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Abstract

:

Solidification segregation behavior and homogenization heat treatment processes of a difficult-to-deform superalloy for use at 850 °C were studied. Additionally, the effect of carbon content on homogenization, the thermal treatment process, and pore growth behavior within the alloy were discussed. Our results revealed that Al, Ti, and Nb elements are distributed in the interdendritic space, while W and Mo elements are distributed in the dendrite. There is a significant quantity of γ-γ′ eutectic and MC carbide precipitates in the interdendritic space. Notably, for the alloy containing 0.1 wt% C, a homogenization heat treatment at 1200 °C for 48 h can effectively eliminate the segregation and undesirable phases. As carbon content increased, the γ-γ′ eutectic phases diminished, and the homogenization time decreased accordingly. In this context, pores are smaller and more dispersed, which may enhance alloy forging properties.
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1. Introduction


The increasing thrust–weight ratio of aeroengines has placed great demands on temperature-bearing components, resulting in higher service temperatures for turbine disks [1,2,3]. The progression from the In718 alloy with a maximum temperature resistance of 650 °C, to the U720Li and TMW-4M3 alloys, capable of withstanding temperatures up to 700 °C, and ultimately to the ЭK151 alloy, renowned for its 800 °C resistance, reflects the evolving temperature capabilities of these materials [4,5,6,7]. The U720Li alloy has a strengthening phase element content of 7.5 wt%, while the ЭK151 alloy not only has a higher amount of strengthening phase elements (9.7 wt%), but also contains a solid solution element content as high as 33.5 wt%. With improved thermal strength comes higher levels of alloying, leading to significant solidification segregation and eutectic precipitation during smelting, posing challenges for subsequent alloy forging [8]. Consequently, it is crucial to investigate solidification segregation behavior and homogenization heat treatment processes for such alloys. The investigation of the solidification segregation behavior of alloys may reveal an understanding of the fundamental connection between chemical composition and microstructure. By controlling the chemical composition, the homogeneity of the alloy structure can be improved in a more effective way. The research on homogenization heat treatment technique aims to achieve cost-effective and efficient alloy homogenization, thereby ensuring optimal forging performance.



Homogenization heat treatment has been intensively researched as an effective method for solidification segregation in as-cast superalloys. Zhou et al. [9] conducted an analysis of homogenization heat treatments for directionally solidified Ni–Co-based alloys, and developed a kinetic diffusion model for element migration. Semiatin et al. [10,11] investigated the homogenization kinetics of Waspaloy alloys using a simple diffusion model. The engineering interdiffusion coefficients of Ti, Co, and Cr elements were calculated by the Ni–X binary alloy.



This study focuses on a nickel-based superalloy designed for operation at 850 °C, featuring a significant presence of precipitate and solution strengthening elements, as well as a C content ranging from 0.1 to 0.15 wt%. Carbon, as the primary constituent of carbide, has been the subject of prolonged research, with a specific focus on its influence on the microstructure of superalloys. The addition of C has been demonstrated to effectively purify alloys and improve their performance [12,13]. However, an excessive presence of carbide was reported to promote the propagation of surface cracks [13,14]. To date, investigations into the impact of C on the microstructure of wrought superalloys have primarily centered on alloys with low C content (not exceeding 0.05 wt%) and low concentrations of strengthening phase elements. The effects of higher C content on the microstructure of these high-temperature-resistant alloys remain largely unexplored. In this experiment, we investigated the segregation behavior and the influence of varying C content on the segregation process, including the examination of the segregation coefficient of elements at different positions, and the determination of the area fraction of precipitated phases. Furthermore, we explore the homogenization behavior of the alloy with different C contents, and develop an optimized homogenization thermal treatment process.




2. Materials and Methods


Three alloys with different C contents were prepared using a vacuum induction furnace, with their nominal compositions listed in Table 1. The accuracy of alloy composition was ensured by a spectrometer and a C/S tester. The diameter of the obtained rods is approximately 80 mm. Microstructure observations were conducted on samples taken from the center of the ingot. In order to eliminate element segregation and harmful phases in the alloys, the homogenization behavior of alloys with the proper chemical composition was studied. Homogenization heat treatment was carried out at various temperatures for the 0.1% C alloy samples. The specimens underwent homogenization for 6 h at 1180, 1190, 1200, and 1210 °C to assess the microstructure evolution. Homogenization heat treatment was also applied to both 0.1% C and 0.15% C alloys at 1200 °C for durations of 3, 6, 12, 24, and 48 h with water cooling.



For metallographic observation, specimens were mechanically ground, polished to a mirror surface, and chemically etched for 10 s at room temperature using a solution of ethanol (100 mL) + HCl (100 mL) + CuCl2 (50 g). Dendrites and precipitates were characterized using optical microscopy (OM) (Zeiss, Shanghai, China) and scanning electron microscopy (SEM) (Tescan, Brno, Czech Republic). Element segregation was analyzed by electron probe X-ray microanalyzer (EPMA) (Shimadzu, Tokyo, Japan) and scanning electron microscopy energy dispersive spectrometer (SEM-EDS) (Tescan, Brno, Czech Republic).




3. Results


3.1. As-Cast Microstructure and Solidification Segregation Behavior of Alloy


Figure 1 illustrates OM and SEM images of the microstructure in the center of a 0.1 wt% C alloy ingot. The alloy exhibits a distinct dendrite morphology, with numerous γ-γ′ eutectic precipitates and carbides in the interdendritic region. Compositional analysis by SEM-EDS reveals that these carbides consist of MC and M6C carbides.



The EPMA results in Figure 2 show varying levels of element segregation between interdendritic and dendritic regions. The precipitate phases are marked differently in the figure. Al, Ti, and Nb tend to concentrate within the interdendritic regions, while Co, Cr, and Mo exhibit a more uniform dispersion throughout the alloy. A notable amount of W exhibits segregation in the dendritic area. Furthermore, it is seen that the γ-γ′ eutectic phases exhibit enrichment of Al, Ti, and Ni, with a depletion of Co, Cr, and W. Additionally, a Cr-rich band is also observed at the outer edge of these phases. The primary constituents of MC carbides are (Nb, Ti, W, Mo)C, and it can be found that B elements are concentrated in MC carbides. In addition, through the observation of the microstructure and investigation of related studies [1,14], we also confirmed that there is no boride precipitation in the alloy.



The as-cast microstructure of the alloy exhibits significant element segregation and the presence of precipitated phases, attributed to variations in elemental diffusion rates [15,16,17,18,19]. Elements possessing high diffusion coefficients, such as Al and Ti, have a propensity to segregate towards interdendritic regions during solidification. Conversely, W, Mo, and other elements with slower diffusion rates aggregate at dendritic regions. Elements with moderate diffusion rates are uniformly distributed within the microstructures. In this experimental alloy, a significant quantity of strengthening elements, namely Al, Ti, and Nb, exhibit segregation inside interdendritic regions, along with the presence of many MC carbides and eutectic structures. As a grain boundary strengthening element, C is more likely to segregate at grain boundaries, but for as-cast alloys with large grain sizes, a large amount of C is also distributed in grains [20,21]. During solidification, Ti and Nb elements segregate to the interdendritic area due to their fast diffusion rates, and then combine with the C element to form a large number of carbides. It should be noted that the W element is also the MC carbide-forming element in the alloys studied in this experiment, which leads to the MC carbide precipitation position not being completely in the interdendritic area. Cr, with a moderate diffusion rate, does not lead to apparent segregation. However, due to the formation of large-sized γ-γ′ eutectic phases without Cr, the Cr element remains in its original position without sufficient time for even diffusion into the structure. As a consequence, Cr-rich regions develop around the γ-γ′ eutectic structures. This phenomenon aligns with the findings of a study conducted by Li et al. [22]. In contrast to other difficult-to-deform superalloys, such as ЭK151 and TMW-4M3, despite the substantial content of strengthening phase elements, the η phase is not observed in the microstructure of this alloy. This could be attributed to the alloy’s Ti/Al ratio, which is approximately 0.5. It is worth noting that when the Ti/Al ratio in an alloy exceeds 1.6, there is a greater tendency for the precipitation of the η phase [23].




3.2. Microstructure and Element Segregation of Alloys with Different C Contents


The microstructures of alloys with varying carbon concentrations are displayed in Figure 3. The precipitated phases in the figure are marked with different colors. These alloys exhibit a distinct dendritic morphology, with the presence of γ-γ′ eutectic phases and carbides inside the interdendritic regions. As shown in Figure 3, in the alloy with a C content of 0.05 wt%, a significant number of large-sized γ-γ′ eutectic phases are observed, along with microcracks (represented by red arrow) propagating along these large eutectic phases. Additionally, only a small quantity of massive carbides is observed at this point. As the C content increases, both the size and quantity of the γ-γ′ eutectic phases decrease noticeably, while the precipitation of carbides increases significantly. Furthermore, the carbide morphology transforms from block-like to strip-like and skeletal. The dendrite spacing of the alloy was calculated, and the results are presented in Figure 4a. The research findings indicate that the increase in carbon content has no impact on the distance between dendrites in the alloy. Studies have indicated that the dendrite spacing in an alloy can influence its homogenization behavior. Furthermore, the area fraction of γ-γ′ eutectic and MC carbides in the microstructure of the as-cast alloy with different C contents has been subjected to statistical analysis, and the statistical results are displayed in Figure 4b.



The results reveal a positive correlation between carbon content and the area fraction of carbides in the as-cast alloy, while conversely, there is a negative relationship between the carbon content and the area fraction of eutectic phases. Several studies have demonstrated that the element C, as a grain boundary strengthening agent, enhances the bonding force in alloys through two mechanisms [24,25,26,27,28]. Firstly, C segregates at grain boundaries, thereby reinforcing the bonding force. Secondly, C forms carbides that act as pinning agents, further reinforcing the grain boundaries and strengthening the overall alloy. For the as-cast microstructure of wrought superalloys, the effect of C on the alloy is mainly concentrated on the segregation of elements and the area fraction of precipitated phases.



The beneficial impact of carbon (C) on alloy purification has been observed in some difficult-to-deform superalloys [29,30,31]. Numerous studies have demonstrated that during the cooling process of liquid superalloys, the MC phase precipitates from the matrix prior to the γ-γ′ eutectic phase due to its higher melting point. This precipitation of MC carbide consumes some of the elements required for γ-γ′ eutectic phase formation, thereby reducing its formation [20,32,33]. In our studied alloys, the EPMA results clearly show the presence of significant amounts of Ti and Nb elements in both the γ-γ′ eutectic and MC carbides. When the C content increases, more Nb and Ti elements in the alloy combine with carbon to form additional MC carbides. Consequently, the density of elements required for the γ-γ′ eutectic phase decreases, reducing the tendency for γ-γ′ eutectic phase precipitation. This relationship is illustrated in Figure 4b, where a decrease in the γ-γ′ eutectic phase coincides with an increase in MC carbides. Consequently, there is a reduction in the presence of γ-γ′ eutectic phases [29]. Additionally, some studies have suggested that during the solidification of the alloy, a significant amount of precipitated carbides occupies the position where γ-γ′ eutectic phases would normally form within the liquid pool [31]. This phenomenon contributes to a reduced precipitation of the γ-γ′ eutectic phases. Notably, unlike other difficult-to-deform superalloys such as U720Li, the as-cast structure of the alloy still contains a certain quantity of γ-γ′ eutectic phases, even with an increase in C content up to 0.15 wt%. This observation may be attributed to the high Al content in the alloy. The increase in C content has a minimal impact on the distribution of Al elements, and the segregation of Al elements makes it challenging to entirely eliminate the γ-γ′ eutectic phases in the as-cast structure of the alloy.



Statistical analysis of dendrite segregation of alloy elements was carried out using SEM-EDS to investigate the influence of C content on the extent of alloy element segregation, and the results are presented in Figure 5. Solute segregation within the alloy can be characterized by the microsegregation coefficient, which can be quantitatively described by the following formula [34]:


   K =      C   S       C   L      



(1)







Here, K represents the microsegregation coefficient of an element, with CS and CL denoting the concentration of an element in the dendritic and interdendritic regions, respectively. As illustrated in Figure 5, Al, Ti, and Nb all exhibit K values less than 1, indicating that they are negative segregation elements. Conversely, Cr, Co, and W are positive segregation elements, consistent with the finding discussed in Section 3.1. Generally, in the as-cast microstructure of superalloys, element content, cooling rate, dendrite spacing, and alloying element systems also affect element segregation and homogenization behavior [10,11,35,36]. However, in the alloys we have studied, the cooling rate, dendrite spacing, and elemental system of the alloy have no obvious differences. Therefore, the segregation behavior of the alloy is mainly affected by the change in C content. The microstructure of the alloy and the degree of element segregation within the dendrite both undergo changes as the C concentration increases. In line with S. Tin and T.M. Pollock’s analysis of a single crystal superalloy [21], the segregation of elements such as W, Ta, and Re is less pronounced in alloys containing C compared to those without C. Furthermore, as suggested by Xu’s research [31], C can influence the degree of segregation of the Ta and W components. Notably, among the alloy components, carbon concentration has the most significant impact on the segregation of W. Unlike other alloys, the carbides in this alloy are not only rich in Ti and Nb, but also in W. With an increase in C concentration, Ti, Nb, and W are utilized more in the formation of MC carbides. As the area fraction of γ-γ′ eutectic phases decreases in the alloy due to the reduction in Ti and Nb elements, the segregation of these components has minimal influence. However, the formation of carbides consumes a significant amount of W within the interdendritic regions, and given the low W element diffusion coefficient [18,19], this further exacerbates the segregation of W elements.




3.3. Effect of Homogenization Heat Treatment on Microstructure


The alloy we studied, known for its challenging deformability, exhibits a substantial presence of γ-γ′ eutectic phases and carbides in its as-cast microstructure. MC carbides and γ-γ′ eutectic phases are common brittle phases in superalloys [13,37]. The γ-γ′ eutectic phases with large sizes are easier to crack and form crack sources during forging deformation due to their limited plasticity. The cracks propagate or combine into larger cracks in subsequent deformation, resulting in the failure of the alloy. Furthermore, the pronounced segregation of strengthening elements within the alloy makes it vulnerable to the initiation of forging fractures, thereby adversely affecting its overall forging performance [9]. To reduce element segregation and brittle γ-γ′ eutectic phases, and to enhance the alloy’s forging characteristics, the implementation of an efficient homogenization heat treatment method has become imperative. Based on the findings from Section 3.1 and Section 3.2, we have determined that decreasing the C content leads to the precipitation of larger eutectic phases, which are prone to crack initiation. Consequently, 0.1 wt% C and 0.15 wt% C alloys with higher engineering values were selected for further homogenization studies.



3.3.1. Effect of Homogenization Heat Treatment Temperature on Microstructure


In order to determine the optimum homogenization heat treatment temperature of the alloy more accurately, a 0.1 wt% C alloy was used for experiments for its more harmful γ-γ′ eutectic phases with large size. The as-cast alloy underwent a homogenization process at temperatures of 1180 °C, 1190 °C, 1200 °C, and 1210 °C, each lasting for 6 h. Water cooling was employed as the cooling method to facilitate a more direct observation of the microstructure changes resulting from various homogenization heat treatments. The alloy microstructure after different homogenization heat treatment conditions is shown in Figure 6. At heat treatment temperatures of 1180 °C and 1190 °C (depicted in Figure 6a,b), improvements in element segregation within the alloy are observed. Nevertheless, the alloy retains a complete dendrite morphology and eutectic structure due to the relatively low temperature and the slow movement of elements. Upon reaching a heat treatment temperature of 1200 °C (Figure 6c), an accelerated rate of element diffusion is noted, leading to a significant reduction in element segregation within the alloy. Moreover, to some extent, the microstructure exhibits a dissolution of carbides and γ-γ′ eutectic phases. As depicted in Figure 6d, when the heat treatment temperature is further raised to 1210 °C, the alloy’s dendritic element segregation is effectively eliminated, and both the γ-γ′ eutectic phases and carbides are essentially redissolved. However, it should be noted that certain γ-γ′ eutectic phases with lower melting points exhibit some premature melting due to the elevated heat treatment temperature; the incipient melting structures are shown in Figure 6d. Only carbides and γ-γ′ eutectic phases remain in the cast microstructure. Since the melting point of MC carbides is typically higher, the presence of a substantial quantity of γ-γ′ eutectic phases lowers the initial melting temperature of the alloy [33,37]. This, in turn, increases the susceptibility of the alloy to crack formation during the solidification of the initial melting structure. These factors have a significant impact on the forging properties of the alloy. Therefore, it is advisable to limit the homogenization temperature of the alloy to a maximum of 1200 °C.




3.3.2. Effect of Homogenization Heat Treatment Time on Microstructure


Based on the research findings presented in Section 3.3.1, a homogenization heat treatment temperature of 1200 °C was selected for the alloy. This temperature was chosen to investigate the relationship between element segregation and microstructure in alloys with varying carbon contents and different processing times. Figure 7 provides a visual representation of the microstructural changes in 0.1 wt% C and 0.15 wt% C alloys following 3 h, 24 h, and 48 h of homogenization heat treatment. The γ-γ′ eutectic phases and pores of different sizes are marked by different colored arrows. As seen in Figure 7a,d, after just 3 h of homogenization heat treatment, the segregation in alloys with different carbon contents is significantly reduced, and the dendritic structure is largely retained in the alloy. However, during this phase, a few micropores begin to appear amidst the interdendritic area of the alloy. Upon extending the homogenization heat treatment to 24 h, a notable improvement in the segregation of components, including γ-γ′ eutectic phases and MC carbides, is observed in the 0.15 wt% C alloy, accompanied by the development of a substantial number of scattered pores (Figure 7e). In contrast, even though the segregation of elements in the 0.1 wt% C alloy is greatly improved after 24 h (Figure 7b), the alloy still contains a small quantity of MC carbides and some γ-γ′ eutectic phases. As the duration of the heat treatment is further extended to 48 h (Figure 7c,f), it becomes evident that both alloys undergo complete elimination of segregation and detrimental phases. Notably, the average pore diameter in the alloy increases to approximately 10 μm during this extended treatment period.



The area surrounding the pores in the alloy was carefully examined through SEM-EDS analysis. Different precipitated phases can be effectively distinguished by component testing, and the results are illustrated in Figure 8. It is evident that the huge bulk phases next to the pore are abundant with the elements Ni and Al, indicating that they are γ-γ′ eutectic phases. Additionally, it is possible to identify MC carbides as the tiny bulk phases that are abundant in Ti, Nb, and other elements. It shows that the pores with smooth edge morphology grow near the γ-γ′ eutectic phases and MC carbides. In addition, incomplete redissolved MC carbides were observed in the lower left corner of the pores.



The results of the statistical analysis on the degree of dendrite segregation of alloys with various C contents at 1200 °C and various homogenization times are depicted in Figure 9. It can be seen from the figure that the distribution of each element within the alloy approaches equilibrium after approximately 35 h for the 0.1 wt% C alloy, whereas the alloy with a 0.15 wt% C content achieves this equilibrium in approximately 25 h. This suggests that a higher carbon concentration in the alloy may expedite the homogenization of the microstructure.






4. Discussion


4.1. Pore Growth Mechanism


Numerous studies indicate that the Kirkendall effect is the primary cause of the emergence of pores in alloys [19,33,38,39]. This phenomenon arises due to the differential rates at which elements move within alloys. Atoms with higher mobility generate vacancies that are not promptly filled by atoms with slower mobility, resulting in the accumulation of vacancies and the subsequent formation of pores. Additionally, other research has contributed supplementary explanations for the genesis of pores. For example, Alexander et al. [38] conducted a study on a single crystal superalloy and revealed that pore expansion can also be triggered by the disintegration of the eutectic structure and changes in the alloy’s volume induced by heat treatment. D.L. Anton’s research further demonstrated that alloys can lead to void expansion due to alterations in molar volume during phase transitions [39].



In our experimental alloys, the primary sites of pore growth were found to be in proximity to the γ-γ′ eutectic phases and carbides, implying that most voids are created through the solid solution process involving these components. During the homogenization process, γ-γ′ eutectic phases and carbides dissolve back into the matrix, resulting in the formation of micropores near their original locations. This is driven by the Kirkendall effect and molar volume changes during phase transformations. With increased homogenization time, elements become more uniformly distributed throughout the alloy. Interdendritic segregation elements such as Al, Ti, and Nb migrate toward the dendrites, while elements such as W and Mo, involved in dendritic segregation, move at a slower pace and have difficulty filling the voids left by other elements. Consequently, a substantial accumulation of vacancies occurs, leading to the formation and subsequent expansion of micropores. The EDS analysis also revealed the persistence of partially dissolved MC carbides and γ-γ′ eutectic phases in close proximity to these pores.




4.2. Homogenization Behavior of Alloys with Different C Contents


During the alloy’s homogenization process, it is worth noting that the redissolution temperature of γ-γ′ eutectic phases is lower than that of carbides, making them more prone to redissolving into the alloy matrix, and thus contributing to the formation of pores. However, in the case of this particular alloy, which contains a substantial quantity of strengthening phase elements, a significant proportion of γ-γ′ eutectic phases is present in the as-cast structure. To effectively homogenize this alloy, a high temperature of up to 1200 °C is employed, which accelerates the movement of elements. At this elevated temperature, MC carbides exhibit a slightly higher redissolution temperature compared to γ-γ′ eutectic phases. Nevertheless, due to the presence of numerous large γ-γ′ eutectic phases, which are significantly larger in size than MC carbides, a prolonged period is often required for them to fully redissolve. Consequently, this extended time frame leads to the retention of a substantial number of larger pores within the alloy.



Previous research has provided evidence that both the area fraction and size of γ-γ′ eutectic phases decrease as the C content increases [40]. Smaller and more evenly distributed γ-γ′ eutectic phases are more readily redissolved during the alloy’s homogenization process. The dissolution rate of undesirable phases during the homogenization of 0.15 wt% C alloys is accelerated, resulting in a superior homogenization effect for precipitated phases compared to 0.1 wt% C alloys processed for the same duration. As depicted in Figure 9, alloys containing 0.15 wt% C content achieve element homogenization in approximately 24 h, whereas alloys with 0.1 wt% C content require a longer duration. This difference can be attributed to the significant consumption of Ti and Nb elements by the MC carbides in the alloy. Despite having a limited impact on their segregation ratios in the alloy, the reduced dispersion of Ti and Nb elements in the alloy facilitates reaching the homogenization stage sooner. Furthermore, a lower percentage of γ-γ′ eutectic phase area allows Cr, Co, and other elements with moderate diffusion rates to distribute more rapidly and uniformly throughout the alloy. Additionally, certain W and Mo elements become enriched in the carbides of the experimental alloys. The dissolution of carbides expedites the movement of W and Mo elements, which have lower diffusion rates, toward the dendrites, further accelerating the homogenization process of the alloys to a certain extent.



Pores resulting from the dissolution of MC carbides are smaller in size compared to those formed through the resolution of the eutectic structure. This discrepancy arises from the substantial difference in average size between MC carbides and the eutectic structure during the homogenization process. Consequently, the C content also exerts an influence on the alloy’s homogenization behavior. The progression of the homogenization process over time for various C contents is illustrated in Figure 10. In low carbon alloys, the microstructure consists of numerous γ-γ′ eutectic phases and tiny MC carbides. These small MC carbides gradually dissolve, generating smaller pores during homogenization. Coarse γ-γ′ eutectic phases exhibit a faster dissolution rate, but their larger size prolongs the dissolution process. As time advances, all the large γ-γ′ eutectic phases dissolve back into the matrix, giving rise to larger pores, while the smaller pores formed earlier tend to aggregate and grow. Conversely, in high-carbon alloys, fewer and smaller γ-γ′ eutectic phases precipitate as the carbide content increases. The dissolved MC carbides form dispersed small pores, and the γ-γ′ eutectic phases also dissolve to create smaller pores. At this stage, the detrimental phases have dissolved back into the alloy, resulting in a homogenized structure characterized by smaller and more evenly distributed pores. Over time, these small pores tend to aggregate, forming larger pores. It is worth noting that significant cavities can adversely affect the properties of an alloy [37,41].





5. Conclusions


The study of solidification segregation behavior and homogenization process of a hard-to-deform nickel-base superalloy used at 850 °C can be described as follows:




	
The alloy displays a clear dendritic distribution in its as-cast microstructure. Among the interdendritic regions, elements such as Al, Ti, and Nb are dispersed, while W and Mo elements are distributed within the dendrites. Additionally, numerous γ-γ′ eutectic phases and MC carbides are precipitated among the interdendritic regions.



	
An increase in C content leads to a reduction in the presence of γ-γ′ eutectic phases in the as-cast alloy. This reduction may have a favorable impact on the forging performance of the alloy.



	
In the case of the alloy containing 0.1 wt% C, effective elimination of element segregation and γ-γ′ eutectic phases can be achieved through homogenization heat treatment at 1200 °C for 48 h.



	
The time required for the homogenization heat treatment can be appropriately decreased with an increase in C content. Consequently, smaller and more uniformly distributed pores are observed, which can contribute to the improved forging characteristics of the alloy.
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Figure 1. Microstructure analysis of the as-cast 0.1 wt% C alloy: (a) microstructure pictures using OM, (b) SEM image of M6C, (c) SEM-EDS analysis of M6C carbides, (d) SEM image of MC carbides, (e) SEM-EDS analysis of MC carbides, (f) SEM image of γ-γ′ eutectic phases, (g) SEM-EDS analysis of γ-γ′ eutectic phases. 
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Figure 2. Distribution map of elements in the as-cast alloy with 0.1 wt% C. 
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Figure 3. As-cast microstructure of alloys with different C contents: (a) 0.05 wt%, (b) 0.1 wt%, and (c) 0.15 wt%. 
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Figure 4. (a) The dendrite spacing and (b) the area fraction of precipitated phases in as-cast alloys with different C contents. 
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Figure 5. Effect of C content on segregation of alloying elements. 






Figure 5. Effect of C content on segregation of alloying elements.



[image: Crystals 13 01582 g005]







[image: Crystals 13 01582 g006] 





Figure 6. Microstructure of alloy after homogenization heat treatment at different temperatures: (a) 1180 °C, (b) 1190 °C, (c) 1200 °C, and (d) 1210 °C and incipient melting structures in alloy. 
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Figure 7. Microstructure of alloy: with (a–c) 0.1 wt% C and (d–f) 0.15 wt% C; after homogenization heat treatment for different times: (a,c) 3 h, (b,e) 24 h, and (c,f) 48 h. 
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Figure 8. Distribution map of elements in the area around the pore formed by homogenization heat treatment. 
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Figure 9. Homogenization time dependence of dendrite segregation in alloys with different C contents: (a) 0.1 wt% C, and (b) 0.15 wt% C. 
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Figure 10. Schematic diagram of hole growth during the homogenization treatment. 
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Table 1. Chemical composition of alloy ingot with different C contents (wt%).






Table 1. Chemical composition of alloy ingot with different C contents (wt%).





	
C

	
Cr

	
Co

	
Al + Ti + Nb

	
W + Mo

	
B + Zr

	
Ni






	
0.05

	
8

	
15–18

	
9–10

	
10–13

	
0.02–0.1

	
Bal.




	
0.1




	
0.15

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
18.8
125
6.3

0.0
Ave 12.7

W Lv
87.0

76.1
65.3
54.4
435

0.0
Ave 12.2

Ni Lv.






media/file18.png
(b)

%9 |
2.0 i I — Al
. I .
1.8 Ti
| Cr
1.6 - I CO
1.4 - | i\])vb
Mo I
1.0 - | —
o 1
05 - |
0.6 - 1 T=25h
b 1
0.4
T T T ! T r T ' T i 1 0.2 T T T T i T T T
0 10 20 30 40 50 0 10 20 30 40

Homogenization Time (h) Homogenization Time (h)





media/file3.jpg
&






media/file19.jpg
AsCast st Stage cd Stage
Low C Alloy
MC Carbides
.
5 . Pores

High C Alloy






media/file7.jpg
(a) (b)

- %

» oy Bt
2 e

w

o a0

£
5
i
3o
£
2

ol b oo o
Carbon Addiion (WL%) Carbon Addition (WL%)






media/file10.png
2.5

0.05wt.%C
L 0.1wt.%C
,| I 0.15wt.%C
1.5 1
1 -
0.5 1
0
Co Cr Al Nb T1

Element






media/file14.png





media/file11.jpg





media/file6.png





media/file15.jpg





nav.xhtml


  crystals-13-01582


  
    		
      crystals-13-01582
    


  




  





media/file16.png





media/file2.png
ides

»‘ A ""'t;

MC Carbides

-y’ Eutectic

lcr Col w

||||A||||||||||
5

-y' Eutectic






media/file20.png
First Stage Seconed Stage

As-Cast

s

™

v-y' Eutectic

Y%

MC Carbides

ﬂ_ﬂﬁ___
Cr a C.C LVT/,U\
m/j_, :_ __.__R .1

Q&& \.
2% DQ 4

,_ _ _‘

>
=
<
@)
=
o
—_

Pores

- ,g \C(f

\2 __

: mx _\\\ \<
.ﬁ /D _Ch;_ ____

\3_

il

_ -_/

ré.__

/__

&\Q f
-

ﬁ

A,

A

____i

- --4-)

,:¢ ﬂ

Q\@ \_

2 A ,_ [ :

High C Alloy

_/
i)

i

A

\

Homogenization heat treatment time increases

>






media/file5.jpg





media/file1.jpg
-

MC Carbides
{1 Eutectic






media/file12.png





media/file9.jpg
154

0.05wt.%C
. 1wt.%C

I 0.15wt.%C

054

Co Cr
