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Abstract

:

The demand for Li-ion batteries has increased because of their extensive use in vehicles and portable electronic devices. This increasing demand implies greater interaction between batteries and humans, making safety a paramount concern. Although traditional batteries are fabricated using Al, recent efforts to enhance safety have led to the adoption of AISI304. The strength and corrosion resistance of AISI304 are greater than those of Al; however, issues such as stress-induced phase transformation and low high-temperature strength have been observed during processing. Duplex stainless steel SAF2507, which is characterized by a dual-phase structure consisting of austenite and ferrite, exhibits excellent strength and corrosion resistance. Although SAF2507 demonstrated outstanding high-temperature strength up to 700 °C, it precipitated a secondary phase. The precipitation of this secondary phase, believed to be caused by the precipitation of the carbides of Cr and Mo, has been extensively studied. Research on the precipitation of the secondary phase near 1000 °C has been conducted owing to the annealing temperature (1100 °C) of the SAF2507 solution. The secondary phase precipitates at approximately 1000 °C because of slow cooling rates. However, few studies have been conducted on the precipitation of the secondary phase at approximately 700 °C. This study analyzed the precipitation behavior of the secondary phase at 700 °C when SAF2507 was applied and assessed its safety during heat generation in Li-ion batteries. The precipitation behavior was analyzed using field emission scanning electron microscopy for morphology, energy-dispersive X-ray spectroscopy for composition, and X-ray diffraction for phase identification.
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1. Introduction


Increasing demand for electric vehicles and portable electronic devices has resulted in increasing demand for Li-ion batteries. Because Li-ion batteries generate heat during usage, with temperatures reaching up to 700 °C [1,2,3], numerous studies have been conducted to ensure safety. Previous studies have focused on suppressing heat generation to control this exothermic reaction. Rahman and Lin designed a system to monitor battery temperature for heat control, whereas Klink et al. employed sensor- and model-based thermal runaway modeling techniques [2,4]. Although studies such as those previously mentioned aim to detect and alert users to early heat generation, its delay cannot be prevented once the reaction begins. Therefore, systems for suppressing explosions at high temperatures have been developed to enhance safety. However, fundamental safety issues at high temperatures remain unresolved. Recently, Li-ion battery casing materials have changed from Al to AISI304 (austenite stainless steel) owing to their higher strength and corrosion resistance [5,6,7].



AISI304 is an austenitic stainless steel with excellent strength and corrosion resistance [8,9,10]. However, concerns arise owing to its low strength at high temperatures (170 MPa at 700 °C) and martensitic transformation (from face-centered cubic (FCC) to base-centered tetragonal (BCT)) under stress. Its low strength at high temperatures is attributed to the high alloy content and unstable phase transformations at high temperatures. Martensitic transformation occurs when stressed, unstable austenite cooled after solution treatment undergoes hardening, leading to decreased strength and corrosion resistance. Additionally, the high thermal expansion coefficient of AISI304 (16.6 × 10−6 ppm/°C) accelerates corrosion at high temperatures and reduces strength. Since it was extensively studied in the early 1990s, AISI304 remains widely used because of its widespread recognition as a highly corrosion-resistant and high-strength material.



The selection of materials for battery cases is crucial to achieving excellent strength and corrosion resistance [11,12,13]. Stainless steel exhibits excellent strength and corrosion resistance, although its specific characteristics vary depending on its type. Stainless steels are categorized based on their main phases, including austenitic, ferritic, martensitic, and duplex stainless steels (DSS). Austenitic stainless steels offer superior corrosion resistance but low strength at high temperatures. Ferritic and martensitic stainless steels exhibit high strength and high-temperature strength but low corrosion resistance. In contrast, DSS, composed of both austenite and ferrite phases, demonstrates excellent strength and corrosion resistance. However, because of the precipitation of a secondary phase at high temperatures, further research on this material is necessary before it can be used. DSS can enhance the safety of Li-ion batteries; however, further research is necessary in this regard.



To improve safety, a stainless steel with high corrosion resistance and high-temperature strength, such as DSS, is required [14,15]. Super DSS (SDSS), represented by SAF2507, consists of austenite and ferrite phases and provides high strength and corrosion resistance. SAF2507 falls under the grade 42 classification in the pitting resistance equivalency index and exhibits superior strength, corrosion resistance, high-temperature strength (exceeding 300 MPa at 700 °C), and a low coefficient of thermal expansion (13.5 × 10−6 ppm/°C). These properties enhance the safety of Li-ion battery casings. However, despite extensive studies on marine plant applications, research on the processing and coating of SDSS remains insufficient.



Although SAF2507 exhibits high-temperature strength, concerns arise owing to the precipitation of secondary phases, which result in alloy inhomogeneity and decreased corrosion resistance. Nillson and Tan analyzed the corrosion resistance and phase fraction changes with heat treatment in SAF2507 [14]. Martins analyzed the microstructure of cast SAF2507 [16]. Although the microstructure and corrosion resistance of SAF2507 have been extensively studied, research on the precipitation behavior of secondary phases at approximately 700 °C and its effect on alloy distribution is limited. Therefore, before SAF2507 can be applied to Li-ion battery casings, the precipitation of secondary phases must be understood because it significantly affects the properties of materials near 700 °C.



This study analyzed the influence of the chemical composition after heat treatment and examined the behavior of the secondary phases. SAF2507 was fabricated via casting and subsequently subjected to heat treatment at 1100 °C. The crystallization and precipitation morphology of secondary phases at 700 °C were observed over time; additionally, the growth of secondary phases under Li-ion battery usage conditions was observed using field emission scanning electron microscopy (FE-SEM). Furthermore, the changes in the chemical composition and phases were analyzed using energy-dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD).




2. Materials and Methods


2.1. Materials


SAF2507 (manufactured by POSCO SS, Changwon, Republic of Korea) was used in this study. The chemical composition of cast SAF2507 was analyzed using inductively coupled plasma mass spectrometry (ICP-MS, Thermo Fisher Scientific, Waltham, MA, USA); the results are presented in Table 1. The pitting resistance equivalent number (PRE), which was indicative of corrosion resistance and calculated using Equation (1), was 42 [14]. Stainless steel inherently enhances corrosion resistance owing to the formation of a passivation layer primarily composed of Cr2O3. Cr acts as the major component of the Cr2O3 layer, whereas Mo induces stress in Cr-deficient areas, aiding in the formation of the passive layer. N is an interstitial element that enhances the corrosion resistance of the passive layer at grain boundaries [17,18].


Pitting resistance equivalent number (PRE) = wt.% Cr + 3.3 wt.% Mo + 16 wt.% N



(1)








2.2. Heat Treatment


A schematic of the heat treatment conditions is shown in Figure 1. To observe the crystallization, growth, and characteristics of the secondary phase, the specimens were annealed at 1000 °C for 1 h, then cooled at a rate of 50 °C/s. Castings solidify at high temperatures before being air-cooled; this makes them ideal for observing the crystallization phases [19,20,21]. The microstructure after casting and after heat treatment at 1100 °C was assessed to determine the recrystallization behavior of the phases of austenite and ferrite. Heat treatment was performed at 1100 °C because this temperature equilibrates the fractions of austenite and ferrite and achieves the highest corrosion resistance. After heat treatment, the morphology and state of the secondary phase were examined at 1000 °C. The secondary phase crystallizes and precipitates at temperatures below 1020 °C. The segregation of the chemical composition also occurs because of the increasing volume fraction of austenite (transformation from ferrite), which is known to cause secondary-phase crystallization. A subsequent heat treatment was performed to observe the precipitation behavior of the secondary phase. Specimens were heat-treated at 1300 °C to induce ferritization and observe the growth of austenite and the secondary phase. Subsequently, the specimens were heat-treated for 0–10 h at 700 °C to investigate the phase transformations during the ignition of the cases of Li-ion batteries; cooling was conducted at 50 °C/s.




2.3. Microstructure and Phase


The microstructure was examined using FE-SEM (SUPRA 40VP system, Zeiss, Land Baden-Württemberg, Germany) based on the heat-treatment schematic depicted in Figure 1. The post-cast uneven microstructure was homogenized by annealing at 1000 °C [19,22,23]. Subsequently, the precipitation behavior of the secondary phase was observed. The red line in Figure 1 represents the typical annealing conditions, illustrating the precipitation behavior of the secondary phase after annealing. The blue line represents conditions for investigating the microstructure at the fever temperature of the cases of Li-ion batteries; the temperature of the ferrite fraction increased to 1300 °C. Thereafter, the crystallization behavior of the secondary phase was observed at 700 °C over varying annealing times. The crystallized phases were confirmed using XRD (D8 VENTURE, Stanford, CA, USA), and the phase fractions were analyzed according to ASTM E 1245 [22,24,25]. Volume fraction analysis was conducted at ×200 magnification seven times; the mean was calculated using the median of five values. For the phase and volume fraction analyses, etching was performed using a 10 wt.% NaOH electrolyte solution at 5 V for 30 s.




2.4. Chemical Composition


After casting, the microstructure exhibited irregular austenite formation with crystallization and secondary-phase growth at the austenite boundaries. The chemical composition of heat-treated SAF2507 was analyzed using EDS (SUPRA 40VP system, Zeiss, Land Baden-Württemberg, Germany); the results are presented in Table 2. Austenite and ferrite display differences in their chemical compositions, particularly in those of Cr and Mo [26,27]. Austenite is characterized by high levels of Ni, Mn, and N, which are typical stable FCC elements. Conversely, ferrite exhibited elevated levels of Cr and Mo, which are typical BCC-stabilizing elements. Because N is an interstitial element, its quantification using EDS is challenging. Therefore, N was quantified as follows: the maximum quantity of N that was soluble in ferrite was 0.05 wt.%, with the remainder dissolved in austenite. Despite containing low Cr and Mo contents, austenite maintained excellent passivity because of its high N solubility, whereas ferrite reinforced passivity in the presence of Cr and Mo.


Nr = chemical composition of NTotal wt.% − FerriteVF × 0.05 wt.%



(2)









3. Results


3.1. Heat Treatment


Owing to its high-alloy chemical composition, SAF2507 is adjusted and cast in electric furnaces [28,29]. In this study, SAF2507 castings produced in an electric furnace were used. The casting was performed at temperatures exceeding 2000 °C, resulting in liquid-to-solid phase transformations. Owing to the differences in cooling rates between the interior and exterior of the casting, the molten metal was poured into a mold and rapidly cooled by air or water. Figure 2a,b show the microstructures after casting and after heat treatment at 1100 °C, respectively. The austenite morphology of the cast SAF2507 exhibited an irregular grain morphology and contained less than 1% secondary phase. Following annealing at 1100 °C, the uniformity of the microstructure of SAF2507 increased, and it exhibited an austenite-to-ferrite ratio of 5:5, which was the highest corrosion-resistant condition.



Table 2 lists the chemical composition of SAF2507 after heat treatment at 1100 °C (solution-annealing condition). Following heat treatment, the chemical compositions of the austenite and ferrite phases of SAF2507 were compared. Austenite comprised 7.9 wt.% Ni, 1.1 wt.% Mn, and 0.51 wt.% N [30,31]. In contrast, ferrite consisted of 26.6 wt.% Cr, 4.4 wt.% Mo, and 0.05 wt.% N. These differences in alloy composition result in variations in the stabilizing elements based on the lattice structure of each phase. This balance resulted in both phases approaching PRE 42, which contributes to the mitigation of galvanic corrosion [12,32].




3.2. Crystallization of Secondary Phase


The secondary phase precipitates at the boundaries between austenite and ferrite; the microstructure was examined after heat treatment at 1000 °C. After heat treatment at 1000 °C, the precipitation of the secondary phase at the boundaries of austenite was confirmed (Figure 3). The morphology of the secondary phase is indicated by the black dots in Figure 3a. However, the formation of the base structures of ferrite and austenite on the top was observed at higher magnifications (Figure 3b). The secondary phase grew along the grain boundaries of austenite and was observed in two forms: after etching the highly corrosion-resistant microstructure and after etching the microstructure with a relatively low corrosion resistance. The chemical compositions were verified and are listed in Table 3 [33,34]. The two types of secondary phases exhibited differences in their chemical compositions. The highly corrosion-resistant microstructure had a high Cr and Mo chemical composition, whereas that with low corrosion resistance had a low Cr and Mo chemical composition. According to the literature, the highly corrosion-resistant phase is known as Cr-rich Sigma, whereas that with a low corrosion-resistant phase is known as Cr-deficient Chi.



XRD patterns provide information on the phases based on the patterns of the diffraction angles, allowing for the determination of the presence of secondary phases. XRD analysis identifies secondary phases as Sigma, Chi, and CrN [29,35]. Although Sigma and Chi were easily distinguishable phases, CrN (size of 0.2 μm) precipitated in fine spherical forms, making it less discernible using FE-SEM analyses. CrN was formed owing to the combination of unalloyed N and Cr during the precipitation of the secondary phase, primarily at the boundaries of the secondary phase. The XRD results show the peaks and intensities of the secondary phase (Figure 4). Owing to its irregular morphology, the secondary phase exhibited XRD peaks of low intensity. Secondary phases were observed at 42°, 46°, 47°, and 48°. The peaks at 42° and 46° corresponded to Sigma, 47° to Chi, and 48° to CrN. Therefore, the secondary phase of SAF2507 was divided into three phases with low intensities.




3.3. Secondary Phase at 700 °C


Figure 5 shows the precipitation of the secondary phase after heat treatment at 700 °C for 0–10 h [36,37]. The secondary phase was observed as black dots at low magnification; no precipitation of the secondary phase was observed until 5 h of heat treatment. After 5 h of heat treatment, the secondary phase was observed as black dots (yellow arrows); however, after heat treatment for 10 h, the secondary phase was observed as black lines. As heat-treatment time increased, the volume fraction of the secondary phase increased. Sufficient energy for the phase transformations of austenite, ferrite, and the secondary phase was provided by heat treatment at 700 °C, enabling the crystallization of the secondary phase.



After examining the microstructure of SAF2507 at 700 °C for varying periods of time, the phase fractions were analyzed; the results are presented in Table 4. Prior to the precipitation of the secondary phase at 700 °C, the fractions of austenite and ferrite exhibited minimal changes (less than 0.5%). However, with an increase in the annealing time to 5 and 10 h, the fraction of austenite increased to 27.1% and 31.6%, respectively. Additionally, the ferrite fraction decreased to 60.3%, and the secondary-phase fraction increased to 8.1%. The secondary phase grew along the grain boundaries of austenite.



The precipitation and crystallization behavior of the secondary phase exhibited a common crystallization characteristic at the boundaries of austenite when crystallized at high (1000 °C) and low (700 °C) temperatures. However, there were differences in the growth of the secondary phases. At 1000 °C, the secondary phase crystallized and grew within an hour. In contrast, the secondary phase did not precipitate after 1 h of annealing at 700 °C; however, precipitation was observed after 5 h. Previous studies have suggested that the precipitation of the secondary phase is facilitated by the segregation of Cr and Mo owing to the growth of austenite. However, the precipitation of the secondary phase was observed at 700 °C after annealing, even without the segregation of Cr and Mo.




3.4. Crystallization Behavior of the Secondary Phase


The crystallization of the secondary phase occurred at the grain boundaries between austenite and ferrite. The ease of crystallization was greater in areas with higher austenite volume fractions. The crystallization of the secondary phase and its subsequent growth are shown in Figure 6. Initially, the crystallization of the secondary phase, in which the two austenite regions were in close proximity, was observed. Subsequently, the existing crystals grew along the boundaries of the enlarged austenite and formed new crystallization sites. Crystallization of the secondary phase continued progressively at each site. In addition, the crystallization and growth of the secondary phase were observed even when the volume fraction of austenite was less than 50%.



A crystallized secondary phase at 1000 °C was observed when the volume fraction of austenite was higher than 58%, whereas crystallization of the secondary phase occurred at 700 °C when the volume fraction of austenite exceeded 27%. This difference significantly influenced the crystallization of the secondary phase. Previous studies have shown that the crystallization of the secondary phase started with Sigma and subsequently proceeded to Chi. Because Sigma has a high chemical composition of Cr and Mo, these elements play crucial roles in its crystallization. Therefore, sites conducive to alloy segregation at the grain boundaries of austenite act as sites for Sigma crystallization at 700 °C owing to the ease of major alloy segregation, which facilitates Sigma crystallization.





4. Discussion


To enhance the stability of the case materials of Li-ion batteries, the fever temperature of the battery was increased to 700 °C, and the crystallization behavior of the secondary phase was observed [14,25]. The secondary phase crystallized, precipitated at the austenite boundaries, and grew along the grain boundaries. The crystallization and growth behaviors of the secondary phase are shown in Figure 6. The secondary phase grew along the austenite boundaries. After heat treatment at 700 °C for 10 h, the volume fraction of the secondary phase increased to 8.1%. During this process, the volume fraction of austenite increased by 6%, whereas that of ferrite decreased by 14%. Growth predominantly occurred in the ferrite direction, which had a higher chemical composition of Cr and Mo, contributing to a decrease in the volume fraction of ferrite. Changes in the austenite morphology indicate variations in volume fractions, and the measured volume fractions enable the assessment of phase transformations from ferrite to austenite and the secondary phase.



Even with volume fractions of austenite below 26%, the grain boundaries of austenite that are susceptible to phase transformation tend to segregate the chemical composition, such as Cr and Mo [30,37]. Therefore, the area with increased volume fractions of austenite (the site of phase transformation) facilitated greater precipitation and crystallization of the secondary phase. The sites prone to ferrite transformation exhibited favorable conditions for the crystallization and growth of the secondary phase because of the segregation of major alloying elements such as Cr and Mo.



Although the precipitation and crystallization of the secondary phase from the heat generated by the Li-ion battery reaction using SAF2507 were feasible at 700 °C, it required more than 5 h, and the fraction of the secondary phase remained low. Hence, the application of SAF2507 as a case material for Li-ion batteries can enhance battery stability because of the inhibited crystallization and growth of the secondary phase [1,7,38].



The results of this study were discussed and interpreted from the perspective of previous studies and working hypotheses. We also highlighted prospects for further studies. These findings and their implications should be discussed in the broadest possible context.




5. Conclusions


To apply SAF2507 as a case material for Li-ion batteries and assess its effect on the secondary-phase crystallization at 700 °C, the following findings were summarized:




	
SAF2507 precipitated at 1000 °C. Secondary-phase crystallization was initiated when the transformation of austenite from ferrite occurred at the austenite boundary. Because ferrite possessed a higher Cr content (26.6 wt.%) than austenite (23.3%), the transformation of ferrite to austenite resulted in the transfer of Cr (>3%) to ferrite. This led to the crystallization of the secondary phase owing to the unallocated Cr content. The crystallized secondary phase grew along the austenite boundaries.



	
SAF2507 was heat-treated over time at the operating temperature of Li-ion batteries (700 °C). After 5 h of treatment, secondary-phase crystallization was observed; this reached 8.1% after 10 h of heat treatment. The crystallization of the secondary phase was initiated at the boundaries of austenite owing to the differences in crystallization and the high energy required for phase transformation.



	
SAF2507 exhibited excellent strength and corrosion resistance. The crystallization of the secondary phase occurred after heat treatment for 5 h at 700 °C. As the operating time of a Li-ion battery is less than 5 h, secondary-phase crystallization is unlikely to occur. The safety of using Li-ion batteries at operating times beyond 5 h at 700 °C due to improved performance is expected to be maintained before the crystallization of the secondary phase occurs. Therefore, the use of SAF2507 as the material for Li-ion battery cases has the potential to enhance safety against high-temperature fever and damage.
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Figure 1. Schematic diagram of heat-treatment condition of super-duplex stainless steel SAF2507 (Red line is the precipitation condition on manufacturing process, and blue line is the condition to check the precipitation of secondary phase on work of Li-ion battery case). 
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Figure 2. Microstructure of super-duplex stainless steel SAF2507. (a) Cast. (b) Solution-annealed at 1100 °C (γ: austenite, and δ: ferrite). 
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Figure 3. Microstructure of super-duplex stainless steel SAF2507 after heat treatment at 1000 °C. (a) Magnification ×200. (b) Magnification ×5000 (Yellow allows is secondary phase (Sigma, and chi)). 
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Figure 4. Intensity (Counts) vs Two theta (Degree) curve, X-ray diffraction pattern after heat treatment at 1000 °C of super-duplex stainless steel SAF2507. 
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Figure 5. Microstructure (γ: austenite, and δ: ferrite) with heat treatment time at 700 °C of super duplex stainless steel SAF2507. (a) 0 h (before heat treatment). (b) 1 h. (c) 5 h. (d). 10 h (yellow point is secondary phase). 
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Figure 6. Schematic diagram of crystallization and growth on super-duplex stainless steel SAF2507. (a) Before crystallization. (b) Crystallization of the secondary phase occurs easily when two austenites are in close proximity. (c) Secondary-phase crystalline growth along the boundary of the austenite. (d) Growth of the secondary phase. 
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Table 1. Chemical composition of super-duplex stainless steel SAF2507 by ICP-MS for advanced Li-ion battery case material.
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	Elements
	C
	N
	Mn
	Ni
	Cr
	Mo
	Cu
	Fe





	Chemical composition, wt.%
	0.01
	0.27
	0.8
	6.8
	25.0
	3.8
	0.2
	Bal










 





Table 2. Chemical composition of austenite and ferrite after heat treatment at 1100 °C on super-duplex stainless steel SAF2507. Unit: wt.%.
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	Elements
	C
	N
	Mn
	Ni
	Cr
	Mo
	Fe
	PRE





	Austenite
	0.01
	0.51
	1.1
	7.9
	23.3
	3.2
	Bal
	42.0



	Ferrite
	0.01
	0.05
	0.8
	5.5
	26.6
	4.4
	Bal
	42.1










 





Table 3. The chemical composition of the secondary phase crystallized at the grain boundaries of austenite on super-duplex stainless steel after heat treatment at 1000 °C during 1 h. Unit: wt.%.
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	Element
	Cr
	Mo
	Ni
	Mn
	Fe





	Sigma
	30.9 ± 1.5
	8.9 ± 2.1
	4.5 ± 0.8
	0.5 ± 0.1
	56.3



	Chi
	22.1 ± 0.9
	2.2 ± 0.5
	9.5 ± 1.2
	1.0 ± 0.2
	65.2










 





Table 4. Volume fraction with heat-treatment time at 700 °C of super-duplex stainless steel SAF2507.
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	Heat Treatment Time
	0 h
	1 h
	5 h
	10 h





	Austenite
	25.5 ± 2.3%
	25.4 ± 2.1%
	27.1 ± 2.0%
	31.6 ± 1.9%



	Ferrite
	74.5 ± 2.3%
	74.6 ± 2.1%
	71.9 ± 2.0%
	60.3 ± 2.2%



	Secondary phase
	0.0 ± 0.0%
	0.0 ± 0.0%
	1.0 ± 0.6%
	8.1 ± 1.8%
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