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Abstract

:

The effects of Y on the solidification process of 7Mo super austenitic stainless steel (7MoSASS) under low cooling rate conditions (10 °C/min) were investigated using high-temperature confocal laser scanning microscopy (HT-CLSM). The in situ observation results indicate that Y samples promote an increase in austenite nucleation density. After 10 s of nucleation, the nucleation density increased by 149.53/mm2 for the Y sample. Furthermore, variance analysis indicated that Y addition improved the uniformity of the 7MoSASS solidification microstructure under low cooling rate conditions. The Johnson–Mehl–Avrami–Kolmogorov (JMAK) theory results showed that when the solid phase ratio was 0.5, the nucleation mode of the Y sample transitioned from saturation site nucleation to saturation site nucleation + Avrami nucleation. YAlO3 has a low lattice disregistry value with austenite, making it a suitable heterogeneous nucleation core for promoting the early nucleation of austenite. During the late stages of solidification, Y accumulates in the residual liquid phase, providing a greater degree of compositional undercooling. SEM-EDS analysis showed that Y contributed to the refinement of the 7MoSASS solidification microstructure, with the proportion of precipitated phases decreasing by approximately 7.5%. Cr and Mo were the main elements exhibiting positive segregation in 7MoSASS, and the Cr segregation ratio increased in the Y sample, while the Mo segregation ratio decreased.
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1. Introduction


In recent years, the high-end equipment manufacturing industry has developed rapidly, and the large scale, integration, and high performance of equipment is the development trend in the future. Super austenitic stainless steels (SASSs) are one of the key materials in high-end equipment manufacturing and exhibit excellent corrosion resistance and outstanding mechanical properties [1,2]. They have a wide application prospect in flue gas desulfurization, seawater desalination, and other fields [3,4,5]. In this process, the researchers overcame the difficulties of low Mo super austenitic stainless steel, such as 904L and S31254, and completed their own production. However, 7Mo-SASS, the highest grade of super austenitic stainless steel, is still in the experimental research stage [6,7,8]. The core problem is how to improve the issue of element segregation of high alloy content, such as Cr and Mo [9,10,11]. Therefore, it is important to study the solidification process of 7MoSASS and explore effective methods to improve the solidification microstructure and reduce element segregation.



Refining grain is commonly employed to improve the solidification microstructure. Physical methods, such as electromagnetic stirring and ultrasonic treatment, which require complex and costly equipment, have been traditionally used [12,13]. However, the addition of rare earth elements to achieve grain refinement has emerged as a research hotspot [14]. Rare earth elements have been widely used as microalloying elements in modifying inclusions and deeply purifying molten steel in low-alloy steels [15,16,17,18,19]. Researchers have shown great interest in incorporating rare earth elements into steel production. This approach offers dual advantages. Firstly, high melting point rare earth inclusions (such as RExOy and RExOySz) act as nucleation sites, promoting heterogeneous nucleation and effectively refining the solidification microstructure. Secondly, rare earth microalloying contributes to significant improvements in material properties, including enhanced corrosion resistance [20,21,22] and superior mechanical performance [23,24]. Currently, the application of rare earth elements in SASSs has become a focus [25,26,27,28,29]. Wang [27,29] and Zhang [25] have confirmed that Ce plays a role in grain size refinement and can improve the segregation of second phases in SASSs. However, there are few studies on the application of Y in SASSs. Mao et al. [30] investigated the modification mechanism of Y in hypoeutectic Al-Si alloys under different cooling rates. The results revealed that at low cooling rates, the addition of Y can ameliorate compositional undercooling and promote the nucleation of eutectic Si. Li et al. [31] investigated the influence of Y on the microstructure and eutectic solidification behavior of an Al-7.5%Si-0.45%Mg alloy. The addition of Y resulted in a decrease in the nucleation and growth temperature of the eutectic phase.



High-temperature confocal laser scanning microscope (HT-CLSM) can observe in situ, continuously, dynamically, and directly the changes in microstructure and phase during the melting and solidification of materials at high temperatures. HT-CLSM was employed to investigate the influence of cooling rate on SASSs. The results showed that as the cooling rate decreases, the segregation of Mo elements intensifies [32,33]. Many researchers have noticed that the addition of rare earths changes the crystallization temperature range and crystallization rate of steel [16,29,34]. Furthermore, in the actual solidification process of SASSs, the most pronounced occurrence of ingot segregation and grain coarsening take place in the central region. This phenomenon is attributed to the gradual reduction in cooling rate from the edges toward the center [32,35]. The influence of rare earth elements on the solidification process of 7MoSASS under low cooling speeds remains ambiguous.



In this work, the effect of Y on the solidification process at a low cooling rate (10 °C/min) was investigated through in situ observations, revealing its effects on the solidification process and segregation behavior of 7Mo-SASS. Specifically, we discussed the impact of Y on the solidification process of 7MoSASS at a low cooling rate, as well as its influence on the nucleation and growth of austenite grains during this process, providing a theoretical foundation for addressing the central segregation issue in billets.




2. Materials and Methods


2.1. Rare Earth Addition Experiment


The experimental 7MoSASS was obtained from TISCO (Taiyuan, China), and its chemical composition is shown in Table 1. The experiment of adding rare earth to 7MoSASS was completed by a vertical furnace. A 7MoSASS (450 g) sample was placed in a MgO crucible (ΦL50) and MoSi2 resistance furnace (ΦL90), as shown in Figure 1a. In a high-purity argon atmosphere, the temperature was raised to 1500 °C to achieve the complete melting of the 7MoSASS. To prevent oxidation, the rare earth metal was enveloped with reduced iron powder before being introduced into the liquid steel. Following this, the mixture was incorporated into the molten steel and stirred with a quartz tube for 15 s. Additionally, it was held at a steady temperature for 30 min to ensure the uniform distribution of rare earth elements. As shown in Table 1, the content of Y was obtained by inductive coupled plasma (ICP) analysis, while the content of other elements was obtained through a direct-reading spectrometer.




2.2. High-Temperature Confocal Laser Scanning Microscope Experiment


The in situ observation of the solidification process of 7MoSASS was performed using CLSM (Figure 1b) [2]. Samples were taken from the center of the experimental ingot and processed into disks (diameter 7.6 mm, height 2.5 mm) using wire electrical discharge machining. The samples were then polished to a mirror finish and placed in alumina crucibles, which were then placed in the chamber of a confocal laser scanning microscope (VL2000DX-SVF17SP, LASERTEC Inc., Yokohama, Japan). The sample chamber was evacuated multiple times using a vacuum pump and purified with ultra-pure argon gas to prevent surface oxidation of the samples. The samples were heated with a heating rate of 200 °C/min to 1300 °C, followed by a heating rate of 50 °C/min to 1450 °C, and held isothermally for 5 min. The cooling rate was set to 10 °C/min to study the solidification behavior of all samples. Previously, Zhang et al. [36] found that the equipment (the same used in this experiment) displayed a temperature difference of approximately 50 °C between the set temperature and the surface temperature.



To observe the inclusions in the steel, the steel sample was ground to 2000 grit using SiC abrasive papers and then polished with diamond paste. The chemical compositions and morphologies of inclusions were analyzed through scanning electron microscopy and energy dispersive spectroscopy (SEM-EDS, Zeiss EVO18, Zeiss, Jena, Germany). Each sample was observed with 10 fields of view under magnification 1000 times.





3. Results and Discussion


3.1. Effect of Y on the Solidification Process of 7Mo SASS


Figure 2 illustrates the solidification process of 7MoSASS and 7MoSASS-Y at a low cooling rate of 10 °C/min, showing the initial nucleation, nucleation after 2 s, nucleation after 10 s, solid fraction of 50%, and solid fraction of 99%, with time and temperature labels. In situ observations reveal that the actual liquidus temperature of 7MoSASS is 1367.2 °C. This discrepancy is primarily attributed to the cooling rate and solidification conditions. During solidification, the initial grains of 7MoSASS take on a crescent-shaped morphology as they precipitate from the liquid phase. Early-formed grains have a growth advantage, reaching sizes exceeding 100 μm. As the system temperature gradually decreases, the undercooling of the steel increases, promoting the nucleation of austenite and subsequently completing the solidification process. The addition of Y significantly influences the solidification process of 7MoSASS. The Y sample exhibits ellipsoidal initial grains. By considering the data in Table 2, it can be observed that the nucleation temperature is advanced by 14.4 °C for the Y sample. Furthermore, the grain density growth rates (v = (g(10) − g(2))/8, where g(10) and g(2) represent the grain density at 2 s and 10 s, respectively, for the Y sample are substantially higher than 7MoSASS, with increases of 15.46 mm−2 s−1. Therefore, Y can effectively promote the nucleation process of 7MoSASS during solidification.



The statistical analysis of grain size within the field of view yields the following observations, as presented in Table 3 and Figure 3. Notably, 7MoSASS exhibits the highest range (greatest variation) in grain size, indicating a higher level of heterogeneity in grain sizes for 7MoSASS. Further, variance analysis was conducted to assess the impact of Y on grain size uniformity. Analysis of variance (α) is a statistical method used to examine differences in a continuous outcome variable based on different categories or groups defined by discrete factors [37]. The results reveal that 7MoSASS-Y exhibits the smallest variance in grain size. Taking into account the variance results, it can be inferred that at a low cooling rate (10 °C/min), the addition of Y is more effective in improving the solidification microstructure of 7MoSASS.




3.2. Effect of Y Addition on the Nucleation Process in 7MoSASS


Under the composition of the experimental steel, the predominant inclusions in the steel were identified as M2O3 (M = Al, Cr, Mn), as revealed in Figure 3a. However, as shown in Figure 3b, the typical inclusions in 7MoSASS-Y were identified as YAlO3. Previous studies have shown that rare earth inclusions can serve as nucleation sites for austenite inhomogeneous transformation [25,29,38,39,40]. According to the two-dimensional disregistry calculation method provided by the literature [41], if the lattice disregistry is less than 12%, heterogeneous nucleation may occur, and when the lattice disregistry is below 6%, it is very favorable for heterogeneous nucleation, while the lattice disregistry value of YAlO3 with austenite (γ) is 2.9.



As depicted in Figure 4, the quantity density and size distribution of inclusions indicate that with the addition of Y, the quantity density of inclusions increased to 85.82/mm2. In addition, with the addition of Y, the proportion of inclusions with sizes between 1 and 2 μm increased to 73.98%. To sum up, Y increases the density of inclusions and decreases their size, and rare earth inclusions can act as heterogeneous nucleation cores for γ, thereby enhancing the heterogeneous nucleation ability of γ.




3.3. Effect of Y on the Solidification Kinetics of 7MoSASS


The nucleation process during solidification is mainly controlled by the interface, and the activation energy involved in this process is strongly influenced by catalytic factors. With the addition of rare earth elements, the nucleation mode also changes, and at the end of solidification, rare earth elements accumulate in the residual liquid phase, promoting the growth of free crystals in the undercooled melt. The Johnson–Mehl–Avrami–Kolmogorov (JMAK) theory, as shown in Formula (1), can be used to quantitatively analyze the nucleation and growth processes, thereby optimizing the material preparation process [29,42,43].


  Y = 1 − exp ( − k ⋅  t n  )  



(1)






  k =  k 0  ⋅ exp ( −  Q  R T   )  



(2)







The equation is commonly expressed as Equation (1), where t is the time, k is the rate constant, and n is the Avrami exponent. The rate constant k can be expressed as Equation (2), where Q is the activation energy, k0 is the dynamic parameter, T is the thermodynamic temperature, and R is the molar gas constant. When n is less than 3, the nucleation mode is saturated site nucleation, meaning nucleation occurs only at the phase transformation. When 3 < n < 4, the nucleation mode is a combination of saturated site nucleation and Avrami nucleation, where there is continued nucleation with a reduced nucleation rate after the initial nucleation occurs [44]. The fitting results are shown in Figure 5 and Table 4. Combining the in situ observations in Figure 2, it is evident that the addition of Y has altered the nucleation and growth mode of 7MoSASS. As shown in Figure 5a, the f(s)–t relationship for 7MoSASS follows the JMAK theory, indicating that at a cooling rate of 10 °C/min, the nucleation mode of 7MoSASS is saturated position nucleation. In contrast, for 7MoSASS-Y, a nucleation mode transition occurs when the solid fraction is around 0.5. As seen in Figure 5b, 7MoSASS primarily undergoes growth after nucleation, with austenite growing rapidly. In contrast, 7MoSASS-Y generates more nuclei in the early stages, with slower solidification growth rates. Moreover, new nuclei continue to form at a solid fraction of approximately 0.5. Therefore, we believe that Y has altered the nucleation and growth mode of 7MoSASS, shifting it from saturated site nucleation to a combination of saturated site nucleation + Avrami nucleation. The reasons behind this change will be further explored in the following discussion.



Figure 6 displays real-time in situ images before and after the transition of nucleation modes. Figure 6c,d show real-time images of 7MoSASS and 7MoSASS-Y, respectively, revealing an increase in the number of nucleation sites by 34.48/mm2. This coincides with the JMAK kinetics analysis. As calculated through Thermo-Calc software (2021, Thermo-Calc, Stockholm, Sweden), the distribution of Y in the liquid phase is depicted in Figure 7. It can be observed that as the fraction of the liquid phase decreases, Y gradually accumulates within the liquid phase. This phenomenon aligns with the findings of Wang [29] and Zhang [25]. Y serves as a ferrite-forming element and exhibits low solubility in austenite. Moreover, it facilitates significant compositional undercooling, contributing to the refinement of the solidification microstructure of 7MoSASS. By applying Equation (3) [25], where   Δ  T  max  c    is the undercooling degree (°C) of element i;    c 0 i    is the initial composition (wt.%) of element i; mi is the liquidus slope (°C/wt.%) of element i; and ki is the equilibrium partition coefficient of element I, the result is shown in Figure 8. Y can induce undercooling of 24.75 °C. As the nucleation mode shifts, Y exhibits a more favorable effect in grain refinement.


  Δ  T  max  c  =    ∑   c 0 i  ×  m i  × (  k i  − 1 )      k i     



(3)








3.4. Effect of Y on Element Segregation


Through XRD testing of the 7MoSASS (Figure 9), it was determined that the secondary phase present is the σ-phase. The SEM-EDS analysis results of the two sets of CLSM samples are shown in Figure 10. Firstly, from the morphological characteristics, it is evident that a significant number of secondary phases is present between dendrites, displaying features of eutectic decomposition. The addition of Y refines the solidification microstructure, and no large areas of precipitated phases were observed within the field of view. The precipitated phases take on a network-like structure, consistent with the in situ observation results. Further analysis of the σ-phase area fractions revealed that two samples exhibit relatively high proportions of the σ-phase, mainly influenced by the cooling rate. However, the addition of Y in the alloy resulted in a reduction in the σ-phase fractions by 7.5%.



To further analyze the segregation behavior of the alloying elements in 7MoSASS, the segregation ratios (SRs) were calculated using Equation (4), which is as follows:


  S R =    c  i n t e r d e n d r i t i c   max      c  d e n d r i t i c   min      



(4)




where    c  i n t e r d e n d r i t i c   max     represents the max concentration of the element in the interdendritic region and    c  d e n d r i t i c   min     represents the min concentration of the element in the dendritic region. The results are illustrated in Figure 11 and showed that in 7MoSASS, Cr and Mo are the main elements undergoing segregation. The addition of Y effectively mitigates the segregation of Mo, with SR values decreasing by approximately 0.45. Notably, the SRMn is close to 1, indicating a more uniform distribution of Mn in the interdendritic regions. Mn plays a significant role in stabilizing the austenite phase, reducing the critical quenching rate of the steel and enhancing the stability of austenite during cooling, thus suppressing its decomposition. In summary, the addition of Y in the alloy has a positive effect on reducing the σ-phase fractions and mitigating the segregation of Mo, improving the overall stability and properties of the steel.





4. Conclusions


The effects of Y on the solidification process of 7MoSASS stainless steel were studied through in situ experiments and theoretical calculations. The main results are summarized as follows:




	(1)

	
Under low cooling rates (10 °C/min), the presence of Y can elevate the initial nucleation temperature and widen the solidification temperature range. Compared to 7MoSASS, the Y sample shows an increase of approximately 149.53/mm2 in austenite nucleation sites. The addition of Y is beneficial for improving the uniformity of the solidification microstructure.




	(2)

	
YAlO3 has a smaller lattice disregistry value with austenite, making it a suitable heterogeneous nucleation core for promoting the early nucleation of austenite. Moreover, during the final stages of solidification, Y tends to enrich to a greater extent, providing a higher degree of undercooling and promoting grain refinement in the solidification process.




	(3)

	
In 7MoSASS, the nucleation mechanism is primarily saturation site nucleation. However, with the addition of Y, a transition in the nucleation mechanism occurs at a solidification fraction of 50%, shifting from saturation site nucleation to a combination of saturation site nucleation + Avrami nucleation. The number of austenite nucleation sites in the Y sample exhibited increments of 34.48/mm2.




	(4)

	
The addition of Y resulted in a significant refinement of the solidification microstructure of 7MoSASS, with the proportion of precipitated phases decreasing by approximately 7.5% and exhibiting a reticular structure. Cr and Mo were the main elements exhibiting positive segregation in 7MoSASS.













Author Contributions


Conceptualization, W.L. and Q.W.; methodology, W.L., L.W. and Q.W.; validation, W.L.; investigation, W.L.; resources, L.W.; data curation, W.L.; writing—original draft, W.L.; writing—review and editing, L.W. and Q.W.; visualization, W.L., L.W. and Q.W.; supervision, W.L., L.W. and Q.W.; project administration, L.W.; funding acquisition, L.W. All authors have read and agreed to the published version of the manuscript.




Funding


Funding was received from the Fundamental Research Funds for the Central Universities Nos. FRF-TP-19-004C1 and FRF-BD-22-04 and the Natural Science Foundation of Hebei Province (E2021208017).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, J.; Lu, B. Requirement Analysis of High-End Manufacturing Equipment with a Focus on the High-End Equipment Manufacturing Industry. Chin. J. Eng. Sci. 2017, 19, 136–141. [Google Scholar]

	



Wang, T.; Phelan, D.; Wexler, D.; Yin, Y.; Guo, L.; Zhang, C.; Li, H. Detailed analysis of nucleation and subsequent δ to γ phase transformation of a high N super austenitic stainless steel. Mater. Charact. 2023, 195, 112485. [Google Scholar] [CrossRef]

	



Wallen, B.; Liljas, M.; Stenvall, P. AVESTA 654 SMO™—A new nitrogen-enhanced superaustenitic stainless steel. Mater. Corros. 1993, 44, 83–88. [Google Scholar] [CrossRef]

	



Zhang, S.; Li, H.; Jiang, Z.; Zhang, B.; Li, Z.; Wu, J.; Feng, H.; Zhu, H.; Duan, F. Chloride- and sulphate-induced hot corrosion mechanism of super austenitic stainless steel S31254 under dry gas environment. Corros. Sci. 2020, 163, 108295. [Google Scholar] [CrossRef]

	



Li, H.; Yang, C.; Zhou, E.; Yang, C.; Feng, H.; Jiang, Z.; Xu, D.; Gu, T.; Yang, K. Microbiologically influenced corrosion behavior of S32654 super austenitic stainless steel in the presence of marine Pseudomonas aeruginosa biofilm. J. Mater. Sci. Technol. 2017, 33, 1596–1603. [Google Scholar] [CrossRef]

	



Li, H.; Zhang, B.; Jiang, Z.; Zhang, S.; Feng, H.; Han, P.; Dong, N.; Zhang, W.; Li, G.; Fan, G.; et al. A new insight into high-temperature oxidation mechanism of super-austenitic stainless steel S32654 in air. J. Alloys Compd. 2016, 686, 326–338. [Google Scholar] [CrossRef]

	



Zhang, S.; Jiang, Z.; Li, H.; Zhang, B.; Fan, S.; Li, Z.; Feng, H.; Zhu, H. Precipitation behavior and phase transformation mechanism of super austenitic stainless steel S32654 during isothermal aging. Mater. Charact. 2018, 137, 244–255. [Google Scholar] [CrossRef]

	



Yu, J.; Zhang, S.; Li, H.; Jiang, Z.; Feng, H.; Xu, P.; Han, P. Influence mechanism of boron segregation on the microstructure evolution and hot ductility of super austenitic stainless steel S32654. J. Mater. Sci. Technol. 2022, 112, 184–194. [Google Scholar] [CrossRef]

	



Zhang, S.; Li, H.; Jiang, Z.; Li, Z.; Wu, J.; Zhang, B.; Duan, F.; Feng, H.; Zhu, H. Influence of N on precipitation behavior, associated corrosion and mechanical properties of super austenitic stainless steel S32654. J. Mater. Sci. Technol. 2020, 42, 143–155. [Google Scholar] [CrossRef]

	



Zhang, S.; Li, H.; Jiang, Z.; Zhang, B.; Li, Z.; Wu, J.; Fan, S.; Feng, H.; Zhu, H. Effects of Cr and Mo on precipitation behavior and associated intergranular corrosion susceptibility of superaustenitic stainless steel S32654. Mater. Charact. 2019, 152, 141–150. [Google Scholar] [CrossRef]

	



Xiao, J.; Zhang, Y.; Zhang, W.; Zhao, A. Precipitation mechanism of σ phase in S32654 super austenitic stainless steel. Mater. Lett. 2023, 349, 134834. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zhang, W.; Zeng, L.; Liang, J.; Xiao, J.; Zhao, A. Segregation behavior and precipitated phases of super-austenitic stainless steel influenced by electromagnetic stirring. Mater. Today Commun. 2022, 31, 103675. [Google Scholar] [CrossRef]

	



Yuan, T.; Kou, S.; Luo, Z. Grain refining by ultrasonic stirring of the weld pool. Acta Mater. 2016, 106, 144–154. [Google Scholar] [CrossRef]

	



Smirnov, L.A.; Rovnushkin, V.A.; Oryshchenko, A.S.; Kalinin, G.Y.; Milyuts, V.G. Modification of Steel and Alloys with Rare-Earth Elements. Part 1. Metallurgist 2016, 59, 1053–1061. [Google Scholar] [CrossRef]

	



Wang, Y.; Li, C.-r.; Wang, L.-z.; Xiong, X.-q.; Chen, L. Effect of yttrium treatment on alumina inclusions in high carbon steel. J. Iron Steel Res. Int. 2021, 29, 655–664. [Google Scholar] [CrossRef]

	



Tuttle, R.B. Study of Rare Earth Additions Effect on the Solidification and Properties of 4130 Steel. J. Mater. Eng. Perform. 2019, 28, 6720–6727. [Google Scholar] [CrossRef]

	



Wang, Q.; Wang, L.J.; Liu, Y.Q.; Chou, K.C. Using Ce to modify inclusion in spring steel. J. Min. Metall. Sect. B Metall. 2017, 53, 365–372. [Google Scholar] [CrossRef]

	



Kilbourn, B.T. Metallurgical applications of yttrium and the lanthanides. JOM 1988, 40, 22–25. [Google Scholar] [CrossRef]

	



Chen, L.; Ma, X.; Wang, L.; Ye, X. Effect of rare earth element yttrium addition on microstructures and properties of a 21Cr–11Ni austenitic heat-resistant stainless steel. Mater. Des. 2011, 32, 2206–2212. [Google Scholar] [CrossRef]

	



Xie, J.; Zhang, J.; You, Z.; Liu, S.; Guan, K.; Wu, R.; Wang, J.; Feng, J. Towards developing Mg alloys with simultaneously improved strength and corrosion resistance via RE alloying. J. Magnes. Alloys 2021, 9, 41–56. [Google Scholar] [CrossRef]

	



Liu, C.; Revilla, R.I.; Liu, Z.; Zhang, D.; Li, X.; Terryn, H. Effect of inclusions modified by rare earth elements (Ce, La) on localized marine corrosion in Q460NH weathering steel. Corros. Sci. 2017, 129, 82–90. [Google Scholar] [CrossRef]

	



Wang, C.; Ma, R.; Zhou, Y.; Liu, Y.; Daniel, E.F.; Li, X.; Wang, P.; Dong, J.; Ke, W. Effects of rare earth modifying inclusions on the pitting corrosion of 13Cr4Ni martensitic stainless steel. J. Mater. Sci. Technol. 2021, 93, 232–243. [Google Scholar] [CrossRef]

	



Zhao, Y.; Wang, J.; Zhou, S.; Wang, X. Effects of rare earth addition on microstructure and mechanical properties of a Fe–15Mn–1.5Al–0.6C TWIP steel. Mater. Sci. Eng. A 2014, 608, 106–113. [Google Scholar] [CrossRef]

	



Chen, R.; Wang, Z.; He, J.; Zhu, F.; Li, C. Effects of Rare Earth Elements on Microstructure and Mechanical Properties of H13 Die Steel. Metals 2020, 10, 918. [Google Scholar] [CrossRef]

	



Zhang, S.; Yu, J.; Li, H.; Jiang, Z.; Geng, Y.; Feng, H.; Zhang, B.; Zhu, H. Refinement mechanism of cerium addition on solidification structure and sigma phase of super austenitic stainless steel S32654. J. Mater. Sci. Technol. 2022, 102, 105–114. [Google Scholar] [CrossRef]

	



Zhang, S.; Li, H.; Jiang, Z.; Feng, H.; Wen, Z.; Ren, J.; Han, P. Unveiling the mechanism of yttrium significantly improving high-temperature oxidation resistance of super-austenitic stainless steel S32654. J. Mater. Sci. Technol. 2022, 115, 103–114. [Google Scholar] [CrossRef]

	



Wang, Q.; Wang, L.; Sun, Y.; Zhao, A.; Zhang, W.; Li, J.; Dong, H.; Chou, K. The influence of Ce micro-alloying on the precipitation of intermetallic sigma phase during solidification of super-austenitic stainless steels. J. Alloys Compd. 2020, 815, 152418. [Google Scholar] [CrossRef]

	



Wang, L.; Li, Z.; Hu, X.; Lv, B.; Chen, C.; Zhang, F. Hot deformation behavior and 3D processing map of super austenitic stainless steel containing 7Mo–0.46N–0.02Ce: Effect of the solidification direction orientation of columnar crystal to loading direction. J. Mater. Res. Technol. 2021, 13, 618–634. [Google Scholar] [CrossRef]

	



Wang, Q.; Wang, L.; Zhang, W.; Li, J.; Chou, K. Effect of Cerium on the Austenitic Nucleation and Growth of High-Mo Austenitic Stainless Steel. Metall. Mater. Trans. B 2020, 51, 1773–1783. [Google Scholar] [CrossRef]

	



Mao, G.; Yan, H.; Zhu, C.; Wu, Z.; Gao, W. The varied mechanisms of yttrium (Y) modifying a hypoeutectic Al–Si alloy under conditions of different cooling rates. J. Alloys Compd. 2019, 806, 909–916. [Google Scholar] [CrossRef]

	



Li, B.; Wang, H.; Jie, J.; Wei, Z. Microstructure evolution and modification mechanism of the ytterbium modified Al–7.5%Si–0.45%Mg alloys. J. Alloys Compd. 2011, 509, 3387–3392. [Google Scholar] [CrossRef]

	



Hao, Y.S.; Li, J.; Li, X.; Liu, W.C.; Cao, G.M.; Li, C.G.; Liu, Z.Y. Influences of cooling rates on solidification and segregation characteristics of Fe-Cr-Ni-Mo-N super austenitic stainless steel. J. Mater. Process. Technol. 2020, 275, 116326. [Google Scholar] [CrossRef]

	



Li, Y.; Zou, D.; Chen, W.; Zhang, Y.; Zhang, W.; Xu, F. Effect of Cooling Rate on Solidification and Segregation Characteristics of 904L Super Austenitic Stainless Steel. Met. Mater. Int. 2021, 28, 1907–1918. [Google Scholar] [CrossRef]

	



Wang, M.; Chen, L.; Wang, Z.; Bao, E. Influence of rare earth elements on solidification behavior of a high speed steel for roll using differential scanning calorimetry. J. Rare Earths 2011, 29, 1089–1094. [Google Scholar] [CrossRef]

	



Li, Y.; Zou, D.; Li, M.; Tong, L.; Zhang, Y.; Zhang, W. Effect of cooling rate on segregation characteristics of 254SMO super austenitic stainless steel and pitting corrosion resistance under simulated flue gas desulfurization environment. J. Mater. Sci. 2023, 58, 4137–4149. [Google Scholar] [CrossRef]

	



Zhang, R.; He, J.; Xu, S.; Zhang, F.; Wang, X. The roles of Ce and Mn on solidification behaviors and mechanical properties of 7Mo super austenitic stainless steel. J. Mater. Res. Technol. 2023, 22, 1238–1249. [Google Scholar] [CrossRef]

	



Larson, M.G. Analysis of variance. Circulation 2008, 117, 115–121. [Google Scholar] [CrossRef]

	



Feifei, H.; Bo, L.; Da, L.; Ting, D.; Xuejun, R.; Qingxiang, Y.; Ligang, L. Effects of rare earth oxide on hardfacing metal microstructure of medium carbon steel and its refinement mechanism. J. Rare Earths 2011, 29, 609–613. [Google Scholar]

	



Zhang, Y.; Xiao, J.; Liang, J.; Pei, W.; Liu, P.; Zhang, W.; Zhao, A. Effect of rare earth elements on the segregation behavior and microstructure of super austenitic stainless steel. J. Mater. Res. Technol. 2022, 19, 20–29. [Google Scholar] [CrossRef]

	



Chen, Y.; Zhang, F.; Yan, Q.; Zhang, X.; Hong, Z. Microstructure characteristics of 12Cr ferritic/martensitic steels with various yttrium additions. J. Rare Earths 2019, 37, 547–554. [Google Scholar] [CrossRef]

	



Bramfitt, B.L. The effect of carbide and nitride additions on the heterogeneous nucleation behavior of liquid iron. Metall. Trans. 1970, 1, 1987–1995. [Google Scholar] [CrossRef]

	



Blázquez, J.; Conde, C.; Conde, A. On the use of classical JMAK crystallization kinetic theory to describe simultaneous processes leading to the formation of different phases in metals. Int. J. Therm. Sci. 2015, 88, 1–6. [Google Scholar] [CrossRef]

	



Lei, X.; Huang, J.; Jin, X.; Chen, S.; Zhao, X. Application of Johnson-Mehl-Avrami-Kolmogorov type equation in non-isothermal phase process: Re-discussion. Mater. Lett. 2016, 181, 240–243. [Google Scholar] [CrossRef]

	



Liu, F.; Sommer, F.; Mittemeijer, E.J. Analysis of the kinetics of phase transformations; roles of nucleation index and temperature dependent site saturation, and recipes for the extraction of kinetic parameters. J. Mater. Sci. 2006, 42, 573–587. [Google Scholar] [CrossRef]








[image: Materials 16 06846 g001] 





Figure 1. (a) Schematic diagram of the shaft furnace; (b) schematic diagram of the high-temperature confocal laser-scanning microscope. 






Figure 1. (a) Schematic diagram of the shaft furnace; (b) schematic diagram of the high-temperature confocal laser-scanning microscope.



[image: Materials 16 06846 g001]







[image: Materials 16 06846 g002] 





Figure 2. Solidification process of 7MoSASS observed in situ via HT-CLSM and cooled at 10 °C/min: (a) 7MOSASS; (b) 7MOSASS-Y. 
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Figure 3. SEM photos of inclusions in CLSM samples. (a) 7MoSASS, (b) 7MoSASS-Y. 
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Figure 4. Inclusion of particle number density and the size distribution chart. 
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Figure 5. JMAK fitting graph. (a) fitted curves of the solid volume fraction as a function of time (b) Solidification growth rate graph. 
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Figure 6. Real-time field images before and after the transition of nucleation mode: (a,b) before the inflection point; (c,d) after the inflection point. 
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Figure 7. Mass fractions of Y in the liquid phase. 
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Figure 8. ΔTmax of 7MoSASS and 7MoSASS-Y. 
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Figure 9. 7MoSASS XRD. 
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Figure 10. SEM-EDS analysis of the σ phase area statistics in 7MoSASS and 7MoSASS-Y samples. 
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Figure 11. Element segregation ratios. 
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Table 1. Chemical composition of 7MoSASS (wt.%).
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	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Mo
	Cu
	N
	Al
	Y





	7MoSASS
	0.01
	0.03
	5.92
	0.004
	0.004
	23.93
	19.21
	7.12
	0.43
	0.48
	0.006
	--



	7MoSASS-Y
	0.01
	0.03
	6.13
	0.006
	0.003
	23.96
	19.17
	7.16
	0.43
	0.47
	0.008
	0.016










 





Table 2. Analysis results of the solidification process.
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10 °C/min

	
Tn (°C)

	
Grain Density/mm2

	
v = (g(10) − g(2))/8




	
2 s

	
10 s






	
7MoSASS

	
1367.2

	
4.30

	
21.52

	
2.15




	
7MoSASS-Y

	
1381.6

	
30.13

	
171.05

	
17.61











 





Table 3. Grain size statistics and variance analysis of the solidification structure.
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	dmin/μm
	dmax/μm
	daverage/μm
	α





	None
	30.24
	143.57
	71.41
	26.34



	Y
	27.18
	106.39
	65.07
	20.01










 





Table 4. Fitting results obtained from the JMAK model.
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k

	
n

	
R2






	
7MoSASS

	
1.15 × 10−4

	
2.50 ± 0.07

	
0.99




	
7MoSASS-Y

	
5.13 × 10−4

	
1.78 ± 0.09

	
0.98




	
5.91 × 10−7

	
3.56 ± 0.19

	
0.99
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