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Abstract. Cast equiaxed superalloy is commonly used in the manufacture of engine turbine blades and complex 

structural castings due to its excellent casting properties and comprehensive mechanical properties. The more 

adaptable thermal control solidification process is usually used to refine the equiaxed crystal structure. In this 

paper, the microstructure and fracture surface of this alloy after solid solution were observed and characterized by 

means of OM, SEM, and EDS, and the effects of thermally controlled solidification processes with different shell 

temperatures on the microstructure and stress fracture properties of this alloy were investigated. The results showed 

that in this cast equiaxed crystal alloy, increasing the shell temperature from 1300 ºC to 1330 ºC causes the grain 

size to grow, microporosity to significantly decrease, and eutectic content and size to slightly increase. Both S1 

and S2 alloys formed MC and M6C carbides after solid solution treatment. The size and content of carbides 

increased as the shell temperature rose, whereas the size and content of the γ’ phase decreased. As the shell 

temperature increases, the stress rupture properties increase slightly, while the degree of rafting increases 

dramatically. Cracks are mainly formed at the aggregation of microporosity, eutectics, and carbides. The reasons 

why cracks occur in the two alloys can differ. This study provides guidance for the design of a thermal control 

solidification process for cast equiaxed superalloys. 

Key words: cast equiaxed superalloy, thermal control solidification process, shell temperature, stress rupture 

property. 

Introduction 

Nickel-based superalloys are the material of first choice for hot end components in the aerospace 

field due to their excellent properties of high strength, creep resistance, fatigue resistance, oxidation 

resistance, and corrosion resistance [1]. The alloy chosen for this work is a typical high-W cast equiaxed 

superalloy, which has excellent high temperature characteristics and is often used in turbine blades, 

turbine guiding vanes, and other high temperature structural parts [2]. 

The thermal control method is a fine-grained casting process that increases the cooling rate during 

the solidification of the casting by controlling the withdrawal rate, pouring temperature, shell 

temperature, and other process parameters, thus increasing the undercooling degree to raise the 

nucleation rate [3-4]. As the G/R ratio at the solid/liquid interface front in the thermal control 

solidification process must be tightly controlled within the equiaxed crystal region, the control 

requirement of the solidification process is much more demanding than that of directional and single 

crystal casting technology [5]. It has been shown that the thermal control process may be used to 

manufacture large cast steel components in addition to small precision castings [6]. Wu et al. studied 

the secondary dendrite arm spacing, microporosity, and density characteristics of the thermal control 

solidification K424 alloy and demonstrated the differences between the K424 alloy and conventional 

casting alloys in these properties [7]. 

In the thermal control process, the shell temperature lies between the solid and liquid phase lines of 

the alloy. Changes in the shell temperature can lead to variations in the cooling rate, which can enhance 

the casting’s filling capacity and prevent the thin wall and big size effects. Tao et al. investigated the 

impact of various shell preheating temperatures on the microstructure and mechanical characteristics of 

IN738LC alloy [8]. Xue et al. investigated the effect of two shell temperatures, 1500 ºC and 1540 ºC, 

on the microstructure of typical cross-sections of the blade [9]. None of the above studies mentioned the 

role of shell temperature on the microstructure and the stress rupture property during the thermal control 

process for the preparation of equiaxed high temperature alloys. Therefore, it is necessary to investigate 

the evolution of the solidification behaviour of equiaxed high temperature alloys at different shell 

temperatures. 

In this paper, the effects of two shell temperatures on the equiaxed crystal organization of the alloy 

are investigated, and the grain size, microporosity, γ/γ’ eutectic, carbide, γ’ and persistence properties 
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of the alloy are analyzed. The link between the microstructure and stress rupture property, as well as the 

inherent correlation between the shell temperature and microstructure, are discussed. This research 

offers a trial guide for using this alloy in real-world manufacturing. 

Materials and methods 

A cast equiaxed crystal high temperature alloy developed by the Beijing Institute of Aeronautical 

Materials is used as the test alloy, and its nominal composition (mass fraction) is shown in Table 1. 

Thermal control process tests on the alloy test bars were performed using a vacuum induction directional 

solidification furnace. Each set of shells contained eight test bars that were the size of a Φ14 x 160 mm 

test bar. The shells were heated in heaters with the same upper and lower heater temperatures, both with 

a withdrawal rate of 15 mm/min, both with a casting temperature of 1400 ºC and shell temperatures of 

1300 ºC and 1330 ºC, respectively. The alloy numbers were S1 and S2. 

Table 1 

Nominal chemical composition of the alloy (mass fraction/%) 

Ni W Co Cr Al Ti Mo Nb C 

Bal. 10.2 10.0 8.5 5.7 2.5 1.8 1.1 0.15 

Following casting, two groups of test bars were given a solution treatment under vacuum with a 

heat treatment regime of 1210 ºC/4h and cooled in air. The cross-section was measured at the same 

location in the middle of the two test bars after one test bar was randomly chosen from each group. A 

typical metallographic preparation process was used to prepare the samples. Corrosion was 

accomplished using a corrosive solution of HF:HNO3:CH3COOH:H2O = 1:33:33:33. The grain 

morphology was investigated with a Leica M205C body microscope. The microporosity and dendritic 

morphology were investigated using a DM4000M optical microscope (OM). The microstructure of the 

alloy was characterized using a ZEISS SUPRA 55 field emission scanning electron microscope (SEM). 

Image-Pro Plus software was used to calculate the parameters. 

After heat treatment, the rods were then transformed into samples for a stress rupture property test 

with a 5mm diameter and 25mm length. The 975 ºC/225MPa test conditions were used. Following the 

test, SEM was utilized to characterize the fracture morphology and microstructure of the two samples 

and to assess the impact of the shell temperature on the performance of the stress rupture property. 

Results and discussion 

The grain morphology of the alloys at various shell temperatures is shown in Figure 1. When the 

shell temperature is raised from 1300 ºC to 1330 ºC, the alloy’s average grain size increases noticeably 

while maintaining its typical dendritic structure. S1 has about 15 grains, nearly all of which are equiaxed, 

and S2 has about 7 grains and may contain a few columnar grains, cutting the number of grains in half. 

During solidification, an increase in the shell temperature leads to a decrease in the cooling rate of the 

alloy liquid and a decrease in the nucleation ability of the shell surface, resulting in a decrease in the 

nucleation rate, a larger grain size, and a decrease in the number of grains. The higher shell temperature 

causes a difference in the cooling rate between the casting surface and the centre of the casting, which 

may result in the formation of columnar crystals that grow from the outside to the inside [10]. In addition, 

the increase in the shell temperature will make the grains coarser and the tissue uniformity worse. 

 

Fig. 1. Grain morphology at different shell temperatures: a – alloy S1; b – alloy S2 
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The microporosity of the alloys at different shell temperatures is shown in Fig. 2. When the shell 

temperature increases, the microporosity decreases significantly, and the average microporosity of S1 

and S2 is 0.42 ± 0.2% and 0.15 ± 0.05%, respectively. Compared with S2, the microscopic sparseness 

of S1 is larger in size and mostly concentrated at grain boundaries or interdendritic regions. There is 

enough residual alloying liquid between the dendrites to make up the shrinkage through the capillaries 

during solidification [5]. When the shell temperature is low, there is less alloying fluid involved, and the 

capillary channels are blocked, preventing complementary shrinkage, so an increase in the shell 

temperature results in less microporosity. 

 

Fig. 2. Microporosity at different shell temperatures: a – alloy S1; b – alloy S2 

Figure 3 shows the γ/γ’ eutectic morphology of the alloy at different shell temperatures. 

Statistically, the two alloys have an average percentage of 1.9 ± 0.5% and 2.7 ± 0.5%, respectively. 

When the shell temperature rises, the eutectic content and size both slightly increase. Eutectic is also 

distributed in the form of a sunflower in the interdendritic regions or at grain borders. The γ’ phase 

forming elements such as Al, Ti, Nb, and Ta have a large solubility in the γ’ phase, and these elements 

deviate toward the interdendrites and precipitate as eutectic when the liquid metal between the dendrites 

reaches the composition of eutectic [11-12]. The degree of segregation and the amount of remaining 

liquid phase between the dendrites rise with increasing the shell temperature, which also marginally 

increases the size and content of the eutectic. 

 

Fig. 3. γ/γ’ eutectic morphology at different shell temperatures: a – alloy S1; b – alloy S2 

Figure 4 shows the SEM morphology of the alloys at various shell temperatures. According to the 

image, the interdendritic region or grain boundaries of both alloys exhibit microporosity and eutectic 

along with a sizable quantity of lined white and off-white massive or skeletal carbides. Statistics show 

that S1 and S2 had average carbide contents of 0.66 ± 0.09% and 0.75 ± 0.12%, respectively. The 

carbides somewhat increase as the shell’s temperature rises. Figure 5 shows how the EDS analysis 

confirms that the lining degree is white in the form of granular or lumpy forms as M6C-type carbides, 

while the lining degree is greyish-white in the form of large lumps or skeletal forms as MC-type 

carbides, rich in Ti and Nb elements and dissolved in some Mo and W elements. Both S1 and S2 alloys 

are solid solution treated; therefore, MC-type and M6C-type carbides exist. During solid solution 

treatment, MC-type carbides often undergo breakdown to generate M6C carbides. The S2 alloy has more 

carbides and is bigger than the S1 alloy due to the greater segregation of alloying elements caused by 

the rise in shell temperature [13]. 
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Fig. 4. SEM images at different shell temperatures: a – alloy S1; b – alloy S2 

 

 

Fig. 5. Carbide morphology and composition  

at different shell temperatures: a – alloy S1; b – alloy S2 

Figure 6 shows the γ’ morphology of the interdendritic region of the alloys at different shell 

temperatures. After solid solution treatment, the γ’ phases of both alloys are irregularly cubic, and a 

small amount of secondary γ’ phases exist in the middle of the γ matrix. Statistically, the average size 

of the γ’ phase of S1 and S2 alloys were 142.3 ± 4.7 mm and 151.4 ± 5.1 mm, respectively, and the area 

fraction of the γ’ phase was 49.6 ± 2.2% and 48.7 ± 3.4%, respectively. With rising shell temperature, 

the average size of the γ’ phase shrinks significantly while the γ’ content nearly stays constant. The size 

of the γ’ phase is relatively small, but the content is practically constant, since as the shell temperature 

rises, the temperature gradient at the solid-liquid interface front will also rise. This will promote 

precipitation and nucleation but hinder the expansion of the γ’ phase [14]. 

 

Fig. 6. γ/γ’ eutectic morphology at different shell temperatures: a – alloy S1; b – alloy S2 
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Table 2 shows the stress rupture property of the alloy at 975 ºC/225 MPa for different shell 

temperatures. When the shell temperature is increased from 1300 ºC to 1330 ºC, the rupture life 

increases from 5.60 h to 17.5 h, the elongation increases from 1.96% to 1.88%, and the section reduction 

increases from 2.39% to 3.57%. Figure 7 shows the rafting of the γ’ phase at the fracture of the alloy at 

different shell temperatures. As the shell temperature increases, the degree of rafting increases 

significantly, and the γ’ phase of the S1 alloy has formed a complete rafting structure. Figure 8 shows 

the grain boundary secondary crack pattern of the alloy at different shell temperatures. The cracks are 

focused on microporosity, γ/γ’ eutectic and carbide aggregation, and extend along interdendritic or grain 

boundaries. Under early high temperature stress conditions, cracks in the S1 alloy may develop between 

the microporosity, whereas cracks in the S2 alloy stretch along the carbide, eutectic, and other impurity 

phases [15]. S1 has more microporosity at lower shell temperatures, whereas S2 has more carbide and 

eutectic content at higher shell temperatures. Therefore, the possible causes of fracture are different for 

the two alloys, but both occur at the interdendritic or grain boundaries where microporosity, γ/γ’ eutectic, 

and carbide are more concentrated. 

Table 2 

Stress rupture property with different shell temperature at 975 ºC/225MPa 

Alloy Rupture life (h) Elongation (%) Reduction (%) 

S1 5.60 1.96 2.39 

S2 17.5 1.88 3.57 

 

Fig. 7. γ’ phase rafting at the fracture at different shell temperatures:  

a – alloy S1; b – alloy S2 

 

Fig. 8. Grain boundary secondary cracking pattern at different shell temperatures:  

a – alloy S1; b – alloy S2 

Conclusions 

1. In this cast equiaxed crystal alloy, increasing the shell temperature from 1300 ºC to 1330 ºC causes 

the grain size to grow, microporosity to significantly decrease, and eutectic content and size to 

slightly increase. 

2. Both S1 and S2 alloys formed MC and M6C carbides after solid solution treatment. The size and 

content of carbides increased as the shell temperature rose, whereas the size and content of the γ’ 

phase decreased. 
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3. As the shell temperature increases, the stress rupture properties increase slightly, while the degree 

of rafting increases dramatically. Cracks are mostly formed at the aggregation of microporosity, 

eutectics, and carbides. The reasons why cracks occur in the two alloys can differ. 
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