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Abstract

:

High manganese austenitic steel has attracted increasing attention for its application in liquefied natural gas storage tank materials due to its excellent ductility and low cost. This paper presents an overview of the research progress of high manganese austenitic steel in recent years. As a structural material used at a low temperature environment, high manganese steel should not only have certain strength, but also good toughness to prevent brittle fracture at a low temperature. In this work, factors affecting mechanical properties of high manganese steel are discussed, possible reasons for the deterioration of low-temperature properties are analyzed, and the strengthening and toughening mechanisms of materials are elaborated, which may be beneficial to improve properties of high manganese austenitic steel.
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1. Introduction


The research on liquefied natural gas storage tank materials has become increasingly active with the increasing demand of liquefied natural gas storage and transportation. At present, liquefied natural gas storage tank materials are mainly nickel series steels and invar alloy, which is expensive [1,2,3]. High manganese steel generally refers to alloy steels containing more than 10 wt.% manganese, which has been recognized as having an excellent ductility–strength balance [4,5]. In recent years, researchers have developed high manganese austenitic steel to replace 9Ni steel, invar alloy, and other expensive metal materials to reduce the cost and expand the application range of liquefied natural gas storage tank materials [6,7,8,9].



The materials for liquefied natural gas storage tanks are mainly used below −162 °C, and the cryogenic performance requirement of them is stringent. Inhibition of the brittle fracture at cryogenic temperatures is a key factor to improve the cryogenic performance of high manganese steel. The main reasons for the deterioration of cryogenic properties are martensite transformation during low-temperature deformation [10,11,12], “slipping-off” fracture caused by dislocation accumulation at grain boundaries [13,14], the influence of hydrogen embrittlement [15,16], and the segregation of impurity elements at grain boundaries, etc. [17].



The microstructure of high manganese austenitic steel is austenite at room temperature, and it has a high ductility at low temperatures. Low-carbon high manganese steel with over 30% manganese has a good impact property at low temperatures and almost no ductile–brittle transition [18]. However, the yield strength of it is relatively low due to the face-centered cubic structure [19,20]. Generally, the mechanical properties of high manganese austenitic steel are improved by alloying [6,7,8], grain refinement [19,21,22], and controlling the forming process, such as temperature, strain, and strain rate [23]. The deformation mechanism includes transformation-induced plasticity (TRIP) [24], twinning-induced plasticity (TWIP) [10,20], shear-induced plasticity (SIP) [25], and micro-band-induced plasticity (MBIP) [26], etc. The high strength can be maintained, and the work hardening ability of materials can be improved to obtain good plasticity through these mechanisms.



This paper aims at focusing on the existing knowledge and research gap in high manganese austenitic steel for liquefied natural gas storage tanks. An exclusive review section on the factors affecting the mechanical properties, reasons for the deterioration of low-temperature properties, the strength, and the plastic strengthening mechanism of high manganese austenitic steel developed by different researchers is presented in this review paper as well. The structure of this review is given in Figure 1.




2. Factors Affecting Mechanical Properties


2.1. Alloying


Increasing manganese in steels can enlarge the austenite phase zone and stabilize the austenite structure. The high manganese steel with a single-phase austenite structure can be obtained at room temperature when the manganese content exceeds a certain proportion. The single-phase austenite was obtained when the content of manganese and carbon met the Equation (1) [27].


wt.%Mn + 13wt.%C > 17



(1)







The increase of manganese content can change the stacking fault energy (SFE) of materials. When the manganese content is lower than a certain value, the stacking fault energy of high manganese steel decreases with the increase of manganese content. The stacking fault energy of high manganese steel increases with the increase of manganese content when the manganese content is higher than a certain value (Figure 2a) [28]. Therefore, the stacking fault energy of high manganese steel can be adjusted, the deformation mode of materials can be changed, and the performance of high manganese steel can be improved by controlling the manganese content. An increasing manganese content in high manganese steels is beneficial to the occurrence of dynamic recrystallization. It will ascend the maximum flow stress of steel at low temperatures, while it leads to a smaller maximum flow stress of steel under temperatures above 700 °C [29]. A low manganese content will lead to the formation of α′ martensite and affect the formability of steel, while the formation of the brittle phase will be promoted when the manganese content is higher than 30–35% [30,31].



Carbon is also an element that can expand the austenite phase region and stabilize the austenite phase. Meanwhile, carbon atoms, which are solid–solution elements in the austenite phase, can play the role of solid–solution strengthening and improve the properties of high manganese steel. Lee [32] and Ghasri-Khouzani [33] et al. found out that the addition of carbon in Fe–Mn austenitic steels was beneficial to both the strength and ductility of steels. They were improved with increased carbon concentration. However, Koyama [34] reported that the effect of carbon content on the ductility of steel was not only related to carbon concentration, but also to strain rate. The elongation of steels increased with an increased carbon concentration at a strain rate of 10−2 s−1, while it decreased at a strain rate of 10−5 s−1 in the Fe–Mn–C steels with 0.6 wt.% to 1.1 wt.% carbon [34]. In Fe–Mn–C alloys, the stacking fault energy increases with the increase of carbon content (Figure 2b) [28]. The stacking fault energy is not the only factor that determines the deformation mode of materials. The carbon content has an important influence on the deformation mode of high manganese steel [33,35,36]. The deformation products are mechanical ε martensite in the carbon-free steel [33,35], mechanical twins are observed for the steels with 0.2 wt.% to 0.6 wt.% carbon, and both mechanical twins and ε martensite were found in the steel with 0.06 wt.% carbon [36]. The effect of carbon on the flow behavior of high manganese steel is mainly at temperatures below 700 °C. The maximum flow stress of steel can be raised by increasing the carbon content. The influence will be weaker with the increase of temperature [29]. In high manganese austenitic steel, the yield strength (YS) is related to the content of manganese and carbon, which can be expressed by Equation (2) [37]


YS (MPa) = 228 + 187wt.%C − 2wt.%Mn



(2)







Aluminum is an element that can close the austenite phase region and infinitely expand the ferrite phase region. A single-phase ferrite is formed at room temperature when the content of aluminum exceeds a certain proportion. In addition, the increase of aluminum content not only increases the stacking fault energy of materials, but also promotes the plane dislocation slip in Fe–Mn–Al–Si alloys [38,39]. However, intermetallic compound (Fe3Al) will precipitate when the aluminum content is too high, which will lead to brittle fracture of the material [40]. Charles [41], Chen [42], Han [43], and Takaki [44] et al. reported that the increase of aluminum also inhibited the γ austenite to ε martensite phase transformation, which is beneficial to the formation of deformation twins. A stress-induced martensitic transformation is found in the high manganese steel without aluminum, while there are no martensites and deformation twins formed in the high manganese steel containing aluminum. Therefore, adding aluminum in high manganese steel can improve its yield strength and get a higher Charpy impact energy [7]. However, the addition of aluminum in high manganese steel will lower the strain hardening rate and tensile strength at subzero temperatures. It has little effect on the static crystallization rate of steel, but it obviously delays the occurrence of dynamic recrystallization [45]. Aluminum can also improve its corrosion resistance by forming an Al2O3 protective layer on the metal surface [46].



The increase of the silicon content in steel will not only close the austenite phase region, but also reduce the stacking fault energy of alloys. The alloy is more prone to martensite transformation during deformation [47]. The hydrogen embrittlement of high manganese steel in terms of both crack initiation and propagation can be obviously inhibited by adding copper in steel. The addition of copper in high manganese steel only affects the hydrogen embrittlement rate rather than the mechanism of hydrogen embrittlement (Table 1) [48]. The main role of niobium in high manganese steel is to inhibit recovery and recrystallization, especially for a large niobium addition. The solution strengthening, grain refinement, and precipitation hardening effect of niobium is limited. Niobium alloying in high manganese steel can effectively inhibit dynamic strain aging and deteriorate the cryogenic impact toughness and tensile toughness of steel (Figure 3) [49]. The yield strength of the high manganese steel can be improved with alloying chromium /nitrogen while maintaining its superior low-temperature toughness [6]. The improved strength is caused by solid–solution strengthening resulting from dissolved nitrogen and grain-boundary and precipitation strengthening resulting from the precipitation of aluminum nitride, and the former is the most effective strength mechanism [6].



From the above analysis, it can be concluded that the effect of alloying on mechanical properties of high manganese steel varies with alloying elements. Carbon, aluminum, and nitrogen elements can be appropriately added to high manganese steel to improve its strength. Both increasing the content of aluminum and decreasing the content of niobium in steel are beneficial to the toughness.



The composition of high manganese steel can also affect the deformation parameters. An appropriate rolling and solid solution treatment temperature should be selected to avoid carbide precipitation in the process of producing high manganese steel alloyed by other elements to obtain good low-temperature toughness. Therefore, thermodynamic assessments of equilibrium phase diagrams for steel should be carried out. Wang et al. [6,50] researched phase diagrams of 22Mn, 24Mn-3.3Cr, 24Mn-3.4Cr, and 24Mn-6.3Cr-0.2N steels, as shown in Figure 4. The results showed that M7C3 precipitation temperatures of 22Mn, 24Mn-3.3Cr, and 24Mn-3.4Cr steels were 700 ℃, 850 ℃, and 860 ℃, respectively. There was no M23C6 in the 22Mn steel, while they might be formed in 24Mn-3.3Cr, 24Mn-3.4Cr, and 24Mn-6.3Cr-0.2N steels when the temperature decreases to 710 ℃, 740 ℃, and 900 ℃, respectively, or below. The rolling and solid solution treatment temperature of high manganese steel varies with the composition according to above results. It is better to set them above the critical precipitation temperatures to avoid carbide precipitation. The critical precipitation temperatures rise with increased chromium content, and the rolling and solid solution treatment temperature should be set higher.




2.2. Grain Size


Grain size has an important influence on the microstructure and properties of iron and steel. Grain refinement can improve the strength of high manganese austenitic steel without affecting its low temperature plasticity and toughness [19,21,22,51]. Generally, a finer grain size gives a larger grain boundary area and a larger proportion of grain boundary in the microstructure, and it leads to a greater strengthening effect. This phenomenon is called grain refinement, which is juxtaposed with deformation strengthening, solution strengthening, and second phase strengthening as several strengthening methods of materials. The effect of grain size on strength can be described by the Hall–Petch Equation (3) [52].


  σ ( ε ) =   σ  0  ( ε ) + K ( ε )   d    1 2     



(3)




where σ(ε) is the yield strength of materials at a constant strain ε; σ0 is the lattice friction force, which refers to the yield stress of undeformed single crystal when sliding; d is the grain size; and K(ε) is the Hall–Petch strengthening coefficient at the strain ε.



In a constant grain size, a larger K(ε) gives a greater strength increment, which proves that the effect of fine grain strengthening on the material is greater. The Hall–Petch Equation is applicable to most materials. However, there will be an obvious “anti-Hall–Petch relationship” when the grain size decreases to nano-scale [53]. The strength will increase with the increased grain size at nano-scale [54]. However, it is difficult for the grain size of steel to reach nanometer scale due to the limitation of rolling technology. The minimum size of mass-produced high-manganese austenitic steel is more than 2 μm. Therefore, the Hall–Petch Equation can be used to express the influence of grain size on the strength of high-manganese austenitic steel [55].



Dini et al. [21] annealed Fe–31Mn–3Al–3Si steel at 850 °C for different times to obtain fine and coarse grain structures with different grain sizes, and then, they carried out a tensile test to study the effect of grain size on tensile properties of steel (Table 2). Ueji et al. [22] prepared an ultrafine-grained structure by cold-rolling and annealing, and they studied the tensile properties and twinning behavior of ultrafine-grained, fine-grained, and coarse-grained steels at room temperature (Figure 5). The results showed that the yield strength and tensile strength increased, and the plasticity decreased with the decrease of grain size. The generation of mechanical twins was restrained with the grain refinement. The yield strength of Fe–22Mn–0.6C TWIP steel can reach 700 MPa when the grain size is about 1 μm [19]. The effect of grain refinement on the mechanical performance is related to the application temperature. Wang et al. [51] researched the effect of grain size on the mechanical properties of high manganese austenitic steel at 25 °C and −196 °C and found that the effect of grain refinement on the yield strength of steel at −196 °C was stronger than that at 25 °C. The toughness and ductility of steel were improved with the increase of grain size at 25 °C. However, there was little influence at −196 °C, owing to the emergence of the micro-twin.



Sun et al. [56] studied the effect of grain refinement on tensile properties and deformation twinning behavior of a high-entropy alloy. The results showed that grain refinement inhibited twinning formation, and the relationship between the critical stress of twinning formation and grain size was given by Equation (4).


    σ  T  = m  γ    b  p    +     k  T     d     



(4)




where m is the Taylor factor; γ is the stacking fault energy; bp is the Burgers vector of a partial dislocation; kT is the Hall–Petch constant for twinning; and d is the grain size.



For coarse-grained structures, the critical stress of twin formation is small during tensile deformation. For fine-grained structures, the strengthening effect of grain refinement is less than the influence of the critical stress of twin formation caused by grain refinement during tensile deformation. The stress of the fine-grained structure during tensile deformation is less than the critical stress of twin formation, and there will be no deformed twins.




2.3. Deformation Parameters


The deformation parameters, such as temperature, strain, and strain rate, have significant effects on the flow behavior and microstructure of high manganese steel during mechanical processing, and they will further affect their mechanical properties [57,58]. The hot deformation behavior of Fe–25Mn–3Si–3Al TWIP steel was studied, and the constitutive equation related to the Zener–Hollomon parameter (Z) and hot deformation activation energy was established [59]. A strain-dependent constitutive equation for Fe–21Mn–2.5Si–1.5Al steel was put forward, which can accurately estimate the flow stress in the relevant temperature range [60].



Pozdniakov et al. [61] reported that hot deformation could result in a decrease of the grain size. The low stress and ultimate tensile strength decreased with increased deformation temperature, while the plasticity properties of steel were improved, owing to dynamic recrystallisation processes in the austenite phase. Reed et al. [62] found that the change of yield strength with temperature followed an exponential law in stable austenitic steels. The relationship between austenitic strength and temperature may be expressed by Equation (5) when the austenitic strength is determined by the dislocation slip mechanism.


  σ =   σ  0  e x p  (  − B T  )   



(5)




where the parameter B is a function of steel composition, and T is temperature.



It is reported that the grain size increases, and the yield strength and the ultimate tensile strength decrease with an increased rolling temperature [63]. The yield strength of Fe–Mn–C steels decreases faster below room temperature, and it decreases slowly when the deformation temperature is higher than room temperature [19,39]. Kim et al. [9] studied the mechanical properties of Fe–0.4C–(22–26)Mn steel at room temperature and low temperature. The experimental results are shown in Table 3. The research showed that Fe–0.4C–(22–26)Mn steel had a higher yield strength at a low temperature. However, the elongation of Fe–0.4C–(24–26)Mn steel at room temperature was similar to that at a low temperature. Kliber et al. [64] studied TWIP steels with 17 wt.% to 20 wt.% manganese between 900 °C and 1100 °C. The results showed that flow stresses reduced from 300 MPa to 160 MPa with increased temperature.



The mechanical properties of cold-worked high manganese steel can be adjusted by annealing [65,66,67,68]. Dislocations and twin grain boundaries can act as nucleation sites for recrystallization during annealing [69,70]. The grain is gradually refined, thus improving the plasticity and toughness of steel with the increase of annealing temperature. Tewary et al. [66] found that recovery occurred in Fe–21Mn–3Si–3Al–0.06C TWIP steels at 600 °C to 800 °C, while recrystallization happened at 900 °C. The ductility of steel was improved, and the tensile strength decreased after annealing at 600 °C. The recrystallization of austenitic high manganese steels containing over 20 wt.% manganese started at about 600 °C [71]. Kim et al. [68] reported that there was more reversed austenite in austenitic stainless steels with increasing the annealing time, which would lead to the decrease of hardness and strength and the increase of elongation. Yuan et al. [72] studied the influence of the annealing temperature on mechanical properties and microstructures of 25Mn–3Cr–3Al–0.3C–0.01N steel. The results showed that annealing temperature had a great influence on the grain size and mechanical properties of steel. The occurrence frequency of the ∑3 grain boundary and deformation twin was closely related to the annealing temperature. The grain size increased from 2.2 μm to 28.7 μm as the annealing temperature increased from 700 °C to 1000 °C. The yield strength and tensile strength decreased by 315 MPa and 290.5 MPa, respectively, and the elongation increased by 21%.



The strain also affects the microstructure evolution of steel. The microstructure changes from a high-density dislocation to a slip band during tensile deformation with the improvement of strain, and deformation twins will be produced. The low-angle grain boundary increases with an increased strain [72]. The recrystallization kinetics are accelerated, and recrystallization grains are refined with the increase of cold-rolling deformation [73]. Tewary et al. [65,66] studied the influence of reduction in cold rolling on the mechanical properties of high manganese steel. The results showed that a larger reduction in cold rolling was beneficial to the hardness, yield strength, and tensile strength of specimens but unfavorable to elongation. It was mainly caused by the crushing and flattening of the austenite phase in the deformation process. The volume fraction of residual austenite decreased with increased deformation [68]. However, Shen et al. [74] reported that the excessive reduction was detrimental to the ductility of steel, and steel products with good yield strength and ductility were obtained by 10% reduction in the cold rolling of Fe–30Mn–3Si–4Al–0.093C steel, with reduction levels of 10% to 70%. Behjati [67] reported that a relatively small reduction of 35% and annealing time of 100 s could provide efficient grain refinement for high manganese austenitic steel and get excellent strength-ductility properties. The yield strength was 890 MPa, the tensile strength was 1340 MPa, and elongation was 41%.



The flow stress of material is sensitive to strain rate. A higher energy will be stored in materials at higher strain rates, which will cause the grain boundary to migrate at a larger speed. It will accelerate the nucleation of dynamic recrystallization grains and increase the frequency of twinning. The grain boundary migration time is prolonged at lower strain rates. It is beneficial to the growth of dynamic recrystallization grains and the nucleation of annealing twins. However, sluggish recrystallization kinetics and annealing twins evolution are observed at intermediate strain rates due to insufficient storage energy and insufficient time for grain boundary migration [75].



Koyama et al. [34] studied the effect of strain rate on the tensile properties of Fe–33Mn–1.1C steel. The research showed that the strength was kept relatively stable, but the elongation increased with the increase of the strain rate when the strain rate was between 10−5 s−1 and 10−2 s−1. Liang et al. [23] studied the static tensile deformation and dynamic tensile deformation behavior of Fe–18Mn–0.6C–1.5Al–0.8Si steel in the strain range of 5.7 × 10−4 s−1 to 5.8 × 10−3 s−1 and between 55 s−1 and 3000 s−1 by using a hydraulic tensile testing machine and Hopkinson compression bar tensile testing device, respectively. The results showed that the yield strength of Fe–18Mn–0.6C–1.5A1–0.8Si steel increased significantly from 500 MPa to 727 MPa with an increased strain rate. The maximum flow stress of manganese TWIP steel increased by 50 MPa when the strain rate increased from 5 s−1 to 100 s−1 [64].





3. Reasons for Deterioration of Low-Temperature Properties


As a material applied in low temperature environments, the high manganese austenitic steel requires not only high strength, but also excellent ductility and toughness to ensure the safety and integrity of materials. The inhibition of brittle fracture at low temperatures is the key factor to improve the low-temperature performance of high manganese steel. The main reasons for the deterioration of low-temperature properties are martensite transformation during low-temperature deformation [10,11,12], “slipping-off” fracture caused by dislocation accumulation at grain boundaries [13,14], the influence of hydrogen embrittlement [15,16], and the segregation of impurity elements at grain boundaries, etc. [17].



3.1. Martensite Transformation


The low-temperature toughness of high manganese austenitic steel is significantly affected by ε martensite. The interaction between ε martensite, ε martensite and the annealing twin, and grain boundaries often leads to the brittle fracture of high manganese steel at low temperature [10,11,12]. Figure 6 shows the X-ray diffraction analysis of Fe–17Mn–0.6C steel with 10% strain in the temperature between 173 K and 294 K [10]. It indicated that there was more ε martensite transformation with a decreased temperature.



The deformation mechanism of Fe–Mn–C austenitic steel is directly related to temperature and stacking fault energy. Martensite transformation easily occurs when stacking fault energy is low or the plastic deformation enters the high deformation range [76,77]. Alain et al. [77] found that the mechanical martensitic transformation of Fe–22Mn–0.6C steel occurred below 18 mJ·m−2. Twinning plays a leading role when the stacking fault energy is between 12 mJ·m−2 and 35 mJ·m−2. Under the ideal state, the stacking fault energy can be calculated according to Equation (6) [12].


    γ   S F E   = 2 ρ Δ   G   γ → ε   + 2   σ   inter    



(6)




where ρ is the molar density along the {111} crystal plane,   Δ  G  γ → ε     is the molar Gibbs free energy of   γ → ε   transformation, and σinter is the interface energy between the γ and ε phases. The value of σinter is generally taken between 5 mJ·m−2 and 15 mJ·m−2 for transition metals [78,79,80]. The ρ is determined geometrically by introducing the lattice parameter a of the alloy and can be expressed as Equation (7) [77]:


  ρ =  4   3     1    a  2  N    



(7)




where N is Avogadro constant. Olson and Cohen [79,80] added an excess term related to grain size (ΔGex) into the stacking fault energy, as shown in Equations (8) and (9).


    γ   S F E   = 2 ρ Δ   G   γ → ε   + 2   σ   γ → ε   + 2 ρ Δ   G   ex    



(8)






  Δ   G   e x   = 170.06 exp  (    − d   18.55    )   



(9)







The above research shows that the decrease of stacking fault energy at lower temperatures can reduce martensite transformation, while grain refinement can effectively compensate the decrease of stacking fault energy caused by a lower temperature and inhibit martensite transformation. The grain refinement increases the strength. However, the plasticity decreases due to the reduction of the work-hardening ability. Takaki et al. [81] studied the tensile properties of an Fe–15Mn alloy with different grain sizes and found that the ε martensite transformation was almost completely inhibited when the grain size decreased below 10 μm. The study of the Fe–17Mn–0.6C alloy showed that the brittle fracture occurred at −150 °C when the grain size was between 10 μm and 37 μm [82]. However, the brittle fracture was restrained when the grain size was refined to 3.5 μm. Tomota et al. [13] found that no ε martensite transformation was found at room temperature when the manganese content increased to 36%, and only 4.2% ε martensite was found at −196 °C when the tensile strain exceeded 60%.



The γ→ε transformation is also related to the composition of steels. Sato et al. [83] studied the effect of aluminum on the γ→ε transformation of Fe–(20 and 30)Mn–(0 to 7) Al alloys. The results showed that the γ→ε transformation temperature decreased when aluminum was added into Fe–20Mn steels. However, the addition of aluminum suppressed the γ→ε transformation in Fe–30Mn steels. Phase transformations could also be inhibited by adding chromium and nitrogen in Fe–Mn–C steels [84]. There was no α′ martensite in the steel with 7.5 wt.% chromium, which resulted in a better ductility [84].




3.2. Slipping-off Fracture


Although high manganese austenitic steel has a complete face-centered cubic structure, the stacking fault will decrease with the decrease of temperature, which will promote the generation of twins and the plane slip of dislocation. During the deformation process, the loose planer dislocations will produce “slipping-off” at the annealed twins boundary or large-angle grain boundary, resulting in brittle fracture [13,14]. Figure 7 shows the slipping-off mechanism of the brittle fracture schematically.



The stacking fault energy increases with the decrease of grain size and decreases with the decrease of temperature. Grain refinement can compensate for the influence of decreasing temperature on the reduction of stacking fault energy to a great extent. Metals with a high stacking fault energy are more conducive to the formation of dislocation cells rather than loose planer dislocations in the initial stage of deformation. The dislocation cells formed in the process of deformation will eventually form dislocation cells with a small orientation difference and nanometer level through dynamic refinement, which can prevent the “slipping-off” mechanism that causes brittle fracture.




3.3. Hydrogen Embrittlement


Hydrogen embrittlement caused by the accumulation of a small amount of hydrogen atoms in high-stress areas of materials (such as metal defects) is considered to be a very important factor causing premature fracture. It affects almost all metals and alloys. Bia [15] and Park [16] studied the effect of hydrogen on the tensile process of Fe–31Mn–31Al–3Si and Fe–18Mn–0.6C steels, respectively. It was found that hydrogen charging had little effect on the yield strength of coarse-grained and fine-grained samples, but obviously deteriorated the elongation of coarse-grained samples. Tuluca et al. [85] studied the effect of electrochemical hydrogen charging on the mechanical properties of Fe–33Mn–1.1C austenitic steel with high carbon concentration and a high stacking fault energy. The results showed that the yield strength increased due to the solution hardening of hydrogen. However, the elongation and work-hardening capability decreased. Both intergranular and transgranular fracture, regionally, were detected. The initiation and propagation of hydrogen-assisted crack were the plasticity-dominated mechanisms based on strain localization. The schematic diagram of the hydrogen embrittlement mechanism is shown in Figure 8.



Grain refinement could effectively restrain the effect of hydrogen embrittlement. Therefore, the ductile–brittle transition could be suppressed by grain refinement, thus improving the resistance to hydrogen embrittlement [15,16]. Hydrogen embrittlement resistance increases with grain refinement due to the reduced local strain position and crack initiation position, which are hydrogen diffusion channels [86]. Nano-twinned grains in a high carbon manganese steel can decrease the hydrogen diffusivity through the bulk material, reduce dislocations glide during plastic deformation, and increase the resistance to hydrogen embrittlement [87].



The composition of high manganese steel has a certain influence on its hydrogen embrittlement sensitivity. The hydrogen embrittlement sensitivity increases with increased diffusible hydrogen content [11]. The solubility of hydrogen increases with increased aluminum in steels [88,89]. Therefore, the hydrogen uptake can be inhibited by adding aluminum in high manganese steel, which is associated with the prevention of hydrogen diffusion. Moreover, it can reduce the embrittlement sensitivity to diffusible hydrogen content [11,90]. Similarly, adding copper in steels could increase the stacking fault energy and inhibit the hydrogen embrittlement sensitivity [91]. However, the effect of aluminum on the hydrogen embrittlement of steels could be inhibited by phosphorus in steels, while the existence of phosphorus in steels without aluminum does not aggravate the hydrogen embrittlement sensitivity of steel [91]. Koyama et al. [92] reported that hydrogen embrittlement was suppressed by the addition of manganese in steels, owing to the decrease the formation trend to twin and martensite. Lee et al. [93] studied the effect of silicon on hydrogen embrittlement of Fe–18Mn–0.6C–xSi TWIP steels. The results showed that the addition of silicon would lead to the formation of ε martensite and is conducive to the occurrence of brittle fracture.




3.4. Segregation of Impurity Element at Grain Boundaries


Alloys and impurity elements can segregate on the surface and grain boundary of metals [94]. The change of local chemical composition at the grain boundary affects the critical stress of twins generation, thus affecting its work-hardening behavior. García-Mazarío et al. [95] characterized the grain boundary microchemical of martensitic steel by Auger electron spectroscopy and found out that step-cooling promoted chromium, molybdenum, and phosphorus segregation to grain boundaries, which would increase the sensitivity of the embrittlement of materials. Helium segregation at grain boundaries was found in irradiated materials. The fracture criteria of material depended upon the time scale of crack growth, the density, and the size of helium segregation [96]. Xue et al. [97] found nonequilibrium segregation of manganese at the grain boundaries in high manganese austenitic Fe–Mn alloys. The segregation increased with increasing manganese content. The ductile-to-brittle transition temperature and intergranular fracture increased with increased manganese content, solid–solution treatment temperature, and cooling rate, which indicated that the intergranular fracture and embrittlement were caused by manganese segregation. Herbig et al. [17] used 3D atom probe tomography technology to study the grain boundary segregation characteristics of Fe–28Mn–0.3C steel containing a 50% general grain boundary and 35% ∑3 annealed twins grain boundary, as shown in Figure 9. The segregation of boron, carbon, phosphorus, and traces of silicon and copper were found on the general grain boundary. The segregation of boron and phosphorus also existed on the grain boundary of ∑3 annealed twins. Although the crystallography of annealed twins was consistent with that of deformed twins, no segregation of elements was found on the deformed twins. Manganese was neither enriched nor depleted on the general grain boundary. The enrichment of the carbon element on the general grain boundary led to the increase of the local stacking fault energy, which increased the forming stress of twins. The depletion of the carbon element on the annealed twins grain boundaries was beneficial to the twins nucleus.





4. Deformation Mechanisms


Good strength and plasticity is the basis of the high manganese steel application. However, it is difficult to get the strength–plasticity combination of materials. It is always a difficult problem in industry and experimental research to prepare metal materials with high strength and excellent plasticity. In recent years, a breakthrough for keeping high strength and good plasticity has been achieved through different deformation mechanisms, including the TRIP effect, TWIP effect, SIP effect, and MBIP effect, etc.



4.1. TRIP Effect


TRIP is an important deformation strengthening mechanism in high manganese steels to obtain excellent properties combining high strength and good ductility. Metastable austenite is transformed into ε martensite or induced α’ martensite when the strain exceeds a certain level in tensile deformation. Martensite transformation can lead to a decrease in the grain size and fine-grain strengthening [98]. In addition, martensite, as the second phase, strengthens the original austenitic material, which shows an increase in strength. The appearance of martensite during stretching increases the work hardening rate, delays the occurrence of necking, and improves the uniform elongation of material. Therefore, the TRIP effect of strain-induced martensite simultaneously improves the strength and plasticity of material [24]. The transformation from residual austenite to martensite belongs to non-diffusion transformation. The martensite produced by the residual austenite transformation can produce the TRIP effect, while that obtained by deformation and quenching has no transformation toughness. El-Sherbiny et al. [99] found the content of residual austenite increased with the increase of manganese. Manganese content has an important influence on the phase transformation of high manganese steel. Li et al. [100] reported that γ → ε, ε → α′ and γ → α′ could occur in steel with 15 wt.% manganese. However, there was a larger amount of ε martensite in steel when the content of manganese increased to 19 wt.%. Manganese in steels could stabilize austenite and ε martensite, and the grain refinement of the TRIP effect mainly resulted from the γ → ε, rather than the γ → α′, transformation [101].




4.2. TWIP Effect


In addition to the TRIP effect, the TWIP effect is another deformation mechanism to obtain an excellent strength–ductility balance material. The stress increases continuously, and some oriented grains produce deformation twins with the increase of strain during tensile deformation. Deformation twinning and twin intersection will appear in more grains when the stress exceeds the critical stress of twinning. Deformation twins and twin intersection divide the original austenite grains and refine them. The strength of material is improved by dynamic fine grain strengthening. The average free path of the dislocation slip is reduced, the work hardening rate is increased, the occurrence of necking is delayed, and the plasticity of material is improved by dividing the original austenite grain. Therefore, the strength and plasticity of material is increased by the TWIP effect [20]. Grässel et al. [39] found that Fe–25Mn–3Si–3Al TWIP steel had a moderate tensile strength of about 650 MPa and high uniform elongation of about 80% at room temperature due to the formation of massive twinning during deformation.



The TRIP effect is more beneficial to increase the strength of material, and the TWIP effect is more conducive to improving the ductility of material [40,45]. The deformation mechanism of steels can change between the TRIP effect and TWIP effect under different conditions. Eskandari et al. [101] studied the mechanical behavior of austenitic steel with 21 wt.% manganese at 25 ℃ to 1000 ℃. The results showed both deformation-induced martensite and mechanical twinning were observed in the steel at 25 ℃ to 100 ℃. However, there was little mechanical twinning when the temperature rose above 200 ℃, indicating that the deformation mechanism changed to TWIP [101].




4.3. SIP Effect


Frommeyer et al. [25] studied the plastic deformation behavior of Fe–28Mn–10Al–1.2C steel, and the SIP effect was introduced to explain the results. They found that the nano-scale κ carbide with austenite could undergo shear deformation during the deformation process, thus hindering the dislocation movement and increasing the deformation resistance, which made the experimental steel show a good uniform deformation ability and high tensile strength during the tensile deformation. Moreover, an obvious plane slip shear band was observed in the microstructure after deformation. Choi et al. [102] obtained κ carbides with different sizes and volume fractions through different aging treatments and analyzed their effects on the deformation behavior and mechanical properties of Fe–Mn–Al austenitic steel. It was found that austenite with a high stacking fault energy showed plane slip characteristics owing to the existence of ordered κ carbide. Dislocation passed through κ carbide in the movement process, forming a large number of slip bands. It showed plane slip characteristics instead of a dislocation cellular structure.




4.4. MBIP Effect


Yoo et al. [26] studied the microstructure evolution of Fe–28Mn–10Al–1.0C austenite steel during tensile deformation at room temperature, and they put forward the MBIP theory to explain the combination of high strength and toughness of the steel. The research object was a single-phase austenite structure after plastic deformation and solution treatment. The alloy elements were completely dissolved in the austenite matrix, the stacking fault energy of austenite was 85 mJ·m−2 at room temperature, and the free energy difference between austenite and martensite was about 1130 J·mol−1. Neither the TRIP effect nor TWIP effect occurred with the increase of strain. However, a large number of micro-band structures were formed. They crossed each other, showing obvious plane slip characteristics. The continuous strain hardening of austenite resulted in a good match between strength and plasticity. The tensile strength of the steel was 843 MPa, and the elongation after fracture was 100%.



In the tensile deformation process of metals with a low stacking fault energy, the total dislocations are easily decomposed into partial dislocations, which are wide in width and small in lattice distortion, and it is difficult to cross-slip. Therefore, the dislocation movement is confined to a single slip surface. The dislocation density increases with the increase of strain, and a large number of dislocations pile up to gradually form dislocation clusters, a Taylor lattice, high-density dislocation walls, domain boundaries, and other structures, resulting in MBIP deformation [103]. The deformation mechanisms of both MBIP and SIP belong to the plane slip.



Gutierrez et al. [104] thought that the formation of a micro-band was due to the strong plastic deformation confined to the single or coplanar slip system, while the dislocation motion in the second non-coplanar slip system was limited. Therefore, this highly localized microstructure was considered to be a softening mechanism instead of a strengthening mechanism. The micro-band was a narrow shear zone within the grain surrounded by a certain geometric structure. Different dislocation substructures, such as a high-density dislocation wall and Taylor lattice, could also be observed. However, the effect of these different dislocation structures on the strain strengthening ability of Fe–Mn–Al steel was not clear.



The deformation mechanism of austenite mainly depends on the stacking fault energy [105,106]. The deformation mechanism is mainly TRIP when the Gibbs free energy difference between austenite and martensite is less than −220 J·mol−1 and when the stacking fault energy is less than 25 mJ·m−2. The dominant deformation mechanism of austenite is TWIP when the stacking fault energy is 25–55 mJ·m−2. When the stacking fault energy is greater than 55 mJ·m−2, the deformation mechanism is mainly SIP or MBIP [105]. The stacking fault energy of steels is related to the composition and deformation temperature. Therefore, the deformation mechanism of high manganese austenitic steel can be controlled through reasonable composition control and optimization of the deformation temperature.





5. Conclusions


This review covers the research progress of high manganese austenitic steel, including factors affecting the mechanical performance, the deterioration at low temperatures, and deformation mechanisms.



The mechanical properties of steels are related to the chemical composition; grain size; and deformation parameters, such as temperature, strain, and strain rate. The strength of high manganese austenitic steel increases with increased carbon, aluminum, and nitrogen elements in steel. Niobium alloying is harmful to the cryogenic impact on toughness and tensile toughness of steel, while the addition of aluminum is beneficial to toughness. Silicon will promote martensite transformation during deformation. Grain refinement can improve the strength of high manganese austenitic steel without affecting its low temperature plasticity and toughness. The effect of grain refinement on the yield strength at −196 ℃ is stronger than that at 25 ℃. The grain can be changed by controlling deformation parameters. It is refined with the increase of deformation, while the grain size increases with an increased rolling and annealing temperature. The yield strength of high manganese steel decreases, and the plasticity gradually increases with increased deformation temperature. The elongation of steel increases with the increase of strain rate, while there is little effect on the strength.



The brittle fracture at a low temperature is an important reason for the failure of high manganese austenitic steel. It can be caused by martensite transformation of high manganese austenitic steel and segregation of the impurity element at grain boundaries. The martensite transformation can be suppressed by adding aluminum, chromium, and nitrogen in steels. Moreover, the loose planer dislocations produced in the deformation process will result in “slipping-off” at the annealed twins boundary or large-angle grain boundary, which promotes the brittle fracture. “Slipping-off” can be prevented by increasing the stacking fault energy of steel. Hydrogen embrittlement is harmful to the ductility of steel, and it can also cause a fracture of steel. Hydrogen embrittlement sensitivity is related to the grain size and the composition of steels. It can be effectively restrained by grain refinement; increasing the content of aluminum, copper, and manganese in steel; and decreasing the phosphorus and silicon.



The excellent strength–ductility combination of high manganese austenitic steel is beneficial to the application in liquefied natural gas storage tanks. The strength and ductility of materials can be optimized by the TRIP effect, TWIP effect, SIP effect, and MBIP effect. The deformation mechanism of high manganese austenitic steel depends on the stacking fault energy, which is related to the composition and deformation temperature. The TRIP effect plays a major role when the stacking fault energy is less than 25 mJ·m−2. The deformation mechanism is TWIP when the stacking fault energy is between 25 mJ·m−2 and 55 mJ·m−2, and it changes to the SIP effect and MBIP effect with the stacking fault energy increases to larger than 55 mJ·m−2.
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Figure 1. Structure of the current review. 
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Figure 2. (a) Isocarbon (0.6 wt.%) and (b) isomanganese (22 wt.%) stacking fault energy diagrams (Reprinted with permission from Ref. [28], Copyright 2022 Springer Nature). 
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Figure 3. Effects of niobium contents on (a) engineering stress–strain curves, (b) corresponding strain-hardening curves, (c) Charpy V-notch impact absorbed energies at −196 °C, and (d) grain sizes of high manganese steel (Reprinted with permission from Ref. [49] Copyright 2022 Elsevier). 
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Figure 4. Phase equilibrium diagram of (a) 22Mn (Reprinted with permission from Ref. [6] Copyright 2022 Elsevier), (b) 24Mn-3.3Cr [6], (c) 24Mn-3.4Cr (Reprinted with permission from Ref. [50] Copyright 2022 Elsever), and (d) 24Mn-6.3Cr-0.2 N [6] steels. 
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Figure 5. Stress–strain curves of the Fe–31Mn–3Al–3Si steels with different grain sizes (Reprinted with permission from Ref. [22], Copyright 2022 Elsevier). 
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Figure 6. The X-ray diffraction of the Fe–17Mn–0.6C alloy in the temperature range of 173–294 K (Reprinted with permission from Ref. [10], Copyright 2022 Elsevier). 
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Figure 7. Schematic diagram of the brittle fracture slipping-off mechanism. 
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Figure 8. Schematic diagram of hydrogen embrittlement. 
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Figure 9. Element segregation on grain boundaries in 3D elemental atom maps (Reprinted with permission from Ref. [17], Copyright 2022 Elsevier). 
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Table 1. The area fraction of the intergranular-fractured region depending on the applied strain for the hydrogencharged 0Cu and 2Cu steels (Reprinted with permission from Ref. [48] Copyright 2022 Elsevier).
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	Engineer Strain
	0Cu Steel (%)
	2Cu Steel (%)





	0.05
	0.02
	0.03



	0.10
	0.45
	0.15



	0.20
	1.31
	0.79



	0.30
	2.11
	1.11
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Table 2. Tensile properties of Fe–31Mn–3Al–3Si steel with different grain sizes (Reprinted with permission from Ref. [21] Copyright 2022 Elsevier).
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	Grain Size (μm)
	Yield Strength (MPa)
	Ultimate Tensile Strength (MPa)
	Yield Strength /Ultimate Tensile Strength
	Ultimate Elongation

(%)





	2.1
	572.0
	825.0
	0.69
	39.8



	4.7
	404.4
	723.8
	0.56
	56.5



	11.4
	311.9
	648.1
	0.48
	63.1



	23.7
	208.6
	575.4
	0.36
	70.0



	72.6
	123.1
	519.4
	0.24
	76.3
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Table 3. Mechanical properties of Fe–0.4C–(22–26)Mn steel at room temperature and −196 °C (Reprinted with permission from Ref. [9], Copyright 2022 Elsevier).
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Temperature (°C)

	
Steel

	
Yield Strength (MPa)

	
Ultimate Tensile Strength (MPa)

	
Elongation (%)






	
25

	
22Mn

	
334

	
879

	
103




	
24Mn

	
314

	
843

	
107




	
26Mn

	
322

	
802

	
101




	
−196

	
22Mn

	
528

	
1338

	
67




	
24Mn

	
574

	
1288

	
102




	
26Mn

	
598

	
1275

	
110
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