Martensite enables the formation of complex nanotwins in a medium Mn steel
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Abstract
Nanotwins with high density have been introduced by severe plastic deformation to improve the mechanical properties of single-phase steels. In this paper, we revealed a pathway to generate intensive nanotwins in a dual-phase medium Mn steel. These nanotwins have a complex morphology and are developed by martensitic transformation during the quenching process and twinning induced plasticity (TWIP) effect during subsequent uni-axial tension. We envision that the complex nanotwins with very high twin density will be promising in enhancing the mechanical performance of steels.
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Strong and ductile metallic materials are desirable to develop lightweight structural components for different engineering applications [1, 2]. However, improving strength often results in a reduced ductility, which is known as strength-ductility trade-off in metals and alloys [3, 4]. To alleviate such trade-off, coherent nanotwin boundaries have been employed in varied metallic materials [5-17]. The nanotwin boundaries can be not only effective barriers but also slip planes for dislocation glide [18-20]. It is proposed that the hierarchical nanotwins can enhance the interaction between coherent nanotwin boundaries and dislocations, achieving better strength and ductility combination as compared to the monolithic nanotwins [21, 22]. Such hierarchical nanotwins can be generated in single-phase metallic materials by using varied techniques [3, 23-26]. For example, the hierarchical nanotwins in steels with single austenitic phase can be developed by using severe plastic deformation, such as pre-torsion and uni-axial tension [3], surface mechanical grinding treatment (SMGT) [24] and surface mechanical attrition treatment (SMAT) [26]. 
In this paper, we revealed a pathway to generate a nanotwinned structure with complex morphology in a dual-phase medium Mn steel. Such complex nanotwins have a very high twin density. By detailed microstructural observation, we found that the quenched martensite, which is resulted from strong first-order solid state phase transformation [27], can facilitate the development of these complex nanotwins. 
A medium Mn steel with a chemical composition of Fe-10%Mn-0.45%C-1%Al (in wt.%) is employed for the present investigation. It is prepared by casting and forging, followed by hot rolling to strips with a final thickness of 4 mm. The ASTM E-8 sub-sized tensile samples are wire cut along the rolling direction. The tensile samples are annealed at 1000 oC for 1 hour, followed by water quenching (WQ) and immersing in liquid nitrogen (LN) for 10 mins to generate lath martensite. The martensite start (Ms) temperature of the present steel is predicted to be 75 oC according to the empirical equations [28, 29]. The tensile samples are tempered at 620 oC for 5 hours to allow C partitioning [30]. The tensile samples are plastically deformed to varied engineering strains at room temperature under a quasi-static strain rate of 5×10-4 s-1. The microstructure is characterized by using scanning electron microscopy (SEM) and electron backscattered diffraction (EBSD) in a FEG SEM Leo 1530 at 5 kV and 20 kV, respectively. The EBSD sample is prepared by electro-polishing using a mixture of 15% perchloric acid and 85% ethanol (vol.%) after conventional mechanical grinding. The X-ray diffraction (XRD) measurements are performed to identify the evolution of austenite volume fraction during different thermal-mechanical processes. The details on the XRD measurements of the present steel can be found in [31, 32]. The electron probe microanalysis (EPMA) measurements have been performed to confirm the C partitioning between the martensite and austenite. The results of the EPMA measurements have been reported elsewhere [32]. The nanotwins are observed under transmission electron microscopy (TEM) in an FEI Tecnai G20 at 200 kV. The TEM sample is prepared by Twin-jet machine using a mixture of 5% perchloric acid and 95% ethanol (vol.%) at -30 oC with a potential of 30 V. 
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Figure 1: EBSD phase image of the present steel after (a) water quenching and (b) liquid nitrogen treatment. Red: martensite; Yellow: austenite. (Colour image can be found online)

Figure 1 (a) and (b) are the EBSD phase maps of the present steel after water quenching and liquid nitrogen treatment, respectively. Most of the martensite laths are distributed in the large austenite grains in the present steel after water quenching (Figure 1 (a)), which is consistent with the literature that the larger austenite grain is less stable [33]. The liquid nitrogen treatment triggers the martensitic transformation, which sweeps over most of the austenite grains (Figure 1 (b)). The martensitic transformation is along one direction and martensite bands are formed. The reason for the banded structure of martensite could be due to the Mn banding, which has been observed in most of Mn alloyed steels such as quenching and partitioning (Q&P) steel [34] and dual-phase (DP) steel [35]. Generally, prolonged annealing at high temperatures such as holding at 1200 oC for 24 hours is required to remove the Mn banding. The volume fraction of martensite is estimated to be 9% and 26% after water quenching and liquid nitrogen treatment, respectively [31]. 
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Figure 2: (a) SEM image and (b) EBSD phase image indicating a dual-phase microstructure after the tempering process. ': martensite; Llarge austenite; Ssmall austenite. Red: martensite; Yellow: austenite. (c) Volume fraction of austenite during different thermal-mechanical processes obtained from the XRD measurement. WQ: water quenching; LN: liquid nitrogen; T: tempering; DEF: deformation. (Colour image can be found online)

Figure 2 (a) is a SEM image of the present medium Mn steel after tempering process, showing a dual-phase microstructure with lath martensite embedded in the austenite matrix. The embossment phase is martensite while the dent phase is austenite (Figure 2 (a)). Figure 2 (b) is an EBSD phase image, confirming the dual-phase microstructure in the present medium Mn steel. The austenite grains as shown in Figure 2 (a)-(b) have different grain size due to inhomogeneous grain growth during austenitization (Figure 1 (a)) and heterogeneous martensitic transformation during quenching (Figure 1 (b)). The average grain size of large austenite grain and small austenite grain are estimated to be 23 m and 2.6 m, respectively [32]. Figure 2 (c) shows the evolution of austenite volume fraction during different thermal-mechanical processes. The tempering process does not change the austenite volume fraction (Figure 2 (c)), suggesting that no substantial phase transformation takes place. This is consistent with the observation that the lath martensite remains intact after the tempering process (Figure 2 (a)-(b)). The retained austenite grains in the present medium Mn steel are metastable and around 44% volume fraction of austenite transformed to martensite during tensile deformation (Figure 2 (c)).
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Figure 3: The engineering stress strain curves of the present steel. The interrupted tensile curves are also included. 

Figure 3 shows the engineering stress strain curve of the present steel. The tensile curves generally coincide with each other, suggesting that the tensile behaviours are reproducible. The present steel demonstrates serrated plastic flow at an engineering strain larger than 20% (Figure 3). The serrations could be due to the generation of Portevin–Le Chatelier (PLC) bands, which is closely related to the dynamic strain aging (DSA) effect [36, 37]. The present steel is fractured just after the serrations (Figure 3), suggesting that the plastic flow is unstable due to formation of PLC bands. 
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Figure 4: EBSD phase image of the present steel after tensile deformation of (a) 10% and (b) 30%.  Red: martensite; Yellow: austenite. (Colour image can be found online)

Figure 4 (a) and (b) shows the microstructure of the present steel after tensile deformation of 10% and 30%, respectively. As compared to the initial microstructure (Figure 2 (b)), most of the large austenite grains are distributed with the lath martensite after tensile deformation (Figure 4), suggesting that strain-induced martensitic transformation takes place in the present medium Mn steel during uni-axial tension [38, 39]. As compared to the small austenite grains, the large austenite grains have low mechanical stability resulted from relatively low C content [28, 40] and coarse grain size [41, 42]. Therefore, the transformation-induced plasticity (TRIP) effect is mainly contributed by the martensitic transformation from the large austenite grains.  
[image: C:\Users\DELL\Desktop\Hierarchical nanotwins and medium Mn steel\Hierarchical nanotwins (MMTA)\Figure-3.jpg]
Figure 5: (a) TEM image showing the formation of two twinning systems in a single austenite grain after uni-axial tension. The magnified view of (b) primary twinning system and (c) conjugate twinning system. The dashed circle in (c) marks the position for selected area diffraction pattern (SADP) analysis. (d) The magnified view of the solid rectangle in (a) confirming the existence of austenite lamellae close to two major twinning systems. 

Figure 5 (a) is a TEM image of a small austenite grain in the present steel after fracture. Intensive coherent twin boundaries are found in this small austenite grain (Figure 5 (a)). The small austenite grains have high C content because they have the surrounding martensite phase (Figure 2 (a)-(b)) which facilitates C partitioning during annealing at 620 oC for 5 hours [32]. The evidence of C partitioning has been captured by EPMA measurement and the result has been shown in [32]. Consequently, the small austenite grains tend to generate deformation twins rather than martensitic transformation during tensile deformation owing to the proper stacking fault energy [43]. The deformation twins in the small austenite grain have two twinning systems, including the primary twinning system and conjugate twinning system (Figure 5 (a)) [44]. Figure 5 (b) and (c) are the magnified views of these two twinning systems, indicating the intensive distribution of deformation nanotwins in the small austenite grain. The formation of two twinning systems in a single austenite grain can also be found in other medium Mn steels with dual-phase microstructure of ferrite and austenite [45, 46]. Interestingly, some austenite nano-lamellae (~10-50 nm) in adjacent to the dominated twinning systems is observed in the present medium Mn steel (Figure 5 (d)). Note that such austenite nano-lamellae has not been observed in other dual-phase medium Mn steels before [45, 46]. Therefore, it is interesting to investigate the substructure of the austenite nano-lamellae in details.     
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Figure 6: (a) TEM image showing the presence of austenite lamellae with different thickness. (b) The magnified view of red dashed rectangle in (a) indicating the alternating twin bundles in the complex nanotwins. (c) TEM image demonstrating a very high density of nanotwin boundaries in the complex nanotwins. 

Figure 6 (a) is a TEM image of austenite nano-lamellae after uni-axial tension. A magnified view indicates that each austenite nano-lamella contains a single twinning system (Figure 6 (b)), which could be probably grouped into the secondary twinning system [44]. The collective formation of the single twinning system in individual austenite lamella generates an overall nanotwinned structure with complex morphology (Figure 6 (b)). Each austenite lamella could have a very high density of nanotwin boundaries (Figure 6 (c)), which may be resulted from the high-stress concentration during uniaxial tension. 
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Figure 7: (a) TEM image showing the formation of dislocations in adjacent to austenite and martensite interface. White dashed line marks the interface. (b) A magnified view of the dashed rectangle in (a) confirming the nanotwin boundaries in the small austenite grain. (c) A schematic illustration of nanotwin boundaries generated due to the formation of adjacent lath martensite during the quenching process. TM: nanotwin boundaries generated by quenched martensite. (d) A schematic illustration of complex nanotwins developed by both martensitic transformation and uniaxial tension. TT: nanotwin boundaries formed by uniaxial tension.

Figure 7 (a) is a TEM image of small austenite grain in the present medium Mn steel before uniaxial tension, showing an intensive distribution of dislocations in adjacent to the austenite and martensite interface. A magnified view of the region close to interface suggests that the nanotwin boundaries are also present in this small austenite grain (Figure 7 (b)). The formation of these nanotwins could be due to the high localized stress concentration resulted from the generation of adjacent lath martensite during the quenching process [47]. The formation of lath martensite accompanies with a large transformation strain [48], which is accommodated by elastic/plastic deformation of both martensite and austenite phases [49, 50]. The plastic deformation in the austenite matrix is carried out by the generation of defects such as dislocations (Figure 7 (a)) and nanotwins (Figure 7 (b)-(c)). These nanotwins could be the main reason for the formation of austenite nano-lamellae in adjacent to the small austenite grain (Figure 5 (d) and Figure 6 (a)). In contrast, the strain-induced martensitic transformation is irrelevant to the formation of the austenite nano-lamellae because the former tends to take place in the large austenite grains during uni-axial tension [39]. Each austenite nano-lamellae develops single twinning variant with very high twin density during uni-axial tension, leading to the formation of complex nanotwins (Figure 7 (d)). Therefore, the generation of complex nanotwins in the present medium Mn steel could be ascribed to the martensitic transformation and subsequent uni-axial tension. In other words, the present complex nanotwins cannot be formed if the martensitic transformation does not take place prior to uniaxial tension. It has been demonstrated that the coherent nanotwin boundary strengthening plays a key role in achieving high strength in metallic materials with very high twin density [5]. However, it is difficult to introduce high twin density in nanotwinned steel with monolithic nanotwins [12]. The formation of complex nanotwins could be feasible to increase the twin density in nanotwinned steel [22]. However, such complex nanotwins are mostly generated by using severe plastic deformation [3, 24, 26]. In this paper, we propose a pathway to generate complex nanotwins with very high twin density (Figure 6) in a medium Mn steel by using martensitic transformation and subsequent simple uniaxial tension (Figure 7 (c)-(d)). Note that the volume fraction of austenite after tensile deformation of 46% decreases down to 0.23 (Figure 2 (c)). Therefore, it is expected that the amount of austenite grains with complex nanotwins is much lower than the martensite phase. Thus, the current alloy composition may not be the optimal one to demonstrate the enhancement of properties by complex nanotwins. Nevertheless, the alloy composition could be further improved by considering the austenite stability and stacking fault energy with an aim to generate large amount of austenite grains with complex nanotwins during quenching and deformation.
In summary, we revealed a nanotwinned structure with complex morphology in a dual-phase medium Mn steel. The formation of complex nanotwins is closely related to the generation of lath martensite during the quenching process. The martensitic transformation results in the distribution of nanotwin boundaries in austenite grains. These nanotwin boundaries act as the basic framework for the further development of deformation twins during uni-axial tension, leading to the formation of complex nanotwins. The complex nanotwins with very high twin density are expected to improve the mechanical properties of steels. 
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Figure captions
Figure 1: EBSD phase image of the present steel after (a) water quenching and (b) liquid nitrogen treatment. Red: martensite; Yellow: austenite. (Colour image can be found online)
Figure 2: (a) SEM image and (b) EBSD phase image indicating a dual-phase microstructure after the tempering process. ': martensite; Llarge austenite; Ssmall austenite. Red: martensite; Yellow: austenite. (c) Volume fraction of austenite during different thermal-mechanical processes obtained from the XRD measurement. WQ: water quenching; LN: liquid nitrogen; T: tempering; DEF: deformation. (Colour image can be found online)
Figure 3: The engineering stress strain curves of the present steel. The interrupted tensile curves are also included.  
Figure 4: EBSD phase image of the present steel after tensile deformation of (a) 10% and (b) 30%.  Red: martensite; Yellow: austenite. (Colour image can be found online) 
Figure 5: (a) TEM image showing the formation of two twinning systems in a single austenite grain after uni-axial tension. The magnified view of (b) primary twinning system and (c) conjugate twinning system. The dashed circle in (c) marks the position for selected area diffraction pattern (SADP) analysis. (d) The magnified view of the solid rectangle in (a) confirming the existence of austenite lamellae close to two major twinning systems.
Figure 6: (a) TEM image showing the presence of austenite lamellae with different thickness. (b) The magnified view of red dashed rectangle in (a) indicating the alternating twin bundles in the complex nanotwins. (c) TEM image demonstrating a very high density of nanotwin boundaries in the complex nanotwins.
[bookmark: _GoBack]Figure 7: (a) TEM image showing the formation of dislocations in adjacent to austenite and martensite interface. White dashed line marks the interface. (b) A magnified view of the dashed rectangle in (a) confirming the nanotwin boundaries in the small austenite grain. (c) A schematic illustration of nanotwin boundaries generated due to the formation of adjacent lath martensite during the quenching process. TM: nanotwin boundaries generated by quenched martensite. (d) A schematic illustration of complex nanotwins developed by both martensitic transformation and uniaxial tension. TT: nanotwin boundaries formed by uniaxial tension.
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