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Supplementary:
Influence of planer defects on dislocation density calculation

It has been recognized that the dislocation density in the order of 10'®* m? could be
obtained in heavily deformed polycrystalline metals and alloys. However, the dislocation
densities in the present high-Mn steel shown in Fig. 3 reached in the order of 10" m? only

after engineering tensile strains of 0.02 - 0.04. In principle, these dislocation densities were



evaluated from broadening of diffraction peaks, using the Equation (2).  Local lattice

distortion due to lattice defects introduced by plastic deformation changes the local diffraction

condition. Accumulation of such changes of local diffraction conditions appears as peak

broadening in the diffraction profile. Accordingly, not only dislocations but also planer

defects, such as stacking faults and deformation twins, can cause broadening of X-ray

diffraction peaks {Ung&, 2007}. However, it should be noted that stacking faults and

deformation twins are reported to broaden the peak width at bottom parts of diffraction peaks

{Balogh, 2006}, so that the influence of such planer defects on the value of FWHM using the

peak width at the middle height of peaks is thought to be small. Furthermore, area fractions

of deformation twins and number of deformation twins in unit area were relatively low around

yielding, as discussed in Fig. 9. On this basis, we infer that the influence of planer defects,

i.e. stacking faults and deformation twins, on peak broadening is relatively small at early

stages of tensile deformation. Since the contribution of planer defects different from

dislocations was not considered in the present analysis, the values of the present dislocation

densities might be somehow overestimated. However, the difference in the change of

dislocation density between the UFG specimen and the 4.5 um grain-sized specimen, which

corresponded to the change of the yielding behavior, could be clearly recognized from Fig. 3,

suggested that the enhanced strain-hardening behavior was a characteristic feature in the UFG

specimen, as well as the yielding stage characterized by the discontinuous yielding.



DIC analysis for local strain distributions around yielding

In order to understand the different yielding behavior occurring in the high-Mn steel

specimens having different average grain sizes in a macroscopic scale, strain distributions in

the tensile specimens during tensile tests were analyzed by the DIC technique. Figure S1

shows stress-strain curves around yielding and corresponding local strain maps obtained by

the DIC analysis in the specimen with a coarse grain size (d) of 15.4 um and UFG specimen

(d = 0.79 um). The DIC maps shown in Fig. S1 (b-f) and (h-1) represents distributions of

local equivalent strains at different tensile strains (e = 0.007, 0.015, 0.023, 0.032 and 0.045)

also indicated in the stress-strain curves (Fig. S1 (a) and (g)) for the 15.4 um grain-sized

specimen and UFG specimen, respectively. The magnitude of local equivalent strain in the

maps is expressed in different colors according to the key color bar shown in Fig. S1. The

15.4 um grain-sized specimen showed typical continuous yielding (Fig. S1 (a)), while the

UFG specimen showed discontinuous yielding with yield-drop (Fig. S1 (g)). Local strain

distributions around yielding in the 15.4 um grain-sized specimen were somehow

heterogeneous within the gage part, but did not show particular patterns (Fig. S1 (b-f)). On

the other hand, local strain distributions in the UFG specimen showed characteristic features

around macroscopic yielding. Before the upper yield point, the strain distribution within the

gage part was homogeneous and the strains were quite low at everywhere (Fig. S1 (h)). Just

after the yield-drop, V-shape bands with higher local strains were clearly recognized at center



regions of the gage part in Fig. S1 (i). The strains out of the bands were obviously lower

than the strains within the bands, which was the difference from the 15.4 um grain-sized

specimen where the distribution of local strains was not perfectly homogeneous but plastic

deformation happened everywhere in the gage part (Fig. S1 (c, d)). With increasing the

global tensile strain, the V-shaped regions with higher local strains in the UFG specimen

expanded toward both sides in the gage part (Fig. S1 (j-1)), maintaining nearly the same color

(i.e., nearly the same strain value). The development of local strain distributions in the UFG

specimen shown in Fig. S1 (h-) showed a characteristic of Liders banding (LUders

deformation) typically observed in conventional carbon steels with BCC crystal structure

{Gere, 1997}. It has been reported that the UFG Al {Kamikawa, 2009}, Cu {Tian, 2018}

and IF steel {Gao, 2014} showed the Liders deformation corresponding to nearly flat parts on

their stress-strain curves after discontinuous yielding. The Llders strain, i.e., the tensile

strain at the end of the flat part on the stress-strain curve in typical LUders deformation

{Rooyen, 1971}, in the UFG Al, Cu and IF steel was very large and sometimes over 10%.

Although such a flat part was not obviously observed on the stress-strain curves of the present

high-Mn steel specimens having ultrafine grain sizes (Fig. S1 (a)), it was confirmed that their

deformation behavior around yielding was heterogeneous and localized in a manner of LUders

deformation. Because the maximum strain localization within the band, which usually

corresponded to the Liders strain, was only 0.042 in Fig. S1 (k) and the strain localized band



propagated throughout the gage part quickly, the Liders deformation was not clearly

recognized on the stress-strain curves in the present UFG high-Mn steel. The less-clear flat

part after discontinuous yielding in the UFG high-Mn steel is probably attributed to the large

strain-hardening ability of this material.
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Figure S1 Engineering stress-strain curves around yielding of the 31Mn-3Al-3Si high-Mn
steels with the grain sizes of (a) 15.4 um and (g) 0.79 um, and corresponding local equivalent
strain maps in the tensile specimens obtained by the DIC analysis: (b-f) 15.4 um and (h-I)
0.79 um. (b-f) and (h-l) correspond to different strain stages indicated in (a) and (g),
respectively.
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