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The yielding of a high Mn twinning-induced plasticity steel was examined in three fine-grained specimens recrystallized at 700°C for 5 min with different cooling conditions. While the stress-strain curves of furnace-cooled and air-cooled specimens exhibit a stress drop at yielding, the drop was not observed in the water-quenched specimen. A simple analysis of the displacement data indicates the occurrence of localized deformation at the beginning of the plastic deformation in the three tensile specimens with different cooling conditions. The localized deformation of all three specimens was confirmed as Lüders strain by digital image correlation (DIC) analysis. Based on this observation, the role of yielding behavior on the strain hardening rate evolution at an early stage of the tensile deformation was discussed.
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INTRODUCTION
Twinning-induced plasticity (TWIP) steel is one of the representative austenitic steels developed originally for formable automotive sheet applications (Kim et al., 1989; Grässel et al., 2000). Due to the deformation twinning, a large strain hardening is known to be available in the high Mn austenitic steel, resulting in attractive combinations of ultimate tensile strength (UTS) and total elongation (TE) (Bouaziz and Guelton, 2001; Gil Sevillano, 2009). However, in other austenitic steels and austenitic ferrous alloys, a low yield strength (YS) is regarded as a representative drawback of the TWIP steel (Bouaziz et al., 2011; Yan et al., 2012; Diao et al., 2017).
Considering conventional production process of cold-rolled sheet steel, additional strengthening of the TWIP steel is available by grain refinement (Kang et al., 2010; Saha et al., 2013). Including the strength level, diverse tensile deformation characteristics of the TWIP steel are influenced by the grain refinement, and it affects the strain hardening behavior (Dini et al., 2010; Gutierrez-Urrutia et al., 2010; Dini and Ueji, 2012; Gutierrez-Urrutia and Raabe, 2012). First, deformation twinning is reduced during the tensile deformation of the fine-grained TWIP steel (Ueji et al., 2008; Kang et al., 2016; Mohammadzadeh and Mohammadzadeh, 2019; Hwang, 2020). Reversely, its dislocation accumulation kinetics is accelerated (Jeong et al., 2011). It results in a higher strain hardening rate (SHR) at small strains in the fine-grained specimen than in the coarse-grained specimen, whereas the rate is reversed with further strain (Gutierrez-Urrutia and Raabe, 2012; Kang et al., 2016; Tian et al., 2017). Although the total strain hardening capability does not vary much with the grain size, the higher SHR maintained to the large strain region in the coarse-grained specimen improves its ductility.
The yielding behavior of the TWIP steel is also dependent significantly on the austenite grain size. Almost all coarse-grained TWIP steels exhibit stress-strain curves including continuous yielding behavior. Meanwhile, although this phenomenon is rarely discussed, the yielding sections of the stress-strain curves of TWIP steels having an average grain size smaller than 10 µm usually exhibit discontinuous yielding characteristics (Ueji et al., 2008; Dini et al., 2010; Kang et al., 2016; Gwon et al., 2020). A similar dependence of the yielding behavior on the grain size can be found in diverse metals and alloys including steels and Fe-based alloys having an austenite single phase microstructure (Tsuji et al., 2002; Yu et al., 2005; Poling, 2012; Sun et al., 2018).
Due to the transition of the yielding characteristics, the strain hardening behavior of the fine-grained TWIP steel in particular at the initial stage of the tensile deformation is also different from the coarse-grained one. A small strain range of negative value and its following sharp increase in the yielding section of the SHR (dσ/dε) vs. true strain (ε) curve was reported from the Fe-18Mn-0.6C-1.5Al TWIP steel with the grain size of 2 μm, whereas the valley-type fluctuation of the SHR was not observed in the coarse-grained specimen exhibiting continuous yielding behavior (Kang et al., 2016). The discontinuous yielding is regarded again as the origin of the similar valley-type fluctuation of the (dσ/dε) vs. ε curve in the early stage of tensile deformation in the Fe-22Mn-0.6C steel having a grain size of 0.6 µm (Tian et al., 2017).
Although the similar increase of the SHR about 1,000 MPa or more at the initial stage of the tensile deformation is frequently observed in fine-grained TWIP steels, discontinuous yielding is not regarded as its principal cause (Madivala and Bleck, 2019; Gwon et al., 2020). Rather, since the analysis of the strain hardening behavior with stages, it is generally interpreted as a result of the onset of deformation twinning, corresponding to “stage B” (Barbier et al., 2009). While the positive contribution of deformation twinning to the SHR values is a well-known and experimentally verified phenomenon, the application of this interpretation to the analysis of the rapid increase of the SHR requires a numerical validation. To generate the increment of the SHR value about 1,000 MPa within a short range of the true strain, an extremely accelerated deformation twinning is required. However, considering their grain size corresponding deformation twinning kinetics only in the fine-grained TWIP steel does not seem to be reasonable.
The analysis of the strain hardening behavior of the fine-grained TWIP steel without consideration of the yielding is probably due to the difficulties of identifying the discontinuous yielding from the stress-strain curves. However, for a comprehensive understanding of the strain hardening behavior in the fine-grained TWIP steel, the contribution of the discontinuous yielding is required to be examined. Thus, the objective of the present study is to examine detailed yielding behavior of fine-grained TWIP steel and to explain its effect on the strain hardening behavior.
EXPERIMENTAL PROCEDURE
A 30 kg ingot of the TWIP steel with the size of 220 × 170 × 100 mm3 was prepared by vacuum induction melting and laboratory cast, whose chemical composition measured by OES spectrometer is Fe-18.22Mn-0.60C-1.55Al in wt%. After homogenization heat treatment at 1,200°C for 1 h, the ingot was hot rolled to a plate with a final thickness of 3 mm followed by furnace cooling to room temperature. The plate was cold rolled with a reduction ratio of 60%. The thickness of the cold-rolled sheet is 1.2 mm. Using a vacuum tube furnace (LHA-12/300, Lenton Thermal Designs Limited, Hope Valley, United Kingdom), the sheet was annealed at 700°C for 5 min and cooled in three different conditions, i.e., furnace cooling (FC), air cooling (AC), and water quenching (WQ) to obtain a set of samples with different yielding behavior.
Microstructural observations of the WQ specimen were carried out using a field emission gun scanning electron microscope (FEG-SEM, Inspect F50, FEI, Hillsboro, OR, United States) equipped with an electron backscatter diffraction (EBSD, Hikari, EDAX, Mahwah, NJ, United States). Samples for the EBSD observation were prepared by mechanical polishing process finalized with an aqueous solution containing 0.04 μm colloidal silica particles. The FEG-SEM was operated at 20 keV with a working distance of 20 mm. Multiple EBSD maps having a scan area of 30 μm × 30 μm were obtained at a magnification of 3,000× with a step size of 0.1 μm on a hexagonal grid. The EBSD results were analyzed using TSL OIM Analysis Software 7.
Uniaxial tensile tests were performed at room temperature using a computer controlled hydraulic mechanical testing machine (MTS 810, MTS Inc., Eden Prairie, MN, United States). The samples were prepared as ASTM-E8M rectangular subsize specimen with a gauge length of 25 mm (ASTM Standard, 2011). In each cooling condition, more than three samples were tested. Tensile axis of the specimen is parallel to the rolling direction of the annealed sheets. To perform the tensile test under a constant strain rate of 1 × 10–3 s−1, the strain for the 25 mm gauge section was measured using an axial extensometer (model 632.24-50, MTS Inc., Eden Prairie, MN, United States).
To examine localized characteristics of the deformation related to the yielding, digital image correlation (DIC, VIC-2D, Correlated Solutions, Irmo, SC, United States) method was applied. The tensile specimens were prepared with a surface covered with a random speckle pattern for the analysis. Ten frames of the surface images were obtained per second. Based on the evolutions of the surface images, the distribution of uniaxial tensile strain along the tensile axis was examined.
RESULTS AND DISCUSSION
Fully recrystallized polygonal grain structure of the Fe-18Mn-0.6C-1.5Al TWIP steel specimen annealed at 700°C for 5 min with the three different cooling conditions was observed from the EBSD boundary map as shown in Figure 1. Blue, black, and red lines indicate low angle (<5°), high angle (>5°), and twin boundaries. The average grain size of the austenite is about 1.8 µm. Corresponding Kernel average misorientation (KAM) maps for the FC, AC, and WQ samples were shown in Figures 2A,B,C, 2, respectively. The almost identical KAM profiles of the three samples provided in Figure 2D indicate a negligible difference of the grain structure for the three TWIP steel specimens.
[image: Figure 1]FIGURE 1 | The EBSD boundary map of a Fe-18Mn-0.6C-1.5Al twinning-induced plasticity (TWIP) steel specimen annealed at 700°C for 5 min followed by (A) furnace cooling (FC), (B) air cooling (AC), and (C) water quenching (WQ). Blue lines indicate low angle grain boundaries having misorientation angles below 5°. Black lines represent high angle grain boundaries with the angles above 5°. Red lines reveal Σ3 twin boundaries.
[image: Figure 2]FIGURE 2 | The EBSD Kernel average misorientation (KAM) maps of a Fe-18Mn-0.6C-1.5Al twinning-induced plasticity (TWIP) steel specimen annealed at 700°C for 5 min followed by (A) furnace cooling (FC), (B) air cooling (AC), and (C) water quenching (WQ). (D) Corresponding KAM profiles. Inset is an enlarged section of the KAM profile.
The tensile stress-strain curves of the TWIP steel specimens annealed at 700°C for 5 min with three different cooling conditions (FC, AC, and WQ) shown in Figure 3A are almost indistinguishable to each other. The YS and UTS values of the three specimens are approximately 580 MPa and 1,050 MPa, respectively. The TE values for the three specimens are about 60%. As shown in the microstructural observation results, because the specimens were fully recrystallized by the holding at 700°C for 5 min, the following cooling conditions should have a limited effect on the tensile properties.
[image: Figure 3]FIGURE 3 | (A) Engineering stress-strain curves of the Fe-18Mn-0.6C-1.5Al twinning-induced plasticity (TWIP) steel specimens annealed at 700°C for 5 min with three different cooling conditions. The initial sections of the stress-strain curves for the (B) furnace cooling (FC), (C) air cooling (AC), and (D) water quenching (WQ) conditions represent their yielding behavior.
Meanwhile, the yielding section of the stress-strain curves is dependent largely on the cooling conditions. The enlarged stress-strain curve of the FC specimen in Figure 3B shows a sharp stress drop at an engineering strain of 0.5%, which includes upper and lower yield points. The stress levels of the upper yield point and the lower yield point are 594 MPa and 580 MPa, respectively. After the stress peak, the curve fluctuates to the engineering strain of 3%, corresponding to yield point elongation. These are representative features of a discontinuous yielding behavior.
The degree of discontinuous yielding characteristics becomes reduced with increasing cooling rate. While the signals related to the discontinuous yielding are also observed in the tensile curve of the AC specimen, the yield point peak is blunted and the strain range for the yield point elongation narrows down (Figure 3C). The yielding of the WQ specimen provided in Figure 3D is somewhat ambiguous to define its characteristics based on the tensile stress-strain curve. It does not reveal the upper and lower yield points in the stress-strain curve.
While the microstructures of the three samples including degree of recrystallization and grain structure are almost identical, there should be a difference of the dislocation mobility. With slower cooling rates, more pinning of dislocations by solute carbon atoms is available in the FC specimen. It possibly results in more discontinuous characteristics in the yielding behavior. To further scrutinize the yielding behavior of the three specimens, a simple analysis of the displacement data was carried out. Initial sections of the sample displacement vs. experimental time plots for the three cooling conditions were shown in Figure 4A. Total displacement indicates the axial displacement of the entire specimen measured from the MTS 810 machine, and the gauge displacement is the displacement corresponding to the gauge section (25 mm) measured from the extensometer. The gauge displacement increases linearly with the experimental time and independent of the sample cooling conditions, because the tensile testing of the three specimens was carried out in the same strain rate (1 × 10–3 s−1) condition. However, the evolution of the total displacement varies with the sample cooling conditions.
[image: Figure 4]FIGURE 4 | (A) The evolutions of total displacement and (B) delta displacement (the displacement out of the gauge section) of the Fe-18Mn-0.6C-1.5Al twinning-induced plasticity (TWIP) steel specimens annealed at 700°C for 5 min with three different cooling conditions. Dashed line is a gauge displacement. The delta displacement is the difference between the total and gauge displacement values.
Regarding the shape of the specimen (ASTM E8M rectangular subsize specimen), the 32-mm-long section in the middle of the specimen has the minimum but uniform cross-sectional area, referred to as reduced section. Gauge section (25 mm in length) is a central part of the reduced section. Even excluding the end of the reduced section where stress concentration occurs, part of the reduced section, which does not belong to the gauge section, can be deformed in the same strain rate condition as the gauge section. Thus, the increasing rate of the total displacement, the slope of the total displacement vs. experimental time plot, is required to be greater than the rate of the gauge displacement. However, as shown in Figure 4A, this is not always true.
Figure 4B shows the evolution of the difference between the total displacement and gauge displacement values, referred to as delta displacement, representing the displacement out of the gauge section. The delta displacement plot can be divided into three sections based on its slope change. Two vertical dashed lines in Figure 4B indicate the boundaries between the three sections in the plot of the FC specimen. In the first section, the delta displacement values increase proportionally to the gauge displacement. This section corresponds to the strain range for the uniform elastic deformation prior to the yielding. The second section of the delta displacement plot reveals a deformation localized in the gauge section, indicating a propagation of Lüders band through the gauge section. The rapid increase of the delta displacement at the beginning of the third section seems to be due to the propagation of the Lüders band out of the gauge section. To maintain the given strain rate of the gauge section without the band, stress level is required to be increased rapidly, which corresponds to the stress evolution at a strain of 3% observed in Figure 3B. It results in a faster propagation of the Lüders band to its end. The following linear section of the delta displacement represents the uniform plastic deformation after the end of the Lüders band propagation.
It is worth mentioning that the WQ specimen having no clear signal of discontinuous yielding in the stress-strain curve shows a strain range for localized deformation during yielding in the delta displacement analysis. To verify the deformation characteristics during yielding, DIC analysis was performed and the results were provided in Figure 5. As well as the results of the FC (Figure 5A) and AC (Figure 5B) specimens, the strain distribution maps of the WQ specimen in Figure 5C show a nonuniform distribution of strain during yielding. In that sequential strain distribution maps, the Lüders band is nucleated from the upper section of the gauge and propagated to the lower sections. At an engineering strain of 0.014, all three samples exhibit uneven distribution of the strain in the gauge section, indicating the propagation of the Lüders band. In that condition, the strain out of the gauge section is limited. With strains of over 0.028, the strain in the gauge section becomes almost uniform, representing that the uniform plastic deformation is started after the full propagation of Lüders band along the gauge section. It also accompanies the plastic deformation out of the gauge section. This analysis corresponds well to the analysis from the delta displacement result in Figure 4B.
[image: Figure 5]FIGURE 5 | Digital image correlation (DIC) analysis results of the (A) furnace cooling (FC), (B) air cooling (AC), and (C) water quenching (WQ) specimens during the initial stage of tensile deformation (engineering strain from 0 to 0.035). Engineering strain indicates the average axial strain measured by the extensometer. Colors indicate the longitudinal strain (eyy) of the corresponding region.
Corresponding (dσ/dε) vs. ε curve of the WQ specimen is shown in Figure 6. The SHR value is dropped to about 800 MPa and recovered rapidly to 2,800 MPa within a true strain of 0.05, showing a valley-type evolution. After the valley, the SHR value decreases gradually to the true strain of 0.3, and it fluctuated largely due to the serrations in the further strain range. This valley-type strain hardening behavior at an early stage of the tensile deformation has been reported repeatedly in diverse TWIP steels having an average grain size mostly below 10 µm (Tian et al., 2017; Madivala and Bleck, 2019; Gwon et al., 2020). While the level of the SHR in the valley region varies with the experimental conditions, the gap between the levels of the lower and upper bounds of the valley is about 1,000 MPa or greater in many samples.
[image: Figure 6]FIGURE 6 | The strain hardening rate (dσ/dε) and true stress (σ) vs. true strain (ε) curves of the Fe-18Mn-0.6C-1.5Al twinning-induced plasticity (TWIP) steel specimen annealed at 700°C for 5 min followed by water quenching (WQ).
As mentioned earlier, the explosive increase of the SHR at a short strain range around the yielding section is commonly interpreted as a result of the onset of deformation twinning (Barbier et al., 2009). However, even though the tensile deformation behavior does not meet the Considère criterion (dσ/dε < σ) at the early stage of the tensile deformation, there is a localized deformation in that strain range, whose effect should be taken into account in the analysis of the corresponding strain hardening behavior. During the propagation of Lüders band, the density of dislocations in the local deforming area can be maintained to be constant. While the plastic deformation increases the density of dislocations in the deforming area, it should be considered that the propagation of the band is toward the undeformed area. As a result, the strain range for the Lüders band propagation exhibits a negligible amount of strain hardening. It explains the lower section of the valley-type SHR evolution. Meanwhile, with the beginning of the uniform plastic deformation, the dislocation density of the deformation region increases gradually with strain, resulting in a higher SHR value. The different deformation behavior between the Lüders band propagation and uniform plastic deformation regions provides a short strain range for the rapid increase of the SHR value, corresponding to the right side of the valley-type SHR evolution. Thus, the shape of the SHR valley is influenced by the yielding characteristics. For this reason, the analysis of the strain hardening behavior of a fine-grain TWIP steel requires a more comprehensive approach with considering the yielding behavior.
CONCLUSION
In summary, the yielding behavior of a twinning-induced plasticity steel was examined in the samples recrystallized at 700°C for 5 min with three different cooling conditions. While furnace-cooled and air-cooled specimens exhibit a stress drop and following Lüders strain, the stress-strain curve of the water-quenched specimen does not have the signals of discontinuous yielding. However, both a simple displacement analysis and DIC analysis confirmed that Lüders band is commonly formed and propagated in the three specimens. As a result of the localized deformation and following transition to the uniform plastic deformation, a valley-type evolution of the strain hardening rate is observed at an early stage of the tensile deformation.
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