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Abstract

:

Hyper duplex stainless steel (HDSS) is a new alloy group of duplex stainless steels with the excellent corrosion resistance and mechanical properties among the existing modern stainless steels. Due to the incorporation of the high content of alloying elements, e.g., Cr, Ni, Mo, etc., the crystallization behavior of δ-ferrite from liquid is of vital importance to be controlled. In this work, the effect of the cooling rate (i.e., 4 °C/min and 150 °C/min) on the nucleation and growth behavior of δ-ferrite in S33207 during the solidification was investigated using a high-temperature confocal scanning laser microscope (HT-CLSM) in combination with electron microscopies and thermodynamic calculations. The obtained results showed that the solidification mode of S33207 steel was a ferrite–austenite type (FA mode). L→δ-ferrite transformation occurred at a certain degree of undercooling, and merging occurred during the growth of the δ-ferrite phase dendrites. Similar microstructure characteristics were observed after solidification under two different cooling rates. The variation in the area fraction of δ-ferrite with different temperatures and time intervals during the solidification of S33207 steels was calculated at different cooling rates. The post-microstructure as well as its composition evolution were also briefly investigated. This work shed light on the real-time insights for the crystallization behavior of hyper duplex stainless steels during their solidification process.
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1. Introduction


Duplex stainless steel (DSS) has shown increasing demands for its application across important industrial areas, such as deep-sea pipelines and submarines [1,2] and petrochemical industries [1,3], due to their excellent corrosion resistance and mechanical properties [4,5]. The desired properties of DSS are mainly corrected with the precise control of the fractions of ferrite and austenite. Despite the very successful applications and experience of DSSs, the development of highly alloyed DSSs has been very active since there are still areas where the corrosion resistance of the current DSSs has been insufficient for a long service life or at higher temperatures. Based on this challenge, the flagship hyper DSS, UNS S33207 (marked as S33207 from herein), which has the highest corrosion resistance and strength among the existing modern DSSs has since been developed [6,7,8,9].



DSSs are designed to solidify with ferrite as the parent phase, with subsequent austenite formation occurring in the solid state, implying that the solidification process plays an important role in the dual-phase microstructure control [10,11]. That is to say, the changes in the fractions of ferrite and austenite in these DSSs are due to the different solidification conditions. It has been recognized that the cooling rate has an important effect on the microstructure evolution of the DSSs [12,13]. Zhu et al. [14] revealed that the austenite fraction in DSS 2205 after the sub-rapid solidified process was substantially decreased compared to the slow cooling process, and the hardness and wear-resisting properties of steel were improved. High-temperature confocal laser scanning microscopy (HT-CLSM) has provided a convenient possibility of making an in situ observations of the solidification and post-microstructure evolution of various alloy grades, including low carbon steels [15,16,17], austenite stainless steels [18,19,20], and duplex stainless steels [21,22,23]. Sun et al. [21] assessed the characteristics of the δ→γ phase transformations at different cooling rates on the surface of DSS S31308 by HT-CLSM. They found that the γ-cells preferred to precipitate along the δ/δ grain boundaries with a flaky pattern, and that their fronts were jagged in shape under the slow cooling rate but were in a needle-like feature at the rapid cooling rate. Moreover, they reported that higher N contents promoted the nucleation and growth of the γ-phase during the δ→γ transformation by increasing both the starting and finishing temperatures of the phase transformation [23]. Shin et al. [24] assessed the effects of the cooling rate after heat treatment on the pitting corrosion of DSS S32750, and they found that the ferrite volume fraction increased accordingly with the increase in the cooling rate. In a former study by the current authors, the solidification behavior of the different grades of DSSs have been investigated in situ [25] using a combinational approach of HT-CLSM and differential scanning calorimetry (DSC) [26]. Till now, the δ→γ transformation has been reported in previous works, but the evolution mechanism of δ-ferrite during the solidification process is still not clear regarding the DSSs. Moreover, there have been no in situ observations made for the solidification process of hyper duplex stainless steel S33207 under different cooling conditions.



Previous studies have demonstrated that the solidification process of DSSs has a great influence on their performance. Changing the cooling rate is one of the important methods to control the fractions of the ferrite and austenite phases. S33207 hyper DSS has quite high Cr contents (32%) compared to the other grades of super DSSs, which results in a high corrosion resistance, yield strength, and superior fatigue features. Therefore, understanding its solidification behavior is of great interest for the subsequent annealing homogenization treatment process. In this work, the characteristics of the δ formation and growth during the solidification process were observed on the sample surface of DSS S33207 at different cooling rates using the HT-CLSM. The chemical element distribution of the solidified samples was also characterized. This work is of great significance to both understand and control the solidification process of Hyper DSS S33207.




2. Materials and Methods


Differential thermal analysis (DTA), equipped in a Netzsch STA 449 F1 Jupiter®, was used to detect the melting and solidification temperatures during the heating and cooling stages to ultimately guide the design of the in situ observation experimental conditions. The DTA facility was calibrated using pure metals (Ag, Ni, and Fe) prior to its use, and approximately a 100 mg of specimen was used for the measurement. HT-CLSM (Lasertec, 1LM21H) with a He–Ne laser beam, equipped with a power of 1.5 mW and a wavelength of 632.8 nm, was used to analyze the crystallization during the solidification of DSS 3207 under different cooling conditions. The chemical composition of the proposed DSS sample is listed in Table 1. For all HT-CLSM experiments, the diameter of the sample was 4 mm and the thickness was 1.5 mm, respectively. All the slices were grounded by 800, 1200, and 2000 SiC papers, following which they were then polished using 3 μm and 1 μm diamond pastes, respectively. The processed sample was filled with an Al2O3 crucible (Φ 5.5 mm O.D., Φ 4.5 mm I.D., and 5.0 mm height) and was then put into the ellipsoidal chamber of the HT-CLSM instrument. The chamber was cleaned thoroughly through a vacuum cycle (of less than 4.5 × 10−5 torr) followed by purging with a high purity Ar (purity > 99.9999%) passing through a 300 °C Mg column. The temperature was measured using a Type B (PtRh30%–PtRh6%) thermocouple at the bottom of the holder of the crucible. The steel samples were first heated to 1500 °C at a rate of 20 °C /min and were then kept for 2 min for melt stabilization, followed by cooling at two different cooling rates of 4 °C /min (0.07 °C/s) and 150 °C/min (2.5 °C/s), respectively. The solidified samples after HT-CLSM were directly analyzed using a scanning electron microscope (SEM, S3700N-Hitachi, Japan) equipped with an energy dispersive spectrometer (EDS, Bruker, Germany). The nitrogen content of the samples before and after HT-CLSM was measured through LECO analysis. Standard stainless steels with 0.1% and 0.2% N content were used, respectively.




3. Results and Discussion


3.1. In situ Observations of the Solidification of S33207 at Different Cooling Rates


The solidification phase diagram and phase fraction during the solidification of S33207 steel was calculated using the Scheil solidification and equilibrium modules in Thermo-Calc 2022a, the results are shown in Figure 1. The Scheil solidification module can calculate the actual solidification path of DSS S33207 under a non-equilibrium state and provide a basis for the solidification sequence in situ observation using the HT-CLSM. According to Figure 1, the solidification sequence of S33207 steel calculated by both modules belonged to the ferrite–austenite mode (FA): L(liquid)→L + δ (ferrite)→L + δ + γ (austenite). This indicated that the δ-ferrite phase started to form first followed by the δ→γ transformation at the terminal stage of the solidification process. The morphologies of the crystallized phases can vary depending on the cooling rate, which has been discussed in detail in the following part.



DTA results of the DSS33207 with the different solidification rates of 4 °C/min and 150 °C/min are presented in Figure 2. For both measurements, the same heating of 20 °C/min was used to heat the specimen till 1550 °C, and two cooling rates with the same ones used for the HT-CLSM was performed here. The phase transition temperatures of the heating and cooling stages are summarized in Table 2. In Figure 2, it is shown that the liquidus and solidus temperatures during heating are almost overlapping since the heating rate was the same. The on-set and peak temperatures of the solidification varied a lot due to the influence of the solidification cooling rate. Slower cooling led to the much higher solidification temperatures obtained (i.e., 1469 and 1466 °C for the cooling rate of 4 °C/min; 1452 and 1402 °C for the cooling rate of 150 °C/min) in the DSS3207.



Figure 3 presents several representative micrographs of phase formation during the solidification process of the DSS33207 through in situ observations at a cooling rate of 4 °C/min. When the molten steel was undercooled to 1482.7 °C, the L→δ transformation began to occur, and the formation of the cellular δ phase was observed on the surface of the sample. It should be pointed out that a thin δ layer formed on the outside of the liquid steel at the beginning of the solidification process (Figure 3a). It is generally believed that the crucible provided a core for the heterogeneous nucleation of the new phase formation during the solidification observation by the HT-CLSM. Due to the slow cooling rate of liquid steel, pro-eutectoid δ-ferrite solidified in the form of cellular crystals. With the decrease in temperature, the number of δ-ferrite nuclei increased and the grains gradually grew up and coarsened. When the δ-ferrite cell grew to some extent, several cells gradually approached and merged into a large irregular δ cell, and there was no obvious boundary between these cells after merging (Figure 3b). With further cooling, more δ cells merged together and the remaining liquid between these δ cells became less and less (Figure 3c). The growth of δ-ferrite was completed when the area of δ cells was not obviously increased based on the HT-CLSM observations. Some amount of liquid was still present after the ferrite growth was complete (Figure 3d), which has been reported in previous works [27,28].



The solidification process of the δ-ferrite phase with a cooling rate of 150 °C/min is shown in Figure 4. It should be mentioned that the focus of the initial stage of δ-ferrite nucleation from the liquid steel was not clear enough during the HT-CLSM observations made at this high cooling rate. Therefore, the formation temperature of δ-ferrite on the liquid surface was not determined correctly. More δ-ferrite cells can be formed simultaneously at the beginning of the solidification process compared to that of the low cooling rate. This indicated that a fast cooling rate favored primary δ-ferrite nucleation. The increase of the cooling rate during the solidification process of steel increased the undercooling of the liquid steel’s composition, which promoted the increase in the nucleation rate of the δ-ferrite phase. It is believed to be beneficial to the refinement of δ cell crystals. Additionally, the growth temperature of the δ-ferrite phase (Figure 3b) formed at a higher temperature with a slow cooling rate. This tendency was the same as the DTA results (Figure 2) as well as the previous work [29], where a higher cooling rate resulted in a higher undercooling degree of melt and a lower crystallization temperature of δ-ferrite. The δ-ferrite grew quickly and a similar merging phenomenon was observed with a temperature decrease. In addition, a clear interphase boundary that usually separated these phases was observed (Figure 4b). Under a high cooling rate, an obvious δ-ferrite growth layer was observed outside of the original δ cells due to the unstable growth characteristics of the δ cells. The liquid area was pushed by the growth of δ-ferrite during the late stage of the solidification process and then a volume shrinkage occurred between the δ-ferrite phase boundaries (Figure 4c). The growth rate of δ-ferrite decreased due to less liquid having been left at this stage. With a further decrease in the temperature, the area of δ-ferrite slowly increased and was kept at a stable value (Figure 4d). This remaining liquid area was the place where the localized transformation occurred from δ-ferrite to γ-austenite at a lower temperature. Generally, the concentration of the segregated elements increased greatly in the remaining liquid, where serious segregation took place [27]. This segregation can result in the decrease in the solidifying temperatures for steel. With time having passed, the δ-ferrite to γ-austenite transformation began at the δ-ferrite boundaries (Figure 4e,f). This finding is similar to that of Li et al. [19], who reported that δ→γ transformation occurred accompanied with a significant volume shrinkage.



However, the start temperature of the δ to γ transformation was not able to be obtained clearly due to the limitation of resolution of uneven surface after solidification. It was reported that the δ–γ phase transformation started earlier and occurred at a higher temperature in the S32101 DSS based on the concentric solidification technique with the increase in the cooling rate [22]. However, Sun et al. [21] found that starting temperature of the δ–γ transformation at the slow cooling rate was higher than that at the rapid cooling rate in an S31308 DSS. Additionally, the slow cooling rate more strongly favored the nucleation and growth of the γ-phase than the rapid cooling rate due to the fact that the higher diffusion rates of elements and longer diffusion times were obtained at a lower cooling rate.



The area fraction of ferrite in multiple sets of video screenshots during the solidification process at different cooling rates and temperatures were evaluated by Image J software, and the Avrami equation was used to fit the relationship between the area fraction of ferrite and the time and temperature; the results are shown in Figure 5. The Avrami Equations (1) and (2) [30,31] describe the crystallization of undercooled liquids into a solid state:


   f δ  = 1 − exp ( − k ⋅  t n  )  



(1)






   t  m a x   =   [ ( n − 1 ) / ( n ⋅ k ) ]   1 / n    



(2)




where is the area fraction of δ-ferrite, n is the Avrami coefficient, k is the overall growth rate constant, and t is the solidification time after the nucleation of δ-ferrite, tmax, the time required for maximum crystallization rate of ferrite.



It can be seen from Figure 5a that the area fraction of δ-ferrite increases with time, and it has a higher growth rate at a high cooling rate. In addition, the growth rate of δ-ferrite showed smaller values at the initial and late stages of solidification and a higher value at the stable stage of the solidification process. As mentioned before, the formation point of δ-ferrite in liquid was not obtained correctly, and thus the area fraction of δ-ferrite curve was obtained using the Avrami fitting function when the fitted linear correlation coefficient (R2) was greater than 95%. Furthermore, the area fraction of δ-ferrite was less than one due to the adverse effects of its undulating cellular morphology on the depth of the observation field in the HT-CLSM image, which was more prominent under the high cooling rate. The fitted equations between the area fraction of δ-ferrite (fδ) and time in the cases of the cooling rates of 4 °C/min and 150 °C/min are expressed by Equations (3) and (4), respectively. The rate constant k represents the velocity at which liquid transforms to solid. According to the fitted equations, the larger growth rate constant can be obtained under the fast cooling rate, which indicates the larger growth rate of δ-ferrite. This can be explained by the different number density of the nucleation sites and total growth times for the δ-ferrite. Specifically, the time required for the maximum crystallization rate of ferrite under the slow cooling rate obtained from Equation (2) was calculated to be 113 s, which is almost five times longer than that under the fast cooling rate (23 s).


   f  δ , fast   = 1 − exp ( − 1.2 ×   10   − 3   ×  t  1.9   )  



(3)






   f  δ , slow   = 1 − exp ( − 7.4 ×   10   − 8   ×  t  3.4   )  



(4)







The growth of δ-ferrite finished in a narrow temperature range (of less than 10 °C) at the cooling rate of 4 °C/min, while a much wider temperature was obtained at the cooling rate of 150 °C/min (Figure 5b). Notably, δ-ferrite began to form under a higher temperature with the growth ending at a lower temperature in the case of fast cooling compared to that of slow cooling. It is known that undercooling phenomenon usually occurs in the solidification process of steel, meaning that the ferrite formation temperature should be lower than the liquidus temperature of steel. From the in situ HT-CLSM observation results of the solidification process, the δ-ferrite formation temperature was slightly higher but has the same tendency as the results measured by DTA, which has been presented in Figure 2. This can be attributed to the details of the different instrumentation settings (sample size, thermocouple position, etc.) between the DTA and HT-CLSM measurements.



In terms of the maximum and average diameter changes of δ-ferrite (Figure 5c), the maximum diameter of δ-ferrite slowly increased at the beginning and began to increase rapidly when the δ-ferrite grew to a certain extent. The maximum and average diameter changes of δ-ferrite showed a similar tendency in the case of slow cooling, while the average diameter of δ-ferrite gradually increased during the whole solidification period under a fast cooling rate. As a result, the average diameter of δ-ferrite at the end of the solidification stage was approximately 80 μm at the cooling rate of 150 °C/min compared to 460 μm at the cooling rate of 4 °C/min, respectively. It can be indicated that the faster cooling rate can result in a smaller size of δ-ferrite. Moreover, the larger number density of the nucleation sites of δ-ferrite at the beginning of solidification can be found in the case of a high cooling rate, as shown in Figure 5d. The peak of the number density of the nucleation sites curves indicates that no new nucleation sites can be formed after that point, and the existing nucleation phases start to grow and merge to form bigger cells. In combination with the evolution of the number density of nucleation sites and the diameter of δ-ferrite changing during the solidification of steel, we can conclude that a slow cooling rate favored the growth of δ-ferrite, whereas a high cooling rate favored the nucleation of δ-ferrite.



In conclusion, the grain size will be finer as the cooling rate increases, the morphology comprises smaller grains, and the solidification behavior will commerce faster. This information can guide the actual continuous casting process of DSSS33207s.




3.2. Microstructure and Composition Evolution on the Surface of the Specimen after Solidification


In this section, the microstructure, as well as the chemical composition of the S33207 steel after solidification with different cooling rates, is briefly presented in this section.



3.2.1. Features on the Surface of the Specimen with a Slow Cooling Rate


Figure 6 presents the typical morphology of the S33207 steel after solidification with a cooling rate of 4 °C/min. It is shown that the solidified surface shows a ‘bumpy’ morphology, which is presented in Figure 6a; however, there is no clear segregation of the chemical elements, with all the elemental maps presented in Figure 6b–i showing an almost homogeneous distribution. In order to examine the detailed microstructure and chemical composition evolution, a line scan analysis of the main elements in the steel with the same cooling condition has been presented in Figure 7. To see these trends more clearly, the atomic % of each main element was used in this line scan. It is indicated that there is a main variation in the presence of Fe, Cr, and O at each specific location on the solidified surface, and the variation trend of Fe and Cr always corresponded with each other at the same location. This fact can lead to a basic understanding in that the ‘bumpy’ surface morphology formed is either due to the chemical element variation or precipitate and inclusion (i.e., oxide and nitride) formation in the bulk under the surface. Detailed considerations can be investigated further in future work.



In order to view the detailed composition of all the elements presented as a mass %, the chemical content of positions A, B, and C in Figure 7a has been presented in Table 3. It is seen that the variation is rather small, since there is almost a single δ-ferrite phase observed after the solidification under a slow cooling rate. This finding is consistent with the above line scan and chemical mapping analysis.



In addition, many fine particles with a concave morphology on the solidified surface with a cooling rate of 4 °C/min were observed; the SEM-EDS line scan analysis result is shown in Figure 8. It is clearly seen that the particles are Al2O3; this is due to the re-oxidation reaction between the trace of Al in the matrix and the newly absorbed O on the sample surface. According to the HT-CLSM observation, it is not the non-metallic inclusion that formed in the liquid, and rather the formation could have been due to either surface re-oxidation or the undertaking of O to the sample surface.




3.2.2. Features on the Surface of the Specimen with a Fast Cooling Rate


The typical morphology of the steel surface after solidification with 150 °C/min has been presented in Figure 9. It is clearly seen that the dendrite microstructure can be observed. This microstructure was believed to be formed due to the fast cooling rate, and was not observed in the case with a slow cooling rate of 4 °C/min. In order to obtain the chemical composition of each location, SEM-EDS point analysis as well as a line scan was performed; the line scan result can be seen in Figure 10. It is seen that the variation of the γ-stabilized elements (e.g., Ni and N) and δ-stabilized elements (e.g., Cr) correspond with each other and were able to be distinguished between the austenite and ferrite phases. Figure 10c–j shows the chemical maps of different elements (i.e., Fe, Cr, Ni, Mo, Mn, N, Nb, and V). The concentration of the different elements in these maps was not so obvious, which can indicate that the difference in these elements at each location was not so large after solidification. Detailed EDS data of each point was summarized in Table 4; points B and C hold a relatively higher range of Cr and a lower range of Ni, which can indicative of the δ-ferrite phase. Alternatively, points A and D hold the higher Ni and lower Cr, which can be recognized as the γ austenite phase. Of note, in the solidified microstructure, the fraction of γ austenite was not really high, which has been confirmed by a separate work using electron backscatter diffraction (EBSD) [25]. This fact was deemed to be due to the loss in nitrogen during solidification, as well as lacking a post-heat treatment for austenite growth. Potential solution using a mixed Ar–N2 gas instead of pure Ar and adding the isothermal ageing process at approximately 1000–1150 °C will favor the balance of the fractions of austenite and ferrite.





3.3. Comments on the Microstructure Evolution after Solidification


The nitrogen (N) content in the DSSs is one of the important elements used to determine the austenite formation temperature and fraction. Normally, the nitrogen was forced to be added into the DSSs in the liquid by e.g. pressure metallurgy. However, during the solidification process, and in the δ-ferrite phase, the solubility of N is much lower compared to the original amount, meaning the nitrogen will lose during in situ observations using Ar gas. In order to confirm this, the original DSS33207 alloy as well as the specimens after solidification with different rates are shown in Table 5; the data was measured by LECO analysis. It is seen that the N content after solidification was much lower than the original one (0.47%), which led to an unbalanced fraction between δ-ferrite and austenite. In fact, the loss of nitrogen during the melting and solidification of the DSSs is the actual limitation of the in situ observations of DSSs, and this process is inevitable. However, the obtained results are still quite useful and meaningful, since this simulates the actual case of DSS an as-cast ingot and heat-affected zone (HAZ) of welding, which also have a very low N content.



Thermodynamic calculations using Thermo-Calc 2023b with the TCFE12 database were used to calculate the phase diagram as well as the driving force of austenite in the DSS33207 with the increase in N content. The results are presented in Figure 11 and Figure 12. In Figure 11, the stable phase region of austenite was much larger when N was relatively higher since N stabilizes the FCC phase. Furthermore, the normalized driving force of austenite also significantly increased the increasing N content, which can be seen in two typical temperatures of 1000 and 1200 °C, respectively, as shown in Figure 12. It is worth mentioning that the driving force value at 1000 °C is always higher than that at 1200 °C since lower temperatures always facilitate austenite formation.



Based on these calculations, it is known that the loss of N in the DSS3207 will lead to a decrease in the austenite fraction in the matrix. A typical microstructure of the as-received and solidified (fast cooling with a 150 °C/min) DSS33207 is displayed Figure 13. In Figure 13a, austenite (points A and B) presents the bright phase while ferrite (points C and D) presents as the dark matrix; the detailed composition of each phase is shown in Table 6. Chemical compositions of N and C are calculated by Thermo-Calc, and the rest was measured using an EDS. It is shown how N and Ni are obviously higher in the austenite phase than that in the ferrite phase, making it easy to identify the FCC structure. Also, a balanced mixture of each phase is shown in Figure 13a. In the solidified microstructure, it is almost the single ferrite phase since the polygonal morphology grain size can be seen, and the austenite can still be recognized due to the contrast difference. According to the unpublished work by the authors, the fraction of austenite in the vertical section of the DSS sample after solidification was around 5%, measured by EBSD. Points E and G represent the ferrite and austenite in the solidified sample. The composition of each phase was almost the same as the one in the as-received sample. Point F seems to be a mixture of both phases since the morphology of the newly formed austenite after solidification seems to resemble a tiny island morphology [25].



The obtained finding regarding the unbalanced microstructure is the normal case when using Ar as the protection gas during solidification. One potential solution to fix this is adding external thermal aging at the austenite temperature to trigger the second austenite formation [2]. Another solution is mixing N2 with Ar to use in the HT-CLSM observation, which will supply the N loss; however, a reverse problem leading to N2 being undertaken may occur. It has been reported that when using N2 as the protection gas, the DSS changes to become an almost single FCC phase steel [32]. In this case, the ratio of mixing N2 with Ar needs to be optimized in future work.





4. Conclusions


In this study, the effects of the cooling rate on the solidification microstructure of the hyper duplex stainless steel S33207 was assessed using a HT-CLSM. The solidification process of S33207 steel and the formation and growth characteristics of the δ-ferrite phase were clarified. The main conclusions are as follows: a higher cooling rate leads to a greater undercooling and lower solidification temperatures of ferrite. As the temperature decreased, the liquid phase first solidified into δ-ferrite, and after solidification is complete, the δ-ferrite would remain for a while and then partially transform into austenite. The area fraction of δ-ferrite during solidification of S33207 steels at a cooling rate of 4 °C/min can be expressed as    f  δ , slow   = 1 − exp ( − 7.4 ×   10   − 8   ×  t  3.4   )  , while a cooling rate of 150 °C/min can be expressed as    f  δ , fast   = 1 − exp ( − 1.2 ×   10   − 3   ×  t  1.9   )  , respectively. A slow cooling rate favored the growth of δ-ferrite, whereas a high cooling rate favored the nucleation of δ-ferrite. These findings could provide guidelines for the solidification control of advanced hyper duplex stainless steel production. In addition, the microstructure evolution after solidification was briefly mentioned, and suggestions to increase the fraction of austenite have been provided.
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Figure 1. (a) Scheil solidification and (b) equilibrium calculations of the phase formations under different temperatures in the S33207 steel. 
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Figure 2. DTA results of the DSS33207 with the solidification rate of (a) 4 °C/min and (b) 150 °C/min, respectively. 
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Figure 3. Growth process and characteristics of the δ-ferrite phase at a cooling rate of 4 °C/min at different temperatures of (a) 1481.8 °C, (b) 1479.5 °C, (c) 1478.5 °C, (d) 1477.9 °C, (e) 1477.3 °C, and (f) 1475.5 °. 
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Figure 4. Growth process and characteristics of the δ phase at a cooling rate of 150 °C/min at different temperatures of (a) 1484.4 °C, (b) 1461.9 °C, (c) 1445.6 °C, (d) 1427.6 °C, (e) 1319.1 °C, and (f) 1052.3 °C. 
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Figure 5. Relationships between the area fraction of δ-ferrite with the time (a) and temperature (b), relationships between the average and maximum diameters of δ-ferrite with time (c), and relationships between the number density of nucleation sites with time (d). The experimental data of the slow cooling condition in (a) to (c) were taken and adapted from Ref. [25]. 
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Figure 6. Typical morphology and chemical element maps of the S33207 steel after solidification with a cooling rate of 4 °C/min, (a) SEM images, and (b–i) chemical maps of the Fe, Cr, Ni, Mo, Mn, Al, O, N, and S elements, respectively. 
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Figure 7. SEM image and line scan of the S33207 steel after solidification with a cooling rate of 4 °C/min, (a) morphology image, and (b) line scan of the Fe, Cr, Ni, Mo, Mn, Al, O, and N elements, respectively, A, B and C represent different selected locations for point analysis. 
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Figure 8. SEM image and the line scan of local particles on the S33207 steel surface with a cooling rate of 4 °C/min. (a) Morphology image. (b) Line scan of the Fe, Cr, Ni, Mo, Mn, Al, O, and N elements, respectively. Yellow and green arrows represent line scan area and direction. 
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Figure 9. Typical morphology of S33207 after solidification with a cooling rate of 150 °C/min, with (b) displaying a magnification of a local place in (a). 
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Figure 10. Typical morphology and chemical analysis of S33207 steel after solidification with a cooling rate of 150 °C/min. (a) SEM images. (b) Line scan result. (c–j) Chemical maps of the Fe, Cr, Ni, Mo, Mn, N, Nb, and V elements, respectively. The green arrow represents the line scan area and direction. 
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Figure 11. Phase diagram of DSS3207 with different N contents. 
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Figure 12. Driving force of austenite formation from the ferrite matrix at (a) 1000 °C and (b) 1200 °C, respectively. 
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Figure 13. SEM images of the cross-section of the (a) as-received and (b) solidified DSS33207. Points A to G represent the different locations which are checked by point analysis. 
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Table 1. Chemical compositions of the S33207 steel samples (mass percent, %).
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	Steel
	C
	Si
	Mn
	S
	Cr
	Ni
	Mo
	Cu
	N
	Ti
	Nb
	Al
	V
	O
	Fe





	S33207
	0.015
	0.250
	0.700
	0.001
	31.200
	7.000
	3.460
	0.200
	0.470
	0.010
	0.010
	0.010
	0.070
	0.004
	Bal.
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Table 2. Phase transition temperatures during the heating and cooling processes.
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Specimen

	
Heating

	
Cooling




	
Tsol. (°C)

	
Tliq. (°C)

	
Ton.Soli. (°C)

	
TPeak.Soli. (°C)






	
Slow cooling

	
1445

	
1484

	
1469

	
1466




	
Fast cooling

	
1442

	
1484

	
1452

	
1402
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Table 3. Chemical compositions of the different locations of the S33207 samples with a 4 °C/min cooling rate.
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Point in Figure 7a

	
Chemical Elements (mass %)




	
O *

	
Al

	
Si

	
Cr

	
Ni

	
Mo

	
Fe






	
A

	
1.40

	
0.20

	
0.22

	
29.30

	
7.03

	
2.94

	
Bal.




	
B

	
1.65

	
0.04

	
0.54

	
30.85

	
6.02

	
3.08

	
Bal.




	
C

	
1.93

	
0.06

	
0.22

	
29.69

	
6.71

	
2.96

	
Bal.




	
Mean value

	
1.66

	
0.10

	
0.33

	
29.95

	
6.59

	
2.99

	
Bal.




	
Sigma

	
0.26

	
0.09

	
0.19

	
0.81

	
0.52

	
0.08

	
-




	
Sigma mean

	
0.15

	
0.05

	
0.11

	
0.47

	
0.30

	
0.04

	
-








* Light elements of O was measured using an EDS and was conducted as a quantitative analysis to confirm the identification of the phase including oxygen. The composition of the rest light elements e.g. N is not listed here.
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Table 4. Chemical compositions (mass %) of the different locations of the S33207 samples after solidification.
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Point in Figure 10a

	
Chemical Elements (mass %) *




	
Al

	
Si

	
Ti

	
V

	
Cr

	
Mn

	
Fe

	
Ni

	
Nb

	
Mo






	
A

	
0.02

	
0.27

	
0.02

	
0.03

	
32.51

	
0.34

	
Bal.

	
6.43

	
0.10

	
3.22




	
B

	
0.03

	
0.13

	
0.02

	
0.15

	
41.83

	
0.54

	
Bal.

	
5.59

	
0.06

	
3.99




	
C

	
0.07

	
0.24

	
0.01

	
0.02

	
35.55

	
0.46

	
Bal.

	
5.57

	
0.09

	
3.41




	
D

	
0.12

	
0.39

	
0.01

	
0.03

	
30.18

	
0.37

	
Bal.

	
6.93

	
0.16

	
3.00




	
Mean value

	
0.06

	
0.26

	
0.01

	
0.06

	
35.02

	
0.43

	
Bal.

	
6.13

	
0.10

	
3.41




	
Sigma

	
0.05

	
0.11

	
0.01

	
0.06

	
5.05

	
0.09

	
-

	
0.67

	
0.04

	
0.42




	
Sigma mean

	
0.02

	
0.05

	
0

	
0.03

	
2.52

	
0.05

	
-

	
0.33

	
0.02

	
0.21








* Light element of N cannot be detected quantitatively using an EDS, and so was not listed here.
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Table 5. Nitrogen content analysis in the specimens before and after solidification.
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	Condition
	Original
	Solidification with a CR of 4 °C/min
	Solidification with a CR of 150 °C/min





	N mass %
	0.470
	0.012
	0.131
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Table 6. Chemical analysis of austenite and ferrite in the as-received and solidified DSS33207.
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Points

	
Phase

	
Chemical Elements (mass %)




	
N *

	
C *

	
Si

	
Cr

	
Ni

	
Mo

	
Fe






	
A

	
FCC

	
0.831

	
0.023

	
0.28

	
30.49

	
7.93

	
2.54

	
Bal.




	
B

	
FCC

	
0.55

	
30.26

	
8.17

	
2.18

	
Bal.




	
Mean value

	
-

	
0.831

	
0.023

	
0.26

	
30.37

	
8.05

	
2.36

	
Bal.




	
Sigma

	
-

	
-

	
-

	
0.02

	
0.16

	
0.17

	
0.25

	
Bal.




	
Sigma mean

	
-

	
-

	
-

	
0.02

	
0.12

	
0.12

	
0.18

	
Bal.




	
C

	
BCC

	
0.105

	
0.008

	
0.31

	
31.02

	
5.91

	
3.60

	
Bal.




	
D

	
BCC

	
0.29

	
30.59

	
6.02

	
3.25

	
Bal.




	
Mean value

	
-

	
0.105

	
0.008

	
0.30

	
30.80

	
5.96

	
3.42

	
Bal.




	
Sigma

	
-

	
-

	
-

	
0.01

	
0.31

	
0.08

	
0.24

	
Bal.




	
Sigma mean

	
-

	
-

	
-

	
0.01

	
0.22

	
0.06

	
0.17

	
Bal.




	
E

	
BCC

	
0.105

	
0.008

	
0.26

	
31.45

	
6.22

	
2.66

	
Bal.




	
F

	
Mixed

	
-

	
-

	
0.32

	
30.30

	
7.05

	
3.34

	
Bal.




	
G

	
FCC

	
0.831

	
0.023

	
0.25

	
30.06

	
8.20

	
2.90

	
Bal.




	
Mean value

	
-

	
-

	
-

	
0.27

	
30.06

	
7.16

	
2.97

	
Bal.




	
Sigma

	
-

	
-

	
-

	
0.04

	
0.74

	
0.99

	
0.35

	
Bal.




	
Sigma mean

	
-

	
-

	
-

	
0.02

	
0.43

	
0.57

	
0.20

	
Bal.








* Content calculated by Thermo-Calc.
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