the evolution of the γ′ precipitates.



The size, distribution, and volume fraction of the γ′ precipitates of superalloys, and even the Waspaloy, have already been investigated [10,11,12,13,14]. However, the morphology of the γ′ precipitates has not been reported in Waspaloy. The precipitation and growth of γ′ precipitates cooling from high temperature to low temperature (below the absolute dissolution temperature of the γ′ precipitates) are rather complicated processes. The cooling rates are considered to influence the morphology of the γ′ precipitates. When the cooling rate is fast, such as water quenching, the morphology of the γ′ precipitates tends to form the single spherical morphology and is prone to showing high density [15]. Besides, the higher cooling rates are usually accompanied by the straight grain boundaries, because it maintains the microstructure at the high temperature and there is nearly no time for the variation. When the cooling rate slows down, it has more time for the process of precipitation and growth and the morphology of the γ′ precipitates tends to form two or more different sizes, even the irregular-shaped and fan-type γ′ precipitates. Correspondingly, the lower cooling rate often leads to the formation of serrated grain boundaries [11,16,17], which is due to the presence of the heterogeneous phases at the grain boundaries [18].



In this paper, the morphology of the γ′ precipitates under different cooling rates and interrupted cooling from high temperature were investigated. The relationship between the morphology and the cooling rates was obtained, and this illustrated the formation process of the flower-like γ′ precipitates during the continuous cooling. In addition, the influence of the cooling rate on the serrated grain boundaries and low ΣCSL boundaries was studied.




2. Materials and Experiment


The material used in this paper is the two-phase (γ-γ′) nickel-based superalloy Waspaloy in the form of wrought bar with the diameter of 314 mm and height of 60 mm, which is the usual state before disk forging, and was provided by Baoshan Iron & Steel Co., Ltd. in China. The chemical compositions of Waspaloy are shown in Table 1. The microstructure of the as-received state is shown in Figure 1, which is composed of the coarse equiaxed grains of the γ phase (face-centered cubic (fcc) solid solution) and the two scales of the γ′ precipitates (Ni3(Al,Ti), ordered L12 cubic structure). The two scales of γ′ precipitates were formed during the heat treatment at subsolvus temperature (Tsub) and aging treatment.



The wrought bar underwent the typical heat treatment of 1030 °C for 4 h, was air cooled (AC), followed by a stabilization period at 845 °C for 4 h (AC), and then aged at 760 °C for 16 h (AC). Figure 1a shows the EBSD characterization of the specimen from the wrought bar, from which it can be concluded that the grain size is homogeneous, with the average grain size of 46 μm (ASTM6) in diameter. Figure 1b exhibits the SEM characterization of the sample from the wrought bar. It reveals that the duplex-sized spherical γ′ precipitates are uniformly distributed in the γ matrix, and the average diameter of the γ′ precipitates is 262 nm and 43 nm, respectively.



The wrought bar has been subjected to a series of deformation and heat treatment to obtain the stable microstructure. In the process of deformation, due to the inhomogeneity of deformation and nonuniform strain distribution, there are different strain distributions in different positions of the wrought bar. Meanwhile, there are some other factors that can influence the experimental results, such as composition segregation and so on. Accordingly, it was machined into the small cubic metallographic specimens with the edge length of 10 mm on the 1/2 radius of the wrought bar by wire electrical discharge machining (WEDM).



All the specimens from the wrought bar were processed at the supersolvus solution temperature (Tsup) of 1080 °C to obtain the fully solute state. Grain growth takes place and the grain boundaries are expected to be straight. Continuous cooling was followed after holding at the Tsup for 30 min. The specimens were cooled at the rate of 20 °C/min, 10 °C/min, 5 °C, 2.5 °C/min, 1 °C/min, 0.5 °C/min, 0.25 °C/min, and water quenched, respectively. In order to study the influence of the interrupted temperature, the interrupted cooling experiments were carried out at each continuous cooling process. Each cooling was interrupted at different intermediate temperatures and was interrupted at 1000 °C, 950 °C, 900 °C, 850 °C, 800 °C, and 20 °C. Accordingly, the interrupted cooling specimens were taken out immediately and water quenched to maintain the high-temperature microstructures. In order to ensure the reliability of the experiment, two samples were prepared under each experimental condition. The temperature control of the entire process of continuous cooling was maintained to within ±1 °C using a calibrated N-type thermocouple attached to the sample surface.



Scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) samples were prepared by mechanical grinding and standard metallographic polishing techniques, and then the samples were electrolytically polished at 20 V for 10 s and electrolytically etched at 10 V for 10 s at room temperature using a DC voltage. The solution of the electrolytic polishing is 20% H2SO4 and 80% CH3OH, and the solution of electrochemically etching is 10 mL H2SO4, 150 mL H3PO4 and 15 g CrO3. The samples were examined with a scanning electron microscope (Zeiss Gemini 500) at the acceleration voltage of 10 kV, and the magnification was from 10 k times to 50 k times. The equivalent diameter and size distribution of the γ′ precipitates were measured from SEM micrographs using the commercial image-analysis software application Image-Pro Plus 6.0. In order to ensure the measurement reliability under each experimental condition, three micrographs under the same condition were measured.




3. Results and Discussion


3.1. The Morphology of the γ′ Precipitates under Different Cooling Rates


Figure 2 shows the SEM micrographs of the primary γ′ precipitates under continuous cooling from 1080 °C to room temperature (RT) at different cooling rates. It exhibits that the γ′ precipitates were randomly and homogenously distributed throughout the γ matrix. It can be obtained from Figure 2a that the γ′ precipitates have been entirely dissolved into the γ matrix when heat treated at the temperature of 1080 °C and water quenched to RT. When the cooling rate exceeds to 20 °C/min and 10 °C/min, the primary γ′ precipitates exhibit monomodal size distribution with a spherical morphology and were very close to each other, many of them even in contact with each other (see the red loops in Figure 2c). It can also be obtained that the diameter of the γ′ precipitates is larger with the decreasing of the cooling rate, as the diffusion process is longer with the decreasing of the cooling rates. For instance, the diameter of the γ′ precipitates increase from 89.5 nm to 163 nm with the decreasing cooling rates from 20 °C/min to 10 °C/min.



Figure 2d–f presents the γ′ precipitates at the cooling rates lower than 10 °C/min. It can be seen that the morphology of the γ′ precipitates exhibits the multimodal size distribution and changes from the spherical to the irregular flower-like one. Meanwhile, there are a few γ′ precipitates exhibiting spherical morphology (see the red arrows in Figure 2d–f), which is due to the fact that the spherical γ′ precipitates may nucleate in a certain region far from the flower-like γ′ precipitates. Many of the γ′ precipitates were also observed to outline the flower-like one (see the yellow loops in Figure 2d–f). Some scholars [19,20] indicated that the spherical one was split from the flower-like γ′ precipitates in other alloys, which was different from our alloy in this paper, and it will be discussed in the following part. With the decrease in the cooling rate, an increase in the primary γ′ precipitates can be observed and the shapes of the γ′ precipitates become more and more irregular.



The transmission electron microscopy (TEM) result was inserted in Figure 2c (top right corner). It shows that the precipitates exhibit the flower-like morphology. The selected area electron diffraction (SAD) pattern was obtained from the region and was also inserted in the inset of Figure 2c (bottom right corner). The SAD pattern confirmed that precipitates are the same FCC structure as the matrix, and the precipitates are the γ′ precipitates rather than new phase.



Figure 3 illustrates the effect of the cooling rates on the morphology of the primary γ′ precipitates. It shows that the morphology changes from the spherical to irregular-shaped flower-like one. For all the different cooling rates, the volume free energy (ΔGV) of the γ′ precipitates continues to increase for the increasing undercooling when temperatures are below the Tsup, and the nucleation of the γ′ precipitates takes place when the ΔGV increase to the critical nucleation barrier. In the case of water cooling, the nucleation and growing of the γ′ precipitates almost impossibly took place, because the undercooling is too large. When the cooling rates decrease to 20 °C/min, the nucleation of the γ′ precipitates takes place and the high nucleation rate causes the high volume fraction of the γ′ precipitates, which can be seen from Figure 2b. Meanwhile, during the fast cooling process, the higher undercooling can limit the diffusion process of the alloy elements consisting of the γ′ precipitates. It would restrict the growth of the γ′ precipitates, causing the γ′ precipitates to keep the spherical morphology. In spite of the nonequilibrium conditions, the high cooling rate also prevents any further nucleation events. Therefore, the monomodal size distribution of spherical γ′ precipitates is observed during the fast cooling process. When the cooling rate decreases to 5 °C/min, the whole cooling process contains the nucleation and growth process of the γ′ precipitates, where the diffusion process is relatively long, which contributes to the growth of the γ′ precipitates. At lower cooling rates, the shape of the γ′ precipitates tends to be more cuboidal, which can be attributed to the rapidly increasing coherent strain energy with the growth and accompanying coarsening process [21]. The evolution of the γ′ precipitates of Waspaloy during continuous cooling was similar to the other superalloy. Singh et al. [22] and Tiley et al. [23] present the evolution of the γ′ precipitates under three kinds of cooling rates, namely water quenching, air cooling, and furnace cooling. They present that the fast cooling, such as water cooling, can precipitate the spherical γ′ precipitates, while the slow cooling, such as furnace, can precipitate the flower-like γ′ precipitates.



In order to investigate the size and distribution of the primary γ′ precipitates under different cooling rates, Figure 4 shows the particle size frequency distribution of the equivalent diameter of the γ′ precipitates. It can be obtained from Figure 4 that an obvious increase in the equivalent diameter with the decreasing of the cooling rates is shown. For instance, the equivalent diameter of the primary γ′ precipitates ranges from 700 nm to 1800 nm when the cooling rate is 0.25 °C/min, while the equivalent diameter of the primary γ′ precipitates ranges from 100 nm to 220 nm when the cooling rate is 10 °C/min. Meanwhile, the equivalent diameter of the primary γ′ precipitates shows a wider spread with the decrease in the cooling rate, which owes to the irregular and the non-spherical morphology of the primary γ′ precipitates. In addition, it can be proved from Figure 2 that the primary γ′ precipitates show spherical morphology (Figure 2b) under the cooling rate of 20 °C/min, while showing flower-like morphology (Figure 2f) at the cooling rate of 0.25 °C/min.




3.2. The Morphology of the γ′ Precipitates at Different Interrupt Temperatures


Figure 5 shows the nucleation and morphological evolution of γ′ precipitates during slow cooling from 1080 °C at the cooling rate of 1 °C/min. It can be obtained from Figure 2a that the γ′ precipitates were fully dissolved into the matrix. When cooling to 1010 °C, as shown in Figure 5a, there are no γ′ precipitates in the γ matrix but a few small γ′ particles at the grain boundaries. Precipitation of the γ′ precipitates at the grain boundaries initially result from the fact that the grain boundaries are the high-speed channels for the diffusion of atoms. These small γ′ precipitates were discontinuously distributed and showed spherical morphology whose diameters were about 26 nm. However, as the cooling rate is too fast, there is not enough time for the nucleation of the γ′ precipitates. When the temperature of the samples cools to 1000 °C, as is shown in Figure 5b, the fine γ′ precipitates were precipitated in the γ matrix, which were continuously distributed and showed spherical morphology. It can also be obtained from Figure 5b that the γ′ precipitates precipitated in the γ matrix show high density, which may contribute to the high super-saturation and the spinodal decomposition nature of γ′ precipitation, and it requires no driving force [24]. It is interesting that there occasionally appeared irregular γ′ precipitates containing the fan-type and flower-like γ′ precipitates (see the dotted rectangle and loops in Figure 5b). The fan-type γ′ precipitates were considered to be related to the serrated grain boundaries, which will be discussed in Section 3.3. As the cooling process continues, it can be obtained from Figure 5c that the fine γ′ precipitates were vanished and the density of flower-like γ′ precipitates increases when the temperature is 990 °C. It indicates that the fine γ′ precipitates were dissolved with the coarsening of the flower-like γ′ precipitates. Compared to 990 °C, the γ′ precipitates show no considerable difference but the size of the flower-like γ′ precipitates increases when it cools to 980 °C.



During the whole process, the local aggregation of the similar size of adjacent sphere γ′ precipitates was observed (see the red loops in Figure 5) and the outline is similar to the flower-like γ′ precipitates, which means that the flower-like γ′ precipitates originated from the irregular-shaped clusters of the coarsened γ′ precipitates with equivalent sizes. The driving force of the combination coarsening of the γ′ precipitates is the trend for the system to reduce the total interfacial energy. With the decrease in the temperature, the several adjacent γ′ precipitates continue to integrate and grow, and the flower-like γ′ precipitates were obtained (see Figure 5c,d). In addition, it can be noticed that there is a denudation zone of fine precipitates around the γ′ cluster which has been coarsened (see Figure 5b), which suggests that the formation of these γ′ clusters may be related to the dissolution of small γ′ precipitates and solute flux from the small γ′ precipitates to the γ matrix, and then diffusion to the larger one.



As we know, the distribution of immobile particles in a solid matrix tends to lower its interfacial free energy by transporting solute atoms from the smaller particles to the larger particles. Therefore, it would diminish the number of the total particles, but this would be accompanied with the increasing of the average particle size. The large particles grow larger while the small one dissolves [25].



Figure 6 sketches the flow of the solute atoms that constitute γ′ precipitates during continuous cooling. We suppose that the shaded part is the γ matrix and the circular one is the γ′ precipitates, the arrows are the flow direction of the solute atoms. Ostwald ripening is a coarsening process controlled by matrix diffusion, which indicates that the nature of the coarsening process is that the smaller particles dissolve into the matrix, and then the atoms in the matrix diffuse to the larger particles [14], thereby diminishing the total particle number but increasing the average particle size. In this process, the flow of the solute atoms involve the direction a: dissolve from the small γ′ precipitates to the γ matrix, which involves the diminishing of the small particles; direction b: diffuse to the large γ′ precipitates from the matrix, which involves the coarsening of the large particles; and direction c: involving the short distance among γ′ precipitates close to each other, which would lead to the formation of the flower-like γ′ precipitates. It involves the short distance among γ′ precipitates close to each other to remove elastically distorted matrix between γ′ precipitates, which would lead to the formation of the flower-like γ′ precipitates [26].




3.3. The Morphology of the Grain Boundaries under Different Cooling Rates


Figure 7 presents the inverse pole figure (IPF) maps under different cooling rates. As we can see from Figure 7a,d, the grain boundaries show flat grain boundaries under water cooling. In addition, fine γ′ precipitates were discontinuously distributed at the grain boundaries. However, at the cooling rates of 5 °C/min and 1 °C/min (lower cooling rates), the continuously slow cooling can successfully lead to the serrated grain boundaries (see the black loops in Figure 7b,c). As for the serrated grain boundaries, a number of parameters can be easily recorded from the image of the grain boundary structure. The most common parameters should be the wavelength between successive peaks (λ) and the maximum amplitude (A) of the serration, which can be approximated by the curve of the sine function. The schematic illustration of geometry parameters of the grain boundary is shown in Figure 8. It can be concluded from Figure 8 that the value of λ and A is larger with the decrease in the cooling rates, which means that the degree of serrated grain boundaries was increased. Specifically, the wavelength between successive peaks is 11.37 μm and the maximum amplitude is 1.16 μm at the cooling rate of 5 °C/min, while the wavelength between successive peaks is 12.65 μm and the maximum amplitude is 2.08 μm at the cooling rate of 1 °C/min, which is caused by the increasing growth of the precipitates on the grain boundary.



The serrated grain boundaries originate from the fan-type irregular γ′ precipitates and the heterogeneous phases located on the grain boundaries (see the red loops in Figure 7e,f). It can be obtained from Figure 7a that there are no γ′ precipitates in the γ matrix and only a small amount of M23C6 carbides at the grain boundary at water quench. However, as the cooling rate slowed to 5 °C/min, the heterogeneous phases and even the fan-type γ′ precipitates started to appear, which can be seen at the curve grain boundaries. At the cooling rate of 1 °C/min, it shows that there are larger heterogeneous phases and fan-type γ′ precipitates. In conclusion, the grain boundary serration is caused by the preferential growth of fan-type γ′ precipitates along the grain boundary, which means that the grain boundary changes from a flat interface to a convoluted one because of the fan-type γ′ precipitates.



Figure 9a–c shows the coincidence site lattice (CSL) maps for the specimens under different cooling rates. Figure 9d presents the quantified frequency of the serrated grain boundaries, which is expressed in linear density (μm/mm2). It illustrates from Figure 9d that the linear density of serrated grain boundaries is increasing with the decreasing cooling rates. The higher linear density of serrated grain boundaries with the lower cooling rates may result from the fan-type γ′ precipitates and the heterogeneous phases located on the grain boundaries, which is consistent with Hong’s [27] research that the coarse and discrete carbides were detected to precipitate at the high-angle grain boundaries.



Additionally, it can be obtained from Figure 9e that the content of the low ΣCSL boundaries is increasing with the decreasing of the cooling rates. Specifically, the content of low ΣCSL boundaries is 15.23% under water cooling, while 21.2% at the cooling rate of 1 °C/min. According to the theoretical basis of grain boundary engineering, the content of the special grain boundary (generally refers to the low ΣCSL grain boundary with Σ ≤ 29) [28,29] can significantly improve the properties related to the grain boundary, especially the creep property [30,31,32]. In conclusion, the decreasing cooling rate can increase the content of the low ΣCSL boundaries and thereby enhance the mechanical properties, especially the creep property.





4. Conclusions


This paper presents the evaluation of the γ′ precipitates and the grain boundaries under continuous cooling from the supsolvus solution temperature (Tsup). The following conclusions can be summarized:




	
The morphology of the γ′ precipitates was strongly dependent on the cooling rates; the sphere γ′ precipitates were formed under the fast cooling rates, while flower-like ones under the slower cooling rates.



	
The solute atoms that constitute the γ′ precipitates may involve the process of dissolution from the small γ′ precipitates to the γ matrix, diffusing to the large γ′ precipitates from the matrix, and the short distance among γ′ precipitates close to each other.



	
The formation of serrated grain boundaries was mainly associated with the presence of fan-type γ′ precipitates and the heterogeneous phases located on the grain boundaries. The degree of serration of grain boundaries is more apparent with the decreasing of the cooling rates.



	
The linear density of serrated grain boundaries is increasing with the decreasing cooling rates, and the fraction of overall low ΣCSL grain boundaries was enhanced with the decreasing of the cooling rates which is of benefit in improving the creep property.
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Figure 1. The initial microstructure of the specimen from the wrought bar: (a) IPF map showing the homogeneous grains; (b) SEM map showing the duplex-sized spherical γ′ precipitates. 
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Figure 2. The evolution of the γ′ precipitates under different cooling rates. (a) Water quenched, (b) 20 °C/min, (c) 10 °C/min, (d) 5 °C/min, (e) 1 °C/min, and (f) 0.25 °C/min. 
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Figure 3. Schematic illustration of the effects of the cooling rates on the morphology of the γ′ phase. 
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Figure 4. The particle size distribution of the primary γ′ precipitates under different cooling rates: (a) 10 °C/min, (b) 5 °C/min, (c) 1 °C/min, (d) 0.25 °C/min. 
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Figure 5. The evolution of the γ′ precipitates during interrupt cooling at the cooling rate of 1 °C/min: (a) 1010 °C, (b) 1000 °C, (c) 990 °C, (d) 980 °C. 
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Figure 6. Schematic illustration of the flow of the atoms constituting γ′ precipitates during continuous cooling. 






Figure 6. Schematic illustration of the flow of the atoms constituting γ′ precipitates during continuous cooling.



[image: Crystals 11 01464 g006]







[image: Crystals 11 01464 g007 550] 





Figure 7. The morphology of the grain boundaries under different cooling rates. (a) IPF map at water quench, (b) IPF map at 5 °C/min, (c) IPF map at 1 °C/min, (d) SEM at water quench, (e) SEM at 5 °C/min, (f) SEM at 1 °C/min. 
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Figure 8. Schematic illustration of geometry parameters of the grain boundary. 
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Figure 9. CSL maps for the specimens under different cooling rates. (a) Water-quenched, (b) 5 °C/min, (c) 1 °C/min, (d) the frequency of serrated grain boundaries, (e) the frequency of the low ΣCSL boundaries. 
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Table 1. The chemical composition of the Waspaloy.
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	Elements
	Al
	Ti
	Co
	Cr
	Mo
	C
	Ni





	Wt %
	1.46
	3.18
	13.9
	19.15
	4.75
	0.05
	Bal.
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