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Abstract

:

A systematic study was conducted on the influence of silicon on the microstructure, stress distribution, and martensitic nucleation and transformation of 301 metastable austenitic stainless steel during cold-rolling deformation. When the deformation amount of conventional 301 stainless steel is ≤20%, the amount of martensite transformation is very small. When the deformation amount is ≥30%, the amount of martensite transformation significantly increases. The introduction of Si significantly improves the amount of martensite transformation and the uniformity of deformation. 301Si-H has a significantly higher amount of martensite in the same deformation microstructure than conventional 301Si-L with a lower silicon content. Increasing the Si content decreases the stacking fault energy of 301 stainless steel. During deformation, Si tends to cluster at the grain boundaries, reducing stacking fault width and increasing dislocation density, creating sites for shear martensite nucleation at the grain boundaries. Simultaneously, significant deformation encourages the formation of deformation twins and facilitates martensite nucleation.
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1. Introduction


With the vigorous development of microfabrication and microelectronic technology, the demand for micro-sized metal foils and their forming processes is increasing [1,2]. This material exhibits unique “size effects” due to its ultra-fine grain structure at the sub-micrometer level formed through severe deformation, resulting in excellent strength and hardness [3,4]. Austenitic stainless steel (ASS) possesses excellent corrosion resistance and good formability, but faces limitations in applications due to its relatively low yield strength [4,5,6]. Particularly, high strength and high ductility austenitic stainless steel with nano/submicron grain structure has been synthesized through thermo-mechanical process consisting of severe cold-rolling and annealing [7,8,9]. Currently, efforts are being made to implement a multi-stage controlled rolling to 301 (1Cr17Ni7) metastable ASS for preparing the thin rolled sheets as much as possible while ensuring strength and quality [10,11,12]. The 301 ASS undergoes severe deformation, resulting in the formation of deformed martensite. The martensite phase is unstable at high temperatures and can revert to fine-grained austenite through annealing at elevated temperatures, thereby strengthening the stainless steel [13,14,15]. However, some challenges such as uneven distribution of martensite, inconsistencies in deformation, and refinement across different regions, as well as high stress concentration, still exist in the fabrication process.



The reverse transformation from martensite to austenite and the subsequent refinement and recrystallization of austenite plays a significant role in improving the microstructure [16,17]. The reverse transformation occurs after annealing, reducing the hard and brittle martensite content [18,19], decreasing dislocation density and internal stress [20,21], while also generating more low-energy grain boundaries from the recrystallization process [22,23,24]. The content and distribution of martensite formed before the reverse transformation of austenite directly impacts the degree of subsequent grain refinement. Studies have shown that deformation-induced martensitic transformation [25,26] and twinning [27] of metastable austenite are expected to enhance plasticity during deformation, known as transformation-induced plasticity (TRIP) and twinning-induced plasticity (TWIP) effects. Therefore, controlling the transformation from austenite to martensite during plastic deformation are crucial for refining the grains of austenitic stainless steel used in precision strip steel [28,29].



The influence of alloying elements on the austenitic transformation behavior during cold-deformation has been widely studied. For instance, the severity of martensite formation (ε and α′) increased with increasing C content, and α′ martensite was formed mainly in austenitic stainless steel lacking Mo, whereas a high Mo content led to a strong ε martensite structure, i.e., a weak α′ martensite [30]. An increase in N content is beneficial for the formation of martensite during the cold-rolling process of metastable austenitic stainless steel [31]. The presence of silicon (Si) in austenitic stainless steels has been found to play a crucial role in the deformation process. Studies have shown that silicon can promote martensite nucleation and transformation, leading to more uniform deformation in Fe-Mn TWIP steel [32]. Additionally, an increase of silicon content has been associated with changes in the post-deformation microstructure, particularly due to its effect on the stacking fault energy (SFE) of Cr-Ni austenitic stainless steels [33]. Although silicon contributes to enhancing strain hardening rates in martensitic steels [34], its precise influence on martensite nucleation and transformation processes and deformation behavior requires further clarification.



This paper focuses on the microstructure evolution of 301 stainless steel with two different silicon contents after cold-rolling deformations. Two types of 301 samples with the addition of 0.58 and 1.41 wt.% Si, namely 301Si-L (low Si) and 301Si-H (high Si), were prepared. The microstructure and deformation mechanisms of two 301 stainless steel with 10%, 20%, 30%, and 40% cold-rolling were explored, respectively. The deformation induced martensitic formation and transformation in different Si-containing 301 samples was further investigated, and the effect of Si on the formation and distribution of martensite in the cold-deformed samples was emphatically researched.




2. Experimental Section


The experimental material used in this study is AISI 301 metastable austenitic stainless steel manufactured by Taiyuan Iron and Steel Group Co., Ltd. (Taiyuan, China). The chemical composition is detailed in Table 1. Two types of samples are examined in this research, namely 301Si-L (low Si) and 301Si-H (high Si). Initially, 301 austenitic stainless steel, 1.2 mm in thickness, undergoes heat treatment in a furnace. The temperature is raised to 1100 °C for a one-hour solid solution treatment to achieve uniformly sized austenite grains. The sheet is then rapidly cooled to ambient temperature and pickled. Subsequent steps include nailing and transitioning to the double-roll rolling mill. According to the Nohara’s research on the martensite transition temperature of Md30 from austenite to martensite [35,36], the Md30 temperatures of 301Si-L and 301Si-H studied are 21.36 °C and 13.08 °C, respectively. Therefore, it is crucial to maintain a temperature below ambient throughout the rolling process to ensure the progress of deformation induced martensitic transformation.


Md30 = 413 − 462(C + N) − 9.2Si − 8.2Mn − 13.7Cr − 9.5Ni − 18.5Mo











Furthermore, precise control of the reduction rate during rolling is essential to produce sheets with 10%, 20%, 30%, 40%, and 70% cold deformation. The cold-rolled sheets are then cut into specimens measuring 10 × 10 mm and 160 × 30 mm using wire cutting, followed by polishing for analysis. The microstructure of samples is examined utilizing the EVO18 scanning electron microscope (SEM) (from JEOL in Tokyo, Japan), and the X-ray diffraction (XRD) (from X’Pert PRO in Almelo, The Netherlands) measurements were performed using Co-Kα radiation at 35 kV and 50 mA. In order to understand more details about the influence of deformation on stress distribution and phase distribution, the mechanically polished samples were electropolished in an ethanol solution containing 10% perchloric acid at 20 v, and then electron backscatter diffraction (EBSD) (from OXFORD NordlysMax3, UK) testing was performed on the surface of these samples; the step size of EBSD was 0.4 μm. The martensite was also identified by using a transmission electron microscope (TEM, JEM-2010, Japan) accurately. The TEM samples were ground to a thickness of less than 0.1 mm, mechanically polished with a 0.5 µm diamond polishing agent, and then electropolished in a perchloric acid solution at −40 °C. Afterwards, the HRTEM samples were thinned using an ion beam to achieve a final thickness of 20 µm.




3. Results and Discussion


Figure 1 presents scanning electron microscope (SEM) images of 301Si-L and 301Si-H samples following various cold-rolling deformations. The microstructure of both samples after solid solution treatment is mainly composed of coarse austenite grains with clear and straight grain boundaries. The microstructure of both samples before deformation is similar. At a 10% deformation level (Figure 1c), the 301Si-L sample surface shows a few shear bands and other deformation structures with a specific orientation, forming a band-like intersecting pattern. Areas without shear bands exhibit minimal to no deformation, resulting in a smooth surface with a flake-like distribution. Upon reaching a 20% strain (Figure 1e), shear bands in 301Si-L are primarily distributed along two diagonal directions. With further deformation to 30%, more pronounced deformation occurs within the austenite grains, leading to a region filled with slip bands (Figure 1g). After 40% cold deformation (Figure 1i), visible slight deformation areas remain within the structure, but large shear bands of deformation dominate. In comparison, Figure 1d displays the microstructural characteristics of the 301Si-H specimen subjected to 10% deformation, showing a higher occurrence of shear bands compared to 301Si-L at the same deformation level. As the deformation level increases to 20% (Figure 1f), shear bands become more pronounced and neatly aligned along diagonals. For the 30% deformation scenario, dense concentrations of shear bands surround grain boundaries in the high-silicon sample (Figure 1h). The 40% deformed 301Si-H structure reveals fine and dense deformation structures (Figure 1j). Overall, as the level of deformation rises, the deformed microstructure also improves accordingly. Nonetheless, it is evident that samples with higher silicon content display a greater concentration of deformation structures such as shear bands.



Figure 2 illustrates the phase distribution diagram of the microstructure post various levels of deformation (10%, 20%, 30%, and 40%) with varying Si contents in 301 stainless steel. Different colors of grains signify distinct orientations of austenite and martensite within the microstructure. Table 2 provides detailed content values of martensite and austenite for both materials under varying deformation levels. According to the test results in Figure 2 in EBSD, Table 2 further provides content values of martensite and austenite for both kinds of materials at different deformation levels (the length and width of the selected areas are 200 μm and 150 μm, respectively, and the regional images are universal). Upon 10% deformation of 301Si-L (as shown in Figure 2a), the microstructure consists of 86.9% austenite and 13.1% martensite, with martensite predominantly forming near grain boundaries in a sporadic manner. Subsequent cold-rolling deformation of 20% (Figure 2c) results in martensite formation not only near grain boundaries, but also within grains, with relatively small grain-sized martensite exhibiting a certain formation orientation. Upon 30% deformation, a significant increase in austenite and martensite content is observed compared to lower deformation levels, with martensite distribution becoming less distinguishable (Figure 2e). Upon 40% deformation, there is a further increase in martensite quantity with a more uniform distribution (Figure 2g). The distribution of martensite in high silicon 301 stainless steel following deformation is depicted in Figure 2b,d,f,h, showing a gradual increase in martensite content with deformation, aligning with the trend observed in low-silicon 301 steel. However, the martensite content in the austenite matrix of 301Si-H steel significantly surpasses that of 301Si-L steel under similar deformation conditions, showing that Si greatly enhances martensite formation under low deformation conditions. The BC (Band Contrast) diagram is labeled with number 1 following the corresponding letter on the phase distribution diagram. In the 301Si-L sample, numerous shear bands accumulate near high-strain grain boundaries; conversely, shear bands are rarely formed within grains with lower strains. In comparison to the 301Si-L specimens, the 301Si-H specimens exhibit a higher concentration of shear bands near grain boundaries and a notable presence of shear bands within the grains, leading to a more uniform and widespread distribution of shear bands in the microstructure. Shear bands play a crucial role as primary sites for martensite nucleation, and the variations in their quantity and positioning in different sample microstructures have a direct impact on the number and location of martensite nucleation [37].



The residual stress magnitude can be qualitatively examined through a stress distribution diagram. Figure 3 illustrates the local average misorientation (LAM) of 301Si-L and 301Si-H under varying deformations. Different colors denote varying stress distribution values: blue signifies a small LAM value, indicating nearly zero residual stress; green and yellow represent high LAM values and relatively elevated residual stresses; while red indicates a very high LAM value, reflecting very high residual stress. This Figure demonstrates that both materials intensify residual stress as deformation increases. Initially, due to non-uniform cold deformation, residual stresses in the microstructure aggregate at certain grain boundaries. As deformation progresses, grain deformation becomes more uniform, and residual stress gradually shifts from some grain boundaries to other grains, leading to a more uniform distribution of residual stress. However, when comparing stress distribution maps of the two types of Si content stainless steel, it is evident that the residual stress of high 301Si-H is significantly lower than that of 301Si-L during extensive deformation, accompanied by a more uniform degree of deformation.



Figure 4a illustrates the distribution of small-angle grain boundaries and high-angle grain boundaries in low silicon 301 austenitic stainless steel at various levels of deformation. Here, LABs denote small-angle grain boundaries with an orientation deviation between adjacent grains of 2–15°; HABs represent high-angle grain boundaries with an orientation discrepancy exceeding 15°; CSL refers to special grain boundaries that are lattice grain boundaries with unique low ∑ coincidence site lattice positions differing from typical large-angle grain boundaries. A considerable increase in small-angle grain boundaries was observed in 301Si-L austenitic stainless steel when deformation surpasses 20%, with a contrasting trend observed for special grain boundaries. Conversely, high-angle grain boundaries remain minimal regardless of deformation extent, with a decreasing pattern noted. In the initial stages of cold deformation, the rotation of the crystal activates multiple slip systems. Lower stacking fault energy can lead to earlier occurrence of dislocation slip. As deformation variables increase, a significant number of dislocations are generated within the structure, making dislocation movement increasingly challenging. The dense stacking of dislocations can result in high stress concentration. Moreover, twinning plays a role during deformation. When stress surpasses the minimum threshold for twinning initiation, twinning can take place within the structure, altering the crystal orientation and easing slip, thereby reducing deformation resistance. Furthermore, as deformation progresses, the prevalence of small-angle grain boundaries rises, special grain boundaries decline, while large angle grain boundaries remain relatively constant.



Figure 4b illustrates the changes in LABs, HABs, and CSL grain boundaries in 301Si-H austenitic stainless steel across a deformation range of 10–40% as the strain increases. The presence of silicon promotes the early development of low-angle grain boundaries during deformation. Moreover, the occurrence of deformation twins significantly rises in the microstructure of high silicon 301 steel, resulting in increased martensite formation throughout the grains under 30% deformation, with martensite being widely distributed. Concerning martensite formation, a lower amount of martensite forms near twinning structures, indicating a direct correlation between martensite formation and the orientation of these twinning crystals during deformation.



Many studies have documented a trend in decreasing stacking fault energy with the addition of silicon to austenitic stainless steel [38,39,40]. Based on the current formula for calculating stacking fault energy [41], the stacking fault energy of the alloy at room temperature is approximately given as follows:


       γ   S F   300   (   m J m   − 2   ) =       γ   S F   0   + 1.59 N i − 1.34 M n + 0.06   M n   2   − 1.75 C r + 0.01   C r   2   + 15.21 M o − 5.59 S i        − 60.69   ( C + 1.2 N )     1  /  2     + 26.27 ( C + 1.2 N ) ×   ( C r + M n + M o )     1  /  2     + 0.61     N i   C r + M n         1  /  2         











This implies that increasing the silicon content will decrease the stacking fault energy of the alloy when the content of other elements remains approximately constant. Stacking fault energy is a crucial parameter influencing the formation of martensite [42]. It affects the frequency of mechanical twins’ intersection, which serve as nucleation sites for martensite [43]. Furthermore, as Venables reported [44], the stress needed for twinning deformation is proportionally related to the stacking fault energy. Therefore, 301Si-H, with a lower stacking fault energy, easily formed mechanical twins compared to 304Si-L, resulting in a larger amount of martensite in 301Si-H. It can be seen from Figure 4b that the higher deformation may promote the occurrence of deformation twins. Therefore, the ~26.8% increase in the martensite content after 40% cold-rolling in the 301Si-H specimen as opposed to the 30% cold-rolled 301Si-H specimen (Table 2), indicating that the increases in deformation twins is beneficial for the nucleation of martensite.



Figure 5 further examined the influence of silicon on martensitic nucleation in low and high silicon specimens using TEM. In the case of the samples at deformation amount of 10% (Figure 5a,c), 301Si-L experiences localized deformation, where defects like dislocations gather in regions with high deformation, whereas 301Si-H undergoes more uniform deformation, with multiple areas experiencing deformation and being dispersed with defects like dislocations. Figure 5b,d display TEM images of 40% deformed specimens. 301Si-L exhibits uneven deformation, where defects like dislocations cluster in high-deformation-rate zones. In contrast, 301Si-H shows uniform deformation across all microstructures, accompanied by the presence of defects such as dislocations and slip bands. Figure 5e illustrates the magnified TEM image of 40%-deformed 304Si-H specimens, where prominent slip bands are clearly visible running parallel to the rolling direction. Figure 5f depicts an electron diffraction pattern observed at a dark location with dislocation and slip bands pile-up circled with a red dashed line in Figure 5e. The pattern reveals parallel features, validating the electron diffraction pattern as a type of martensite structure [35,45], and the transformation to a deformation martensitic phase takes place at the dislocation pile-up site. Further, the dark martensite that was marked with a red arrow in all of the TEM images predominantly emerges near grain boundaries in 301Si-L specimens. On the other hand, martensite emerges both at grain boundaries and within grains in 301Si-H specimens. These findings reaffirm that improving silicon content enhances the count of martensitic nucleation points and facilitates the creation of a more uniform martensitic structure.



Figure 6 displays TEM images of grain boundaries and their surroundings in the 40% cold-deformed 301Si-L sample, along with EDS data. Table 3 presents the content of element at grain and near grain boundaries. An increase in Si content at and near the grain boundaries compared to the sample’s average Si content, with even higher Si content specifically at the grain boundaries. Austenitic stainless steel exhibits low stacking fault energy. This leads to a stacking fault between two incomplete dislocations. The presence of enriched silicon at the grain boundary reduces the width of the stacking fault. This reduction is advantageous, as it promotes the formation of dislocations and enhances the dislocation density at the grain boundary. Such conditions are beneficial for the nucleation of shear deformation in martensite during the deformation process [46,47,48].



Figure 7 compares the X-ray diffraction patterns of the 301Si-L and 301Si-H after various deformations. The X-ray diffraction pattern of the CR specimen confirmed that cold-rolling led to the transformation of austenite to martensite. In XRD spectra, peaks of (111)γ, (200)γ, and (220)γ represent the austenite phase, while peaks of (110)α′ and (200)α′ indicate the martensite phase. After 10% cold rolling, 301Si-L still retains a strong (111)γ peak, indicating less martensite present in the microstructure. However, after 40% deformation, martensitic phase (110)α′ significantly increases, suggesting deformation promotes the austenite to martensite transformation. In contrast, 301Si-H shows almost no (111)γ peak after 40% cold rolling, with martensitic phase (110)α′ exhibiting significant enhancement, indicating the almost complete transformation from austenite to martensite. XRD analysis results are consistent with the microstructure characterization through EBSD, showing a similar austenite to martensite ratio. Even low-silicon 301Si-L samples exhibit noticeable (110)α′ peak after 70% deformation, with (111)γ nearly disappearing. Therefore, the higher silicon content in 301Si-H achieves almost complete austenite to martensite transformation after 40% deformation, while low-silicon 301Si-L requires 70% cold deformation to achieve full transformation of the austenite, indicating that the addition of silicon can help reduce the deformation amount to achieve austenite transformation.



Figure 8 illustrates the schematic diagram of martensite formation in stainless steel with increasing deformation at various Si contents. Silicon (Si), by reducing the stacking fault energy of austenite, enhances the formation of martensite within the austenitic structure. As the cold-rolling process of 301 metastable austenitic stainless steel progresses at a higher deformation rate, the number and density of slip bands in the deformed structure increase. Due to silicon’s tendency to accumulate near the grain boundaries, there is a more prominent nucleation of martensitic grains from the grain boundary and in the vicinity of the triple grain boundary in 301Si-H compared to 301Si-L during deformation. These grains then propagate either across the entire grain towards the opposite boundary or intersect with existing martensitic grains to impede their growth. This process accelerates the accumulation of martensite content during cold deformation, thereby aiding in the formation of refined reverted austenite in the subsequent martensite–austenite reverse transformation phase. As the strain applied to the specimen increases, martensite not only forms at grain boundaries, but also between shear bands and further extends into austenite grains. Particularly, the increase in deformation twins at a larger deformation is beneficial for the nucleation of martensite. Therefore, compared with low Si samples, the distribution of the martensite phase in high Si samples is more uniform.




4. Conclusions


This study examines the impact of silicon content on the microstructure, martensitic transformation, and stress distribution of 301 stainless steel. The deformation amount significantly influences grain size and martensitic transformation of 301 metastable austenitic stainless steel. A low deformation amount (less than 20%) results in minimal martensite transformation. Conversely, there is a substantial increase in martensite transformation at deformation amounts exceeding 30%. Additionally, higher deformation amounts correlate with increased martensite transformation. The addition of silicon in 301Si steel results in significantly more martensite by decreasing its stacking fault energy. EBSD characterization reveals that martensite initially nucleates at grain boundaries and then grows into grains, with the grain size of the resulting martensite being determined by the original austenite grain size. Silicon promotes martensite formation due to the increase in the dislocation density at the grain boundary caused by Si enrichment. In particular, the increase in Si content promotes the formation of coarse deformation twins during large deformation, and aids in martensite nucleation.
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Figure 1. SEM image of 301Si-L (a,c,e,g,i) and 301Si-H (b,d,f,h,j) samples after different levels of cold-rolling deformations: (a,b) without cold rolling, (c,d) 10%, (e,f) 20%, (g,h) 30%, and (i,j) 40%. 
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Figure 2. The phase distribution diagrams of 301Si-L (a,c,e,g) and 301Si-H (b,d,f,h) samples under different deformations: (a,b) 10%, (c,d) 20%, (e,f) 30%, and (g,h) 40%. And the BC (Band Contrast) diagram corresponding to the phase distribution diagram is marked with the number 1 after the corresponding letter. 
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Figure 3. Local average misorientation (LAM) map of 301Si-L (a,c,e,g) and 301Si-H (b,d,f,h) samples after different levels of cold-rolling deformations: (a,b) 10%, (c,d) 20%, (e,f) 30%, and (g,h) 40%. 
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Figure 4. Proportion of different types of grain boundaries in the microstructure of the sample: (a) 301Si-L; (b) 301Si-H. 
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Figure 5. TEM microstructure of 301Si-L (a,b) and 301Si-H (c–e) under different deformations: (a,c) 10%; (b,d,e) 40%; (f) electron diffraction pattern observed at a dark location circled with a red dashed line in Figure 5