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A composite high manganese structure comprising recovered and recrystallized structures was prepared using a single-phase austenitic Fe-30Mn-0.14C-7Cr-0.26Ni steel by cold rolling and annealing. The yield strength and elongation of the composite increased simultaneously, when the tensile temperature decreased from room temperature (RT) to low temperature (−180°C). The composite structure exhibited a good combination of strength and ductility at RT and −180°C. The notable mechanical properties at low temperature can be attributed to the enhanced strain-hardening capability via introducing multiple deformation mechanisms in the composite structure.
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INTRODUCTION

Fe–Mn alloys have attracted significant attention owing to their excellent mechanical properties such as the combination of high strength and high elongation as well as excellent work hardening ability (Bouaziz et al., 2011; Seol et al., 2013; Ueji et al., 2013; Shterner et al., 2016; Ghasri-Khouzani and McDermid, 2017; Wang et al., 2018a,b; Lee et al., 2019). These alloys have been widely reported as potentially low-temperature steels (Hong and Han, 1995; Wang et al., 2018a,b; Lee et al., 2019). The corresponding mechanical properties and deformation mechanism depend on the types of elements added in the alloy as well as on the deformation temperature (Grässel et al., 2000; Allain et al., 2004b; Wang et al., 2010; Lee et al., 2017).

The refined structure could increase the yield strength; however, the elongation may decrease (Huang et al., 2006; Wang et al., 2018b). Some effective methods could improve the strength and ductility of high manganese steels by tailoring the microstructure. As an example, the composite structure of layers of the recovered and recrystallized structures should be proposed. Wang et al. (2018b) used cold rolling and annealing to design Fe-34.5Mn-0.04C steel to form a composite structure comprising recovered and recrystallized structures, the resulting steel demonstrated a good combination of strength and ductility, along with good work hardening ability. Wu et al. (2015) reported that the lamellar structure of pure titanium would lead to the same strength as that of the fine-grained structure, as well as to the same elongation as the coarse-grained structure. Similarly, the IF steel, as reported by Zhang et al. (2017), would also demonstrate good mechanical properties attributing to the lamellar structure. In previous reports (Koyama et al., 2011; Gutierrez-Urrutia and Raabe, 2012; Renard and Jacques, 2012; Shterner et al., 2014, 2016), the formation of deformed twins could inhibit the movement of dislocations, as well as reduce the average free path of dislocations, while producing a dynamic Hall–Petch effect (Grässel et al., 2000; Karaman et al., 2000; Bouaziz and Guelton, 2001; Allain et al., 2004a); therefore, TWIP effect significantly improved the comprehensive mechanical properties. Consequently, the work hardening ability of high manganese steel would be improved (Shterner et al., 2016).

In this study, a high manganese (high-Mn) composite structure comprising recovered and recrystallized structures was successfully produced by cold rolling and annealing in using Fe-30Mn-0.14C-7Cr-0.26Ni steel as the substrate. The composite structure demonstrated a good combination of strength and ductility at room- and low- temperature. The deformation mechanism of the composite structure was also investigated in this study. Furthermore, the Hall–Petch relationship of the composite structure was compared to that of the cold-rolled structure, revealing single recovered structure and recrystallized equiaxed grain structure.



EXPERIMENTAL

Fe-30Mn-0.14C-7Cr-0.26Ni (wt. %) steel was used the substrate in this study. The steel was melted using a vacuum induction technique. Table 1 shows the chemical composition of the high-Mn steel. The ingot was heated to 1,200°C and held for 4 h, and then forged to produce a 22 mm thick plate. The hot rolled temperature was >900°C. The plate was cold rolled with a thickness reduction of 95% using a laboratory rolling mill with a roll diameter of 230 mm, and a rotating speed of 35 r/min. This steel had good cold rolling deformation ability, and the cracks at the edges were not present during cold rolling. The sheet was annealed at 500, 600, 700, and 800°C for 1 h, at 900°C for 1, 2, and 3 h, as well as at 950°C for 1 h, and 1,000°C for 1 h to obtain various grain sizes. The grain size was determined by the intercept method.


Table 1. Chemical composition of the steel substrate (wt. %).
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The tensile tests were carried out using an MTS tensile machine equipped with a cryogenic chamber. The tensile direction was parallel to the rolling direction (RD) and the test was carried out at an initial rate of 10−3 s−1 at RT and −180°C. The gauge length and width of the tensile samples were 10 and 2 mm, respectively, at RT. The gauge length and width of the tensile samples were 50 and 12.5 mm at −180°C, respectively.

The XRD analysis of the cold-rolled sample was carried out using a D/max 2400 diffractometer equipped with Cu Kα radiation. The working voltage was 40 kV, and the working current was 200 mA. The microstructure of the composite was characterized by field-emission scanning electron microscopy (FE-SEM, FEI Talos 200X TEM) equipped with a backscattered electron (BSE) detector and an electron backscatter diffraction (EBSD) system were. The samples of SEM and EBSD were ground down to a few grits and mechanically polished. Finally, the surface stress was removed using a JEOL section polishing instrument at a voltage of 8 kV and the duration of 10 min. The EBSD working voltage was 20 kV, and the current was 6.4 nA. The OIM analysis data processing software was utilized for both processing and analysis. The TEM samples were ground down to 30 μm with different sandpapers and consequently prepared through twin-jet technique. The twin-jet technique solution comprised 10% perchloric acid and 90% alcohol. All the observed sections in these experiments were the RD-ND sections.



RESULTS AND DISCUSSION


The Effect of Annealing on the Microstructure

Figure 1 shows the XRD patterns of the 95% cold-rolled sample, and martensitic diffraction peaks were not observed in the investigated steel. Therefore, all the samples in these experiments are single-phase austenite. Figure 1 shows very weak γ(200) diffraction peak and very strong γ (111) and γ (220) peaks, indicating that texture evolved during 95% cold rolling.


[image: Figure 1]
FIGURE 1. X-ray patterns of the cold-rolled sample showing single-phase austenite.


Figure 2 shows the microstructure of lamellar samples. Figure 2A shows the electron channeling contrast image (ECCI) image of the cold rolled sample to 95%. The microstructure mainly composed of deformed twins (DT) (Figure 2B) and shear bands (SB), while the dislocation interface (Figure 2C) comprised low angle grain boundaries (LAGBs). The deformed twins accounted for ~3%, and the average lamellar spacing was 13 nm. The recovered structures accounted for ~97%, and the average lamellar spacing was 31 nm. The mean grain size (boundary spacing) was ~0.03 μm. Figure 2D shows the ECCI image of the sample obtained by cold rolling to 95%, followed by annealing at 500°C for 1 h. This sample exhibited similar microstructure as that of the cold rolled sample to 95%, the microstructure composted of SB, DT (Figure 2E) and LAGBs (Figure 2F). The mean grain size (boundary spacing) was ~0.05 μm.


[image: Figure 2]
FIGURE 2. Microstructures of lamellar samples. (A) ECCI image, (B,C) TEM images of the sample with the grain size of 0.03 μm; (D) ECCI image, (E,F) TEM images of the sample with the grain size 0.05 μm.


Figure 3 shows the microstructure of cold rolled to 95% and subsequent annealing at 600°C for 1 h. The IPF image (Figure 3A) and IQ image (Figure 3B) show the formation of a composite structure comprising recovered and recrystallized structures. Moreover, a small number of deformed twins were observed (Figures 3C,D), accounting for ~1.6% and the average lamellar spacing was 43.4 nm. The recovered structures accounted for ~13.4% and the average lamellar spacing was 69 nm. The recrystallized structures accounted for ~85%, and the average grain size was 0.74 μm. The mean grain size of the composite structure was 0.65 μm after calculating the weighted average of the recovered and recrystallized structures.


[image: Figure 3]
FIGURE 3. Composite recovered and recrystallized structures. (A) IPF image, (B) IQ image, (C) TEM images, (D) a higher magnification of the region marked by white-dotted line in (C) show the deformed twins, (E) TEM image of carbides, and (F) a higher magnification with selected area diffraction patterns (SADPs).


The precipitates began to appear within the grains of the samples (Figure 3E), and the corresponding SADPs (Figure 3F) indicated that the precipitate was Cr23C6 carbide.

Figure 4 shows the microstructure produced by cold rolling to 95%, followed by subsequent annealing at 900°C for 1 h. Figure 4A shows a recrystallized equiaxed grain structure containing annealed twins with increasing annealing temperature. The mean grain size was ~5.75 μm. Figure 4B shows that with increasing annealing temperature, the carbide dissolved, and no carbide existed within the grains, and only a few dislocation lines were detected.


[image: Figure 4]
FIGURE 4. Microstructure of the cold rolled sample to 95%, followed by subsequent annealing at 900°C for 1 h. (A) IPF image and (B) TEM image.




The Mechanical Properties at RT and −180°C

Figure 5 shows the tensile stress–strain curves and the corresponding work hardening curves of the samples with the grain size in the range 0.03–5.75 μm at RT. The tensile strength of the samples with the grain sizes of 0.03 and 0.05 μm were relatively high, 1607 and 1588 MPa, respectively, as shown in Figure 5A; the yield strengths were 1477 and 1446 MPa, respectively; however, the elongation was quite low as uniform elongation was 2.5 and 2.4%, respectively. The composite structure of the samples with the grain size 0.65 μm has a good combination of strength and ductility, with the tensile strength as 918 MPa and the yield strength as 857 MPa, while maintaining a good ductility. The uniform elongation was 14.7%, and the total elongation was 25.2%. The composite structure could be regarded as a special case of multiphase structure. The Hall–Petch relationship is described as follows:

[image: image]

where σYS is the yield stress, σ0 is the resistance of the lattice to dislocation, KSY is the grain boundary strengthening, and D is the grain size (Lee et al., 2019). It could be observed that the recovered structure as the hard phase and the recrystallized structure as the soft phase (Luo et al., 2019). The soft layer of the recrystallized grains began to plastically deform during tensile test; however, the plastic deformation would be limited by the surrounding hard layer to produce strengthening from a constraint effect (Wang et al., 2018c).


[image: Figure 5]
FIGURE 5. Engineering stress–strain curves and corresponding work hardening curves of samples with different grain sizes at RT. (A) Engineering stress–strain curves and (B) work hardening curves.


The curves show that the grain sizes had a significant effect on the tensile behavior. A discontinuous flow associated with a small Lüders elongation takes place in the sample with the grain size of 0.65 μm. The yield platform disappeared, and the tensile curves changed to continuous flow in the sample with the grain size of 5.75 μm.

The critical density of the motion dislocations required to initiate the plastic deformation increased with decreasing grain size, while the initial density of the motion dislocations was insufficient with the refinement of the grain size to submicron level, resulting in the yield platform appearance (Xie et al., 2019). The phenomenon of the yield platform was also reported for aluminum alloy (Wen and Morris, 2004; Nes et al., 2005; Nijs et al., 2008). In these reports, it was believed that the yield platform was caused by dislocation slip. A similar yield platform occurred in dual-phase high-Mn steel (Fu et al., 2012), caused by the martensitic transformation. Fe-Mn-C system steel also exhibited the phenomenon of yield platform. Similarly, the yield platform phenomenon in this experiment was found during the tensile testing of the pristine Ti sample (Li et al., 2013) and the fine-grained Fe-34.5Mn-0.04C steel (Wang et al., 2018b).

Figure 5B shows that the work hardening curves of samples with the grain sizes of 0.03 μm and 0.05 μm had only one stage. With increasing strain, the work hardening rapidly decreased, and the material formed bottlenecks quickly, and consequently fractured. The work hardening curve is divided into three stages for the samples with the grain size of 0.65 μm. In the first stage, the work hardening rate decreased rapidly with increasing strain, due to the lack of motion dislocation existence in the fine grain structure; in the second stage, with increasing strain, the work hardening rate increased, the deformed twins amount increased; in the third stage, as the strain continued to increase, the work hardening rate slightly fluctuated, but the general trend was slow decrease, due to the size reduction of the primary deformed twins (Misra et al., 2015). For the sample with the grain size of 5.75 μm, the work hardening curve could be divided into two stages: (i) the low strain stage, in which, the work hardening rate rapidly decreased with increasing strain due to the transformation of deformation mechanism from elastic to plastic, and (ii) the high strain stage, in which, the work hardening rate slowly decreased with increasing strain, while the material formed bottlenecks preceding fracture.

Figure 6 shows the tensile stress–strain curves and the corresponding work hardening curves at −180°C. Figure 6A shows that similar to the RT, the samples with the grain sizes of 0.65 μm presented a yield platform with the tensile strength, yield strength, uniform elongation, and total elongation as 1231, 996 MPa, 37.0 and 42.0%, respectively. The samples with the grain size of 0.65 μm show a good combination of strength and ductility at low temperature. The tensile strength, yield strength, uniform elongation, and total elongation increased by 34.1, 16.2, 152.0, and 66.7%, respectively, compared to that at RT.


[image: Figure 6]
FIGURE 6. Engineering stress–strain curves and corresponding work hardening curves of the samples with different grain sizes at −180°C. (A) Engineering stress–strain curves and (B) corresponding work hardening curves.


Figure 6B presents the work hardening curves of the samples with different grain sizes at low temperature. The work hardening curve of the sample with the grain size of 0.05 μm had only one stage. With increasing strain, the work hardening decreased rapidly and the material formed bottlenecks quickly, as well as fracture. The work hardening curve of the samples with the grain size of 0.65 μm can be divided into four stages: (i) in the first stage, with increasing strain, the work hardening rate rapidly decreased; (ii) in the second stage with increasing strain, the work hardening rate rapidly increased, as a result of the dislocation source strengthening; (iii) in the third stage, with increasing strain, the work hardening rate fluctuated slightly, but it remained stable as a whole; (iv) in the fourth stage, with further increase in the strain, the work hardening rate decreased sharply and fracture occurred. The work hardening curve of the sample with the size of 5.75 μm can be divided into three stages: (i) in the first stage, with increasing strain, the work hardening rate rapidly decreased, due to the transformation of deformation mechanism from elastic to plastic, (ii) in the second stage, with increasing strain, the work hardening rate slowly decreased, while in this stage, the coarse-grained structure deformed similar to the dislocation slip, and (iii) in the third stage, as the strain continued to increase, the work hardening rate remained unchanged.



The Relationship Between the Microstructure and Mechanical Properties

Figure 7 shows the EBSD maps of the specimens with the grain size of 0.65 and 5.75 μm after the tensile test. Limited by the resolution of EBSD maps, deformation twins were not observed in the recrystallized grain of the composite structure, as shown in Figure 7A; however, they were observed in the samples of the recrystallized equiaxed grain structure, as shown in Figure 7C. Martensitic transformation was not detected in these two type samples, as shown in Figures 7B,D.


[image: Figure 7]
FIGURE 7. EBSD images and phase images of samples with the grain sizes of 0.65 and 5.75 μm after the tensile tested. (A) IPF and (B) phase images of the sample with the grain size of 0.65 μm after the tensile test; (C) IPF and (D) phase images of the sample with the grain size of 5.75 μm after the tensile test.


To further understand the deformation mechanism of the sample with composite structure with the mean grain size of 0.65 μm, the specimens after the tensile tests were stretched to 1 and 3%, and their microstructures after deformation were observed by TEM. Figures 8A,B show the TEM images of the microstructures after deformation of the samples stretched to 1 and 3%, respectively. Different from the structures stretched to 1 and 3%, deformed twins appear in the recrystallized grains of the composite structure, demonstrating the formation of deformed twins in the composite structure at low strain.


[image: Figure 8]
FIGURE 8. TEM images of the microstructure of the samples with the grain size of 0.65 μm after the tensile test at (A) 1% and (B) 3%.




The Evolution Mechanism of Hall–Petch Relationship

The tensile strength of the investigated steel annealed under different conditions was investigated in detail, as listed in Table 2. The corresponding Hall–Petch curves of the yield strength and the grain size are presented in Figure 9. The yield stress is a plot of a function of d−1/2 in order to carry out the Hall–Petch analysis. Similar to the Hall–Petch curves of high-purity Al (Kamikawa et al., 2009) and Fe-34.5Mn-0.04C steel (Wang et al., 2018c), the ky becomes significantly high in the fine grain size range (0.65 μm ≤ d ≤ 1.07 μm) than that of the coarse-grained structure.


Table 2. Microstructure, structural parameters, and yield strength of the investigated steel cold rolled to 95%, followed by annealing under different conditions.

[image: Table 2]


[image: Figure 9]
FIGURE 9. Hall–Petch plot relationship at RT.


Deformed twins formed in the crystallization grains of composite structure and recrystallized equiaxed grain structure. The deformation mechanism of the composite mainly comprises deformed twin and dislocation slip. The deformed twins had a positive effect on the material properties. Deformed twins significantly improved the work hardening, because they could limit the dislocation slip (Gutierrez-Urrutia and Raabe, 2011, 2012; Renard and Jacques, 2012; Shterner et al., 2014), while reducing the mean free path of dislocations during strain processing and generating dynamic Hall–Petch effects (Grässel et al., 2000; Karaman et al., 2000; Bouaziz and Guelton, 2001; Allain et al., 2004a). The slope of the composite structure was significantly higher than that of other structures, caused by the composite structure interaction of the layers of the recovered and recrystallized structures during deformation, as well as pinned or blocked dislocations by the Cr23C6 carbide.




CONCLUSIONS

A composite material comprising recovered and recrystallized structures was prepared from Fe-30Mn-0.14C-7Cr-0.26Ni steel by cold rolling to 95%, followed by annealing at 600°C for 1 h. The yield strength and elongation of the composite structure were 857 MPa and 25.2% at RT, respectively, whereas 996 MPa and 42.0% at −180°C. Deformed twins formed in the recrystallized grains of the composite structure. The Hall–Petch slope ky of the composite structure was higher than that of the coarse-grained structures. The composite structure showed multiple deformation mechanisms of dislocation and deformation twinning, enhancing the yield strength and ductility.
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