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Abstract

:

Secondary phase precipitation in Fe-22Mn-9Al-0.6C low-density steel was investigated during a continuous cooling process with different cooling rates through a DIL805A thermal expansion dilatometer, and the changes in microstructures and hardness by different cooling rates were discussed. The results showed that the matrix of the Fe-22Mn-9Al-0.6C was composed of austenite and δ-ferrite; moreover, the secondary phases included κ-carbide, β-Mn and DO3 at room temperature. The precipitation temperatures of 858 °C, 709 °C and 495 °C corresponded to the secondary phases B2, κ-carbide and β-Mn, respectively, which were obtained from the thermal expansion curve by the tangent method. When the cooling rate was slow, it had enough time to accommodate C-poor and Al-rich regions in the austenite due to amplitude modulation decomposition. Furthermore, the Al enrichment promoted δ-ferrite formation. Meanwhile, the subsequent formation of κ-carbide and β-Mn occurred through the continuous diffusion of C and Mn into austenite. In addition, the hardness of austenite was high at 0.03 °C/s due to the κ-carbide and β-Mn production and C enrichment, and it was inversely proportional to the cooling rate. It can be concluded that the presence of κ-carbide, DO3 and β-Mn produced at the austenitic/ferrite interface when the cooling rate was below 0.1 °C/s resulted in κ-carbide and β-Mn precipitating hardly at cooling rates exceeding 0.1 °C/s, which provides a guideline for the industrial production of Fe-Mn-Al-C low-density steel in the design of the hot working process.
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1. Introduction


The pursuit of lightweight materials stands as a paramount concern in the design of vehicle structures and components, driven by environmental degradation and the diminishing reserves of fossil resources. While advancements in automotive steels have focused on augmenting strength, it has become evident that this alone is insufficient for achieving the desired lightweight properties. In recent decades, considerable attention has been directed towards low-density steels, distinguished by their exceptional combination of low mass and remarkable strength and ductility attributes. The addition of aluminum (Al) at a density of 2.7 g/cm3 induces lattice expansion within the steel matrix, resulting in an increased molar volume and a consequent reduction in density. Nonetheless, it is imperative to note that the solubility of Al in pure iron at ambient temperature is limited to approximately 9 wt.%. Consequently, efforts to enhance its solubility necessitate the incorporation of other elements with a high degree of austenite stability, such as manganese (Mn) [1,2,3,4,5,6,7,8,9]. Within the realm of materials, the Fe-Mn-Al-C series steel represents a noteworthy category, characterized by low density and exceptional strength [10]. This system predominantly fine-tunes alloy composition through the introduction of lightweight alloying elements, notably aluminum (Al) and silicon (Si) [11,12,13], yielding a novel automotive steel plate endowed with low density, high strength, and superior toughness. The overarching objective is the minimization of vehicular self-weight without compromising the structural integrity of essential components. Among these materials, austenitic dual-phase lightweight steel, celebrated for its heightened elongation characteristics, has garnered particular research focus due to its potential for revolutionary advancements in lightweighting strategies.



Austenitic dual-phase low-density steel is a noteworthy example, where the cooling rate plays a pivotal role in determining its properties. Liu et al. [14] demonstrated the ability to manipulate the size, volume fraction, and distribution of κ-carbide by varying the cooling rate, thus influencing deformation mechanisms and microstructure evolution. Ren et al. [15] employed two distinct cooling modes to control the precipitation of κ-carbides. They conducted a comprehensive study on the mechanical properties and deformation substructure evolution during tensile deformation in various states, elucidating the impact of early κ-carbide formation on both mechanical properties and deformation mechanisms. The findings indicate that the influence of cooling rate on the microstructure at the grain scale can be Park et al. [16] conducted a study using a Fe-30Mn-XAl-0.9C alloy with an aluminum (Al) content ranging from 9.0 to 12.8 wt%. The research focused on the impact of post-solution treatment cooling on the microstructure and mechanical properties of lightweight steel. The findings indicate that, with decreasing cooling rates, the alloy’s hardness increases due to the precipitation of κ-carbides. However, the reduction in cooling rate leads to the growth of intergranular κ-carbides. Consequently, the alloy demonstrates reduced impact absorption energy at room temperature, manifested as transgranular brittle fracture behavior. In Fe-Mn-Al-C low-density steel, carbide and ordered phases constitute significant precipitates that hold potential for enhancing the material’s overall mechanical properties [17,18,19,20]. Additionally, the deformation mechanism of low-density steel during tensile deformation is influenced by the shape, distribution, and volume fraction of precipitation [21,22,23,24,25,26,27,28].



Austenitic dual-phase low-density steel primarily derives its strength from solid solutions, fine grain structures, precipitation, and strain mechanisms. The precipitation strengthening is mainly attributed to the reinforcement effects of B2 and DO3 phases, along with κ-carbides. Among these, κ-carbides result from the presence of carbides such as M3C, M5C2, M23C6, and others in Fe-Mn-C steel. Upon the addition of Al to the steel, the Fe-Mn-Al-C alloy system is established. With an increase in Al content (>6.0%), the supersaturated austenitic steel, abundant in Al, Mn, and C, undergoes amplitude modulation decomposition during quenching or aging. The results are in the orderly arrangement of C and Al atoms, and the precipitated phase shifts from M3C-type carbide (Fe,Mn)3C to κ-carbides. κ-carbide is a perovskite cubic crystal structure of the E21 type with a molecular formula of Fe3AlC. It is based on the L12-type FCC-γ austenite, where the Al atom occupies the eight vertex corners of the cube, the Fe/Mn atom occupies six face center positions, and the C atom is located at the central position of the cubic crystal cell. This results in the formation of L′12-type cubic crystal phases, such as Fe3AlC, Fe2MnAlC, FeMn2AlC, Mn3AlC, and others. The molecular formula is expressed as Fe3-xMnxAlC (0 ≤ x ≤ 3), with a density ranging from 6.53 g/cm3 to 6.69 g/cm3, and the lattice structure is illustrated in Figure 1 [29]. Simultaneously, as the Al and C content changes, ferrite undergoes lattice ordering transformation, leading to the formation of the (Fe,Mn)3Al phase with a DO3 structure and the (Fe,Mn)Al phase with a B2 structure. The ordered phase B2 belongs to the MAl type (M represents Fe, Mn, Ni, or (Fe,Mn) solid solution) intermetallic compound. Specifically, the FeAl phase within this category exhibits a density of 5.56 g/cm3, an elastic modulus of 259 GPa, a high specific modulus, and specific strength. It also possesses relatively low Gibbs free energy, resulting in a strong precipitation tendency. The plasticity of the B2 phase at room temperature is limited, but it excels in corrosion resistance, oxidation resistance, and wear resistance. Unlike κ-carbide, the B2 phase cannot undergo shear deformation, leading to dislocation accumulation at the phase interface. This, in turn, increases the processing hardening rate of low-density steel containing the B2 phase during deformation. The B2 phase adopts a bcc lattice structure, as illustrated in Figure 2 [30]. In the Fe-Al phase diagram, the presence of the Al element stabilizes α-Fe. With an atomic fraction of Al exceeding 20%, a transition occurs from a bcc disordered structure to ordering, resulting in the formation of a stable Fe3Al phase with a DO3 structure, possessing a density of 6.79 g/cm3. The hardness of the DO3 phase is relatively low (below 25 HRC), yet it exhibits a high work hardening rate and good wear resistance. The stability of this phase is temperature-dependent. Above 540 °C, the Fe3Al phase with the stable DO3 structure transforms into the FeAl phase with the B2 structure. Moreover, when the atomic fraction of Al surpasses 37%, this transformation also occurs into the FeAl ordered phase at room temperature. In the range of 23~37% atomic fraction of Al, coexisting precipitates of B2 and DO3 are observed. Below 540 °C during aging treatment, a slow transformation of B2→DO3 takes place. In Fe-Mn-Al-C low-density steel, Mn atoms dissolve within the Fe base, and the resulting precipitated phase with a DO3 structure is identified as (Fe,Mn)3Al, as illustrated in Figure 3 [31]. A study has demonstrated that κ-carbides at the nanoscale have no discernible impact on the plane slip mode [31]. As dislocations interact with ordered κ-carbides, additional dislocation sources begin to engage in cross-slip, promoting plane slip due to the uniform distribution of nanoscale shear κ-carbides that are coherent with the austenite matrix. The progressive refinement of the plane dislocation structure as strain increases constitutes the primary driver behind the continued strain hardening of κ-carbide-reinforced steel. Conversely, low-density steel containing B2 phase experiences rapid hardening during processing. This is attributed to the inability of B2 phases, unlike κ-carbides, to be shared by slip dislocations, resulting in the accumulation of dislocations at the phase boundary [28]. Yang et al. [32] proposed that the elevated work hardening rate in Fe-16Mn-10Al-0.86C-5Ni steel arises from the substantial back stress induced by the strain incompatibility between the austenite matrix and the second phase of B2 ordered metal.



The influence of continuous cooling on carbide and ordered phase precipitation, as well as the characteristics of low-density steel, have been relatively understudied. In their chemical analysis of Fe-0.77Mn-7.10Al-0.45C-0.31Nb, Gurgel, M.A.M. et al. [33] identified eutectoid ferrite (p), δ-ferrite, retained austenite, and niobium carbide (NbC) at various cooling rates (1 °C/s, 3 °C/s, 5 °C/s, 10 °C/s, 15 °C/s, 20 °C/s, and 50 °C/s). At lower cooling rates (1 °C/s and 3 °C/s), the combination of α-ferrite and κ-carbide revealed multilayer colonies of eutectoid microcomponents. Conversely, higher cooling rates (5 °C/s to 50 °C/s) resulted in the presence of martensite with body-centered cubic (BCC) and body-centered tetragonal (BCT) structures. In a continuous cooling thermal expansion experiment, Man et al. [34] investigated the influence of cooling rate on the precipitation behavior of κ-carbide in Fe-32Mn-11Al-0.9C low-density steel. It was observed that κ-carbide initiated precipitation at the γ/δ interface when the cooling rate decreased to 3 °C/s. Subsequently, both the quantity and size of κ-carbide exhibited significant increments, with further reductions in cooling rate. This led to a substantial increase in the nano-hardness of δ-ferrite due to the precipitation and hardening of κ-carbide at the γ/δ interface, while the nano-hardness of austenite experienced a marginal decline. In this study, we examined the effects of various cooling rates on the microstructure, properties, and precipitation of carbide and ordered phases in Fe-22Mn-9Al-0.6C low-density steel, aiming to achieve an optimal alignment of process parameters with mechanical characteristics.




2. Experiments


The Fe-22Mn-9Al-0.6C low-density steel used in this study was melted in a 300 kg vacuum induction furnace and cast into a round bar of φ40 mm × 300 mm. The round bar was machined into a cylinder of φ4 mm × 10 mm to study the precipitation behavior during cooling using a DIL805A thermal expansion instrument. The experimental procedure involved some steps: first, the sample was heated to 500 °C at a rate of 10 °C/s; then, it was further heated from 500 °C to 1000 °C at a rate of 0.05 °C/s, and held at 1000 °C for five minutes before being cooled down to room temperature at a rate of 10 °C/s. Figure 4a is a schematic of the experimental procedure.



A set of ten samples was subjected to testing utilizing the DIL805A thermal expansion instrument for the assessment of Fe-22Mn-9Al-0.6C low-density steel. The thermal expansion curve during continuous cooling at various rates was also captured. The specimens underwent heating to 950 °C at a rate of 10 °C/s, followed by cooling to room temperature at diverse rates of 0.03 °C/s, 0.1 °C/s, 0.5 °C/s, 1 °C/s, 2 °C/s, 3 °C/s, 5 °C/s, 10 °C/s, 20 °C/s, and 50 °C/s, as depicted in Figure 4b. The tangent method was employed for the analysis and processing of the thermal expansion curve, enabling the determination of the temperature at which secondary phases precipitated. Post-testing, the samples underwent polishing and etching with an 8% nitric acid-alcohol solution for microstructural assessments. The microstructures and their alterations were scrutinized through the employment of LEICA DM2700M optical microscope (OM), THERMOFISHER Apreo 2S HiVac scanning electron microscope (SEM), and BRUKER Quantax 200 XFlash 6|60 Energy spectrometer (EDS). Subsequently, the WILSON VH1102 automatic microhardness tester was applied for hardness measurements of the samples’ matrix, employing a 0.5 kg load. More than ten points were evaluated for each sample, with the reported value representing the average. Ultimately, the phase compositions of distinct samples were assessed using a RIGAKU Smartlab X-ray diffractometer with a Cu target. The power was set at 9 kW, the testing angles ranged from 20° to 100°, and the scanning speed was 5°/min.




3. Results and Discussion


3.1. Hardness


In Figure 5, the Vickers hardness variation curve is presented for both austenite and Fe-22Mn-9Al-0.6C low-density steel in relation to cooling rate. It can be observed from Figure 5 that the hardness of δ-ferrite in Fe-22Mn-9Al-0.6C low-density steel undergoes only a slight change, hovering around 300 HV, as the cooling rate spans from 0.03 to 50 °C/s. Additionally, Figure 5 illustrates a general decline in the austenite hardness of Fe-22Mn-9Al-0.6C low-density steel as the cooling rate escalates from 0.03 °C/s to 50 °C/s. This trend arises from the substantial precipitation of the β-Mn ordered phase and κ-carbide within the austenite matrix at lower cooling rates, which improves the hardness of the matrix. In contrast, at higher cooling rates, there is not enough time to precipitate the β-Mn ordered phase and κ-carbide, leading to a comparatively smaller amount in the matrix that cannot play a role in precipitation strengthening. Therefore, it results in a reduction in hardness.




3.2. Secondary Phase Precipitation


The Thermo-Calc equilibrium state property diagram, illustrated in Figure 6a, delineates the precipitation temperatures of B2, κ-carbide, and β-Mn in Fe-22Mn-9Al-0.6C low-density steel at 776 °C, 731 °C, and 493 °C, respectively. Figure 6b displays the expansion curve of the steel, manifesting three distinct inflection points at 858 °C, 709 °C, and 495 °C.




3.3. Microstructural Characterization


Fe-22Mn-9Al-0.6C low-density steel’s microstructure is depicted in Figure 7 at various cooling rates. It is found that δ-ferrite and austenite exist in the matrix for various cooling rates, and the size of the austenite grains increases with increasing cooling rates. The austenite is evenly equiaxed at a cooling rate less than 0.1 °C/s, which is due to the occurrence of sufficient recrystallization at 0.03 °C/s and 0.1 °C/s. The cooling rate was higher than 0.1 °C/s, the mixed crystal phenomenon occurred, subgrain boundaries emerged, and the banded δ-ferrite dispersed throughout the structure. In addition, the relatively fine austenite grains coexisted around the δ-ferrite, indicating that the surrounded recrystallized austenite grains were prevented by the banded δ-ferrite from growing.



Figure 8a,b are XRD diagrams obtained for 0.03 °C/s and 0.1 °C/s that showed diffraction peaks corresponding to the (110), (200), (211), and (220) planes of a BCC structure at diffraction angles of 44.1°, 64.1°, 83.6°, and 97.4°, respectively, and diffraction peaks corresponding to the (111), (200), (311), and (222) planes of an FCC structure at diffraction angles of 42.6°, 49.6°, 72.7°, and 93.1°, respectively. In addition, they showed diffraction peaks at the degrees of 23.4°, 26.3°and 42.2°, corresponding to the DO3-ordered phase plane (111), the κ-carbide plane (111), and the β-Mn-ordered phase plane (111), respectively. In the investigated test conditions with continuously varying cooling rates (0.5 °C/s, 1 °C/s, 2 °C/s, 3 °C/s, 5 °C/s, 10 °C/s, 20 °C/s, and 50 °C/s), the diffractograms exhibited similar patterns to those shown in Figure 8c, which corresponds to a cooling rate of 50 °C/s. Notably, at intermediate and high cooling rates, the formation of κ-carbide and β-Mn was suppressed, as evidenced by the absence of peaks associated with these carbides. These peaks were, however, discernible at lower cooling rates of 0.03 and 0.1 °C/s. Specifically, the diffractograms revealed peaks corresponding to the (110), (200), (211), and (220) planes of a BCC structure at diffraction angles of 44.1°, 64.1°, 83.6°, and 97.4°, respectively. Additionally, they exhibited diffraction peaks corresponding to the (111), (200), (311), and (222) planes of an FCC structure at diffraction angles of 42.6°, 49.6°, 72.7°, and 93.1°, respectively. The reduction in austenite hardness in Fe-22Mn-9Al-0.6C low-density steel is attributed to the diminished precipitation of κ-carbide and β-Mn ordered phases as the cooling rate increases. This, in turn, results in a decline in the overall properties of Fe-22Mn-9Al-0.6C low-density steel.



Figure 9 depicts the secondary electronic SEM images and EDS analyses of the precipitates in the matrix. The EDS data demonstrate that there are two types of precipitates at the grain boundary: the dazzling white precipitated phase and the black precipitated phase. The bright white component has a high Al content, and the atomic ratio of Al:Fe is 1:3, indicating that the white particles are DO3-ordered. Because the atomic weight is low for Al and high for Fe and Mn, the black precipitates can be identified as an ordered phase of κ-carbide, which exists only at a cooling rate of 0.03 °C/s and 0.5 °C/s. As the cooling rate increases, grain boundary precipitation diminishes and turns into δ-ferrite intragranular precipitation.



Figure 10 shows the microstructure detected by SEM for samples with cooling speeds of 0.03 °C/s and 0.1 °C/s. The microstructure of these samples is typically composed of a greater relief matrix caused by austenite, as well as high relief regions (δ-ferrite) and precipitates. The number and size of precipitates grow as the cooling rate decreases, and the majority of the precipitates are mostly situated at the grain boundaries of δ-ferrite and austenite. At the same time, at a cooling rate of 0.03 °C/s, κ-carbide and β-Mn can be formed in the austenite matrix and at the grain boundary. The content of κ-carbide and β-Mn decreases significantly as the cooling rate increases. Figure 10 depicts the microstructure detected by SEM for samples with cooling rates of 0.5 °C/s and 50 °C/s. For these conditions, the relief (δ-ferrite) and higher relief (austenite), as well as the precipitates in δ-ferrite, can be inferred. The precipitated phase at the grain border of δ-ferrite and austenite disappears in the second stage and is replaced by the precipitated phase in the δ-ferrite crystal, and the size and quantity of the precipitated phase grow as the cooling rate increases.



It displays diffraction peaks indexed with both FCC and BCC structures for all cooling speeds in Figure 10. It is noteworthy that the diffraction peaks for samples subjected to low cooling rates (0.03 °C/s and 0.1 °C/s) differ from those with medium to high rates (0.5 °C/s to 50 °C/s). Specifically, carbide phases characteristic of the Fe-Mn-Al-C alloy were observed at low cooling rates but were absent at rates ranging from 5 to 50 °C/s. The diffraction peak of the FCC structure is attributed to the austenite phase, while δ-ferrite is a consistent component of the BCC structure at all cooling speeds.



Figure 10 exhibits a microstructure comprising a precipitated phase, a low-relief matrix, and a high-relief matrix. Based on observations and morphological traits in the literature, the matrix is presumed to be austenite. In the low-relief regions, it manifests as δ-ferrite. The occurrence of δ-ferrite at elevated temperatures and its persistence down to room temperature are well-documented phenomena. Additionally, the chemical composition of the alloy influences its stability. The elevated proportion of δ-ferrite is attributed to the high concentration of aluminum in the investigated alloy, a factor known to stabilize the δ-ferrite phase [24,35,36]. According to Jiang and Xie [37], both α-ferrite and δ-ferrite exhibit higher Al concentrations in the banded structure corresponding to δ-ferrite in the low-density steel alloy Fe-0.4C-1.5Mn-4Al (by weight).



Significant microstructural variations are evident in Fe-22Mn-9Al-0.6C lightweight steel under different cooling rates. Specifically, the austenite-to-ferrite ratio reaches its minimum at a cooling rate of approximately 0.1 °C/s. Subsequently, as the cooling rate decreases further to 0.03 °C/s, there is a subsequent increase in the ratio of austenite to ferrite, accompanied by the precipitation of κ-carbide and β-Mn from both the austenite and the phase boundary. The presence of κ-carbide in the austenite crystal contributes to the enhancement of austenite hardness. According to Chen [38], the initiation of δ-ferrite nucleation at austenite grain boundaries is facilitated by the breakdown of amplitude modulation in the austenite. This, in turn, encourages the development of numerous zones rich in C-poor and Al-rich phases. Subsequently, Al atoms migrate from the β-Mn phase to the ferrite, while C and Mn elements continue to diffuse from the β-Mn phase into the austenite, creating a Mn-rich area. Consequently, the distribution of C, Mn, and Al elements promotes Mn atomic segregation in the β-Mn phase, high Al content in δ-ferrite, and elevated C content in the austenite. Notably, C atoms undergo long-range diffusion in the austenite, while Al and Mn atoms exhibit short-range diffusion. At the junction of each β-Mn phase, a portion of Al atoms is released to generate new ferrites, initiating a new cycle. The β-Mn phases at various locations continuously amalgamate. Following an extended aging process, δ-ferrite and β-Mn mutually catalyze the formation of a substantial quantity of β-Mn. At a cooling rate of 0.03 °C/s, β-Mn has sufficient time for development. The heightened concentration of the C element in the precipitated austenite of β-Mn results in an increased hardness of the austenite.





4. Conclusions


As the cooling rate increases, the hardness of austenite in the Fe-22Mn-9Al-0.6C low-density steel decreases, while the hardness of δ-ferrite changes less. κ-carbide, DO3, and β-Mn appear at the interface between austenite and ferrite when the cooling rate is below 0.1 °C/s. Conversely, κ-carbide and β-Mn have rarely precipitated as the cooling rate exceeds 0.1 °C/s. The precipitation of secondary phases in the Fe-22Mn-9Al-0.6C low-density steel can be controlled by adjusting the cooling rate, and the reinforcement from secondary phases contributes to improving the mechanical properties of the Fe-22Mn-9Al-0.6C low-density steel, providing a foundation for hot working during industrial production.







Author Contributions


All authors contributed to the study conception and design. Y.Z. contributed to the material preparation, data curation, and the initial draft. J.W. assisted in the execution of data analysis, and editing written content. T.M. and H.Z. revised the study design and contributed to the finalization of the manuscript. T.M., H.Z. and H.D. contributed to supervision and funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


Sponsored by Natural Science Foundation of Shanghai with grant number 23ZR1421700.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available upon request from the corresponding author.




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Howell, R.A.; Van Aken, D.C. A Literature Review of Age Hardening Fe-Mn-Al-C Alloys. Iron Steel 2009, 6, 193–212. [Google Scholar]

	



Kim, H.; Suh, D.-W.; Kim, N.J. Fe-Al-Mn-C lightweight structural alloys: A review on the microstructures and mechanical properties. Sci. Technol. Adv. Mater. 2013, 14, 014205. [Google Scholar] [CrossRef] [PubMed]

	



Suh, D.-W.; Kim, N.J. Low-density steels. Scr. Mater. 2013, 68, 337–338. [Google Scholar] [CrossRef]

	



Rana, R. Low-density steels. Jom 2014, 66, 1730–1733. [Google Scholar] [CrossRef]

	



Frommeyer, G.; Bausch, M. Ultra high-strength and ductile Fe-Mn-Al-C light-weight steels (MnAl-steels). In Proceedings of the RFCS Technical Group TGS7 Meeting, Harviala, Finland, 4–6 June 2008. [Google Scholar]

	



Frommeyer, G.; Brüx, U. Microstructures and Mechanical Properties of High-Strength Fe-Mn-Al-C Light-Weight TRIPLEX Steels. Steel Res. Int. 2006, 77, 627–633. [Google Scholar] [CrossRef]

	



Kalashnikov, I.; Shalkevich, A.; Acselrad, O.; Pereira, L. Chemical composition optimization for austenitic steels of the Fe-Mn-Al-C system. J. Mater. Eng. Perform. 2000, 9, 597–602. [Google Scholar] [CrossRef]

	



Sutou, Y.; Kamiya, N.; Umino, R.; Ohnuma, I.; Ishida, K. High-strength Fe-20Mn-Al-C-based alloys with low density. ISIJ Int. 2010, 50, 893–899. [Google Scholar] [CrossRef]

	



Raabe, D.; Springer, H.; Gutiérrez-Urrutia, I.; Roters, F.; Bausch, M.; Seol, J.-B.; Koyama, M.; Choi, P.-P.; Tsuzaki, K. Alloy design, combinatorial synthesis, and microstructure-property relations for low-density Fe-Mn-Al-C austenitic steels. Jom 2014, 66, 1845–1856. [Google Scholar] [CrossRef]

	



Kim, Y.G.; Park, Y.S.; Han, J.K. Low temperature mechanical behavior of microalloyed and controlled-rolled Fe-Mn-Al-C-X alloys. Metall. Trans. A 1985, 16, 1689–1693. [Google Scholar] [CrossRef]

	



Frommeyer, G.; Drewes, E.; Engl, B. Physical and mechanical properties of iron-aluminium-(Mn, Si) lightweight steels. Metall. Res. Technol. 2000, 97, 1245–1253. [Google Scholar] [CrossRef]

	



Chu, C.; Huang, H.; Kao, P.; Gan, D. Effect of alloying chemistry on the lattice constant of austenitic Fe-Mn-Al-C alloys. Scr. Metall. Et Mater. 1994, 30, 505–508. [Google Scholar] [CrossRef]

	



Lehnhoff, G.; Findley, K.; De Cooman, B. The influence of silicon and aluminum alloying on the lattice parameter and stacking fault energy of austenitic steel. Scr. Mater. 2014, 92, 19–22. [Google Scholar] [CrossRef]

	



Liu, D.; Cai, M.; Ding, H.; Han, D. Control of inter/intra-granular κ-carbides and its influence on overall mechanical properties of a Fe-11Mn-10Al-1.25C low density steel. Mater. Sci. Eng. A 2018, 715, 25–32. [Google Scholar] [CrossRef]

	



Ren, P.; Chen, X.; Yang, M.; Liu, S.; Cao, W. Effect of early stage of κ-carbides precipitation on tensile properties and deformation mechanism in high Mn-Al-C austenitic low-density steel. Mater. Sci. Eng. A 2022, 857, 144132. [Google Scholar] [CrossRef]

	



Park, J.Y.; Park, S.-J.; Lee, J.-H.; Moon, J.; Lee, T.-H.; Jeong, K.J.; Han, H.N.; Shin, J.-H. Effect of Cooling Rate on the Microstructure and Mechanical Properties of Fe-Mn-Al-C Light-Weight Steels. Korean J. Met. Mater. 2017, 55, 825–835. [Google Scholar] [CrossRef]

	



Kimura, Y.; Handa, K.; Hayashi, K.; Mishima, Y. Microstructure control and ductility improvement of the two-phase γ-Fe/κ-(Fe, Mn)AlC alloys in the Fe–Mn–Al–C quaternary system3. Intermetallics 2004, 12, 607–617. [Google Scholar] [CrossRef]

	



Lee, H.-J.; Sohn, S.S.; Lee, S.; Kwak, J.-H.; Lee, B.-J. Thermodynamic analysis of the effect of C, Mn and Al on microstructural evolution of lightweight steels. Scr. Mater. 2013, 68, 339–342. [Google Scholar] [CrossRef]

	



Cheng, W.-C.; Cheng, C.-Y.; Hsu, C.-W.; Laughlin, D.E. Phase transformation of the L1 phase to kappa-carbide after spinodal decomposition and ordering in an Fe-C-Mn-Al austenitic steel2. Mater. Sci. Eng. A 2015, 642, 128–135. [Google Scholar] [CrossRef]

	



Gutiérrez-Urrutia, I.; Raabe, D. High strength and ductile low density austenitic FeMnAlC steels: Simplex and alloys strengthened by nanoscale ordered carbides. Mater. Sci. Technol. 2014, 30, 1099–1104. [Google Scholar] [CrossRef]

	



Wu, Z.; Ding, H.; An, X.; Han, D.; Liao, X. Influence of Al content on the strain-hardening behavior of aged low density Fe-Mn-Al-C steels with high Al content. Mater. Sci. Eng. A 2015, 639, 187–191. [Google Scholar] [CrossRef]

	



Wu, Z.Q.; Ding, H.; Li, H.Y.; Huang, M.L.; Cao, F.R. Microstructural evolution and strain hardening behavior during plastic deformation of Fe-12Mn-8Al-0.8C steel. Mater. Sci. Eng. A 2013, 584, 150–155. [Google Scholar] [CrossRef]

	



Ha, M.C.; Koo, J.-M.; Lee, J.-K.; Hwang, S.W.; Park, K.-T. Tensile deformation of a low density Fe-27Mn-12Al-0.8C duplex steel in association with ordered phases at ambient temperature. Mater. Sci. Eng. A 2013, 586, 276–283. [Google Scholar] [CrossRef]

	



Chen, S.; Rana, R.; Haldar, A.; Ray, R.K. Current state of Fe-Mn-Al-C low density steels. Prog. Mater. Sci. 2017, 89, 345–391. [Google Scholar] [CrossRef]

	



Morris, D.G.; Munoz-Morris, M.; Requejo, L. Work hardening in Fe-Al alloys. Mater. Sci. Eng. A 2007, 460, 163–173. [Google Scholar] [CrossRef]

	



Choi, K.; Seo, C.-H.; Lee, H.; Kim, S.; Kwak, J.H.; Chin, K.G.; Park, K.-T.; Kim, N.J. Effect of aging on the microstructure and deformation behavior of austenite base lightweight Fe-28Mn-9Al-0.8C steel. Scr. Mater. 2010, 63, 1028–1031. [Google Scholar] [CrossRef]

	



Breuer, J.; Grün, A.; Sommer, F.; Mittemeijer, E. Enthalpy of formation of B2-Fe1−x Alx and B2-(Ni,Fe)1−x Alx. Metall. Mater. Trans. B 2001, 32, 913–918. [Google Scholar] [CrossRef]

	



Kim, S.-H.; Kim, H.; Kim, N.J. Brittle intermetallic compound makes ultrastrong low-density steel with large ductility. Nature 2015, 518, 77–79. [Google Scholar] [CrossRef]

	



Dey, P.; Nazarov, R.; Dutta, B. Ab initio explanation of disorder and off-stoichiometry in Fe-Mn-Al-C κ-carbides. Phys. Rev. B 2017, 95, 104108. [Google Scholar] [CrossRef]

	



Sundman, B.; Ohnuma, I.; Dupin, N. An assessment of the entire Al-Fe system including D03 ordering. Acta Mater. 2009, 57, 2896–2908. [Google Scholar] [CrossRef]

	



Gutierrez-Urrutia, I.; Raabe, D. Influence of Al content and precipitation state on the mechanical behavior of austenitic high-Mn low-density steels. Scr. Mater. 2013, 68, 343–347. [Google Scholar] [CrossRef]

	



Yang, M.; Yuan, F.; Xie, Q.; Wang, Y.; Ma, E.; Wu, X. Strain hardening in Fe–16Mn–10Al–0.86 C–5Ni high specific strength steel. Heterostruct. Mater. 2021, 1, 721–747. [Google Scholar]

	



Gurgel, M.A.M.; de Souza Baêta Júnior, E.; da Silva Teixeira, R.; Nascimento, G.O.D.; Oliveira, S.S.A.; Leite, D.N.F.; Moreira, L.P.; Brandao, L.P.; Paula, A.D.S. Microstructure and Continuous Cooling Transformation of an Fe-7.1Al-0.7Mn-0.4C-0.3Nb Alloy. Metals 2022, 12, 1305. [Google Scholar] [CrossRef]

	



Man, T.; Wang, W.; Zhou, Y.; Liu, T.; Lu, H.; Zhao, X.; Zhang, M.; Dong, H. Effect of cooling rate on the precipitation behavior of κ-carbide in Fe-32Mn-11Al-0.9C low density steel. Mater. Lett. 2022, 314, 131778. [Google Scholar] [CrossRef]

	



Zambrano, O. A general perspective of Fe-Mn-Al-C steels. J. Mater. Sci. 2018, 53, 14003–14062. [Google Scholar] [CrossRef]

	



Jiang, Y.; Xie, C. Research and Development of 780MPa grade low-density steels. IOP Conf. Ser. Mater. Sci. Eng. 2019, 493, 012120. [Google Scholar] [CrossRef]

	



Jeong, J.; Lee, C.-Y.; Park, I.-J.; Lee, Y.-K. Isothermal precipitation behavior of κ-carbide in the Fe-9Mn-6Al-0.15C lightweight steel with a multiphase microstructure. J. Alloys Compd. 2013, 574, 299–304. [Google Scholar] [CrossRef]

	



Chen, X.; Xu, Y.; Ren, P.; Li, W.; Cao, W.; Liu, Q. Aging hardening response and β-Mn transformation behavior of high carbon high manganese austenitic low-density Fe-30Mn-10Al-2C steel. Mater. Sci. Eng. A 2017, 703, 167–172. [Google Scholar] [CrossRef]








[image: Materials 17 00631 g001] 





Figure 1. Lattice diagram of Fe3-xMnxAlC (0 ≤ x ≤ 3)carbide in Fe-Mn-Al-C low-density steel. 
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Figure 2. Lattice diagram of B2 ordered phase in Fe-Mn-Al-C low-density steel. 
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Figure 3. Lattice diagram of DO3 ordered phase in Fe-Mn-Al-C low-density steel. 
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Figure 4. Schematic illustration of the continuous cooling process: (a) thermal expansion test; (b) continuous cooling curve. 
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Figure 5. Hardness of Fe-22Mn-9Al-0.6C low-density steel with different cooling rates. 
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Figure 6. (a) Thermo-Calc equilibrium state property diagram; (b) Expansion curve. 
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Figure 7. OM images of the microstructure under different cooling rates. 
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Figure 8. XRD diagram of Fe-22Mn-9Al-0.6C low-density steel at (a) 0.03 °C/s, (b) 0.1 °C/s, (c) 50 °C/s. 
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Figure 9. SEM images and corresponding energy spectrum of different precipitates of the steel at cooling rate of 0.03 °C/s: (a) DO3, (b) κ-carbide. 
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Figure 10. The microstructure of the steel at varying cooling rates. 
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