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a b s t r a c t 

We have thoroughly clarified the mesoscopic nature of serration behavior in a high-Mn austenitic steel in 

connection with its characteristic localized deformation. A typical high-Mn steel, Fe-22Mn-0.6C (wt. %), 

with a face centered cubic (FCC) single-phase structure was used in the present study. After 4 cycles of 

repeated cold-rolling and annealing process, a specimen with a fully recrystallized microstructure having 

a mean grain size of 2.0 μm was obtained. The specimen was tensile tested at room temperature at an 

initial strain rate of 8.3 × 10 −4 s −1 , during which the digital image correlation (DIC) technique was ap- 

plied for analyzing local strain and strain-rate distributions in the specimen. Obtained results indicated 

that a unique strain localization behavior characterized by the formation, propagation and annihilation 

of deformation localized bands, so-called Portevin–Le Chatelier (PLC) bands, determined the global me- 

chanical response appearing as serration on the stress-strain curve. In addition, the in-situ synchrotron 

XRD diffraction during the tensile test was utilized to understand what was happening in the material 

with respect to the PLC banding. Lattice strain of (200) plane nearly perpendicular to the tensile direc- 

tion dropped when every PLC band passed through the beam position, which indicated a stress relaxation 

occurred inside the PLC band. At the same time, the dislocation density increased drastically when the 

PLC band passed the beam position, which described that the material was plastically deformed and 

work-hardened mostly within the PLC band. All the results obtained consistently explained the serration 

behavior in a mesoscopic scale. The serration behavior on the stress-strain curve totally corresponded to 

the formation, propagation and annihilation of the PLC band in the 22Mn-0.6C steel, and the localized 

deformation, i.e., the PLC banding, governed the characteristic strain hardening of the material. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Over several decades, high-Mn austenitic steels have been 

idely studied because of their outstanding mechanical proper- 

ies combining high strength and large ductility. Simultaneous en- 

ancement of strength and ductility in high-Mn austenitic steels is 

ttributed to the formation of the deformation twins, which act as 

bstacles against dislocation glides, then resulting in an increase of 

ow stress and postponement of plastic instability in deformation 

1–5] . This phenomenon is termed as the twinning induced plas- 
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icity (TWIP) effect [6] . On the other hand, carbon-containing high- 

n austenitic steels frequently show serrations on their stress- 

train curves. In spite of significant progress in understanding the 

WIP effect in high-Mn austenitic steels, the role of the serration 

ehavior on mechanical properties, especially strain-hardening, has 

ot yet been clarified. Serrations have been considered as a re- 

ult of interactions between dislocations and solute atoms, which 

s called dynamic strain aging (DSA) [7–9] or Portevin–Le Chate- 

ier (PLC) effect [10 , 11] . However, it is still unclear how such a

anoscale interaction between solute atoms and dislocations re- 

ults in the global deformation responses of the material including 

errations on stress-strain curves. 

It has also been clarified recently that materials showing the 

erration behavior accompany with a heterogeneous deformation 

haracterized as propagation of strain localized bands that are of- 
rticle under the CC BY-NC-ND license 
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en called PLC bands. The propagation of PLC bands was confirmed 

y using either infrared (IR) thermography or digital image cor- 

elation (DIC) technique applied during tensile deformation [12–

8] . However, the macroscopic serration behavior and the local PLC 

anding were investigated separately in most of previous studies, 

nd the correlation between them was not yet understood in the 

revious papers [12 , 13 , 15 , 17 , 18] . Recently, a few studies have cor-

elated the serration behavior with the propagation of PLC bands 

n high-Mn steels by the use of the DIC method. Renard et al. 

14] confirmed the formation and propagation of the PLC bands by 

easuring strain accumulation between two different points in the 

age part of the tensile specimen. They also investigated the effect 

f strain rate and deformation temperature on the serration behav- 

or, and showed that the serration behavior was promoted within 

ertain range of the strain rate and the temperature. Similarly, Bian 

t al. [16] also found a relationship between the propagation of 

LC bands and the serration behavior, and they clarified that the 

erration behavior was promoted within certain range of the strain 

ate with having negative strain rate sensitivity on flow stress. Like 

hese studies, many researchers have reported that dynamic inter- 

ction between dislocations and carbon atoms are promoted under 

ertain carbon contents [19] , strain rates [14 , 16 , 20–23] and tem-

eratures [14 , 21 , 23] , leading to the characteristic serration behav- 

or. However, the achievements so far have been mainly focused 

n the deformation variables under which serrations happen, and 

ittle discussion has been done on the nature of serrations and 

heir role on global mechanical properties of materials. Some re- 

earchers have found that the serration behavior corresponded to 

LC banding [14 , 16] , but their detailed correlation is still unclear. 

One of the biggest hurdle for investigating the serration behav- 

or has been how to evaluate deformation localization in tensile 

ests, which cannot be measured by conventional methods like ex- 

ensometer or contact strain gages that can only measure average 

trains of the whole specimen. The DIC technique has been intro- 

uced recently to quantify local strain distributions in deforma- 

ion of various metals and alloys [14–18 , 24] . In the DIC method,

isplacements of different positions in the material are measured 

uring the deformation. Local displacements of patterns set on 

he surface of the tensile specimen are tracked, which enables the 

uantitative evaluation of local strain distributions during the de- 

ormation. For tracking the displacements of different positions, 

peckle patterns are covered on the surface of the material, or 

he microstructure contrast itself is used as markers. By applying 

he DIC method, it has been quantitatively clarified, for example, 

ow martensitic transformation in a ultrafine grained metastable 

ustenitic steel occurred in a heterogeneous manner, i.e., in the 

orm of Lüders deformation, during tensile deformation, which was 

he key to realizing ultra-high strength and large ductility of the 

aterial [24] . As mentioned in the former paragraph, propagation 

f PLC bands in the materials showing serration behavior has been 

lso analyzed by the DIC method [14–18] . However, the role of PLC 

ands on the global deformation of materials is still unclear. 

In-situ X-ray diffraction (XRD) measurement is another power- 

ul method to understand a real-time evolution of material param- 

ters, such as lattice strain and dislocation density, during defor- 

ation. Adachi et al. [25] investigated the grain size dependence 

n the evolution of dislocation density during tensile deformation 

n a commercial purity Al by the use of an in-situ synchrotron XRD 

easurement, and found that the increase of dislocation density 

ould be divided into the characteristic stages of which lengths 

epended on the average grain size. Zhang et al. [26] revealed a 

evelopment of lattice strain and dislocation density in a Lüders 

and propagating in a medium-Mn steel by the aid of an in-situ 

RD measurement. By fixing a focused X-ray beam at a certain po- 

ition in the tensile specimen, heterogeneous deformation like PLC 

anding could be characterized by the in-situ XRD measurement. 
2 
The current study aims to explore the nature of serration be- 

avior of a high-Mn steel in a mesoscopic scale. The propagation 

f PLC bands is analyzed by means of the state-of-the-art DIC tech- 

ique and the in-situ synchrotron XRD measurement both applied 

uring tensile deformation of the material, for correlating the lo- 

alized deformation with the global mechanical properties includ- 

ng the serration behavior. 

. Experimental methods 

.1. Material 

A high-Mn austenitic steel, Fe-22Mn-0.6C (wt. %), was used in 

he present study. The detailed chemical composition of the steel 

s shown in Table 1 . The as-received hot-forged plate 12 mm in 

hickness was subjected to 4 cycles of the cold-rolling and anneal- 

ng treatments we developed before [27] , in order to achieve grain 

efinement. The thickness reduction at each cold-rolling step was 

3.3%, 37.5%, 40% and 66.7%, respectively, and the final thickness 

f the sheet was 1 mm. The intermediate annealing between each 

old-rolling step was carried out at 600 °C for 0.6 ks for restoring 

eformability of the material. The materials were water-cooled im- 

ediately after intermediate annealing. A fine-grained specimen 

ith an average grain size of 2.0 μm was obtained by annealing 

he final 1 mm thick sheet at 800 °C for 0.3 ks followed by water

uenching. 

.2. Microstructure observation 

After the final annealing, microstructural observations were car- 

ied out on a section perpendicular to the transverse direction 

TD) of the sheet using a field-emission scanning electron micro- 

cope (FE-SEM: JEOL, JSM-7100F) equipped with an electron back- 

cattered diffraction (EBSD) operated at an accelerating voltage of 

5 kV. In order to obtain mirror-like surfaces, the TD section of 

he sheet was mechanically polished first by the use of 10 0 0-40 0 0

rit-sized fine SiC papers and then electro-polished in a solution of 

0 % HClO 4 + 90 % C 2 H 6 O. The mean grain size was determined by

 line intercept method on EBSD images, counting high angle grain 

oundaries and annealing twin boundaries on the EBSD maps. Tex- 

ure and phases of the observed areas were also confirmed by 

BSD using a software, TSL-OIM data collection and analysis ver. 

.31. 

.3. Mechanical properties 

Mechanical properties of the high-Mn steel with the mean grain 

ize of 2.0 μm were evaluated by tensile tests at an initial strain 

ate of 8.3 × 10 −4 s −1 at room temperature using a tensile testing 

achine (SHIMADZU, AG-100kN Xplus). Sheet-type tensile speci- 

ens with a gage length of 10 mm, gage width of 5 mm and thick-

ess of 1 mm were cut from the cold-rolled and annealed sheet by 

n electrical discharge machine. The tensile direction was parallel 

o the rolling direction (RD) of the sheet. Tensile tests of the spec- 

men with the mean grain size of 2.0 μm were also conducted for 

 DIC analysis. The dimension of the tensile specimens and condi- 

ion for the in-situ X-ray diffraction experiments are explained in 

he Section 2.4.2 . 

.4. Evaluation of localized deformation 

.4.1. DIC analysis 

In order to evaluate distributions of local strain and strain rate 

n the tensile specimens during the tensile test, a DIC technique 

as applied. Prior to the experiment, broad surfaces of the sheet- 

ype tensile specimens were first painted white and then covered 
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Table 1 

Chemical composition of the high-Mn steel investigated (wt. %). 

C Si Mn P S Al Cr O N Fe 

0.56 0.06 21.68 < 0.004 0.007 < 0.01 < 0.01 < 0.0011 0.0049 Bal. 

Fig. 1. Schematic illustration showing the in-situ XRD measurement during tensile 

test at SPring-8. 
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ith randomly distributed black speckle patterns by using an air- 

rush. The speckle patterns were deformed together with the ten- 

ile specimens and used as markers to track displacements of dif- 

erent positions in the specimens. During the tensile deformation, 

he speckle patterns were recorded at a rate of 5 frames per sec- 

nd by a CCD (charge-coupled device) camera with a resolution 

f 2432 × 2054 pixels. Two-dimensional strain tensors at differ- 

nt positions were obtained by differentiating displacement vec- 

ors obtained by tracking the speckle patterns. Local strain rates 

t different positions were also evaluated by the use of the lo- 

al strain data. From such results, distributions of strain or strain- 

ate in the specimen were exhibited in the form of local strain or 

train-rate maps. The change of the local strain or strain-rate dis- 

ributions were also expressed in movies. The recorded CCD images 

ere analyzed by the use of Vic-2D software with a subset of 29 

ixels in a square and a step size of 7 pixels, which was optimized

or assessing local strains and strain rates under the given resolu- 

ion of the CCD camera. 

It should be noted that the global stress and the local strains 

and strain rates) were obtained by different tools: the global 

tress of the specimen was measured from the tensile-test machine 

quipped with a load cell, while the local strains were evaluated 

rom the DIC images recorded by the CCD camera as was described 

bove. The global stress obtained from the tensile machine and the 

ocal strains obtained from the DIC analysis were synchronized by 

djusting the time of macroscopic fracture. 

.4.2. In-situ synchrotron XRD measurements 

In-situ synchrotron XRD measurements were performed for 

valuating lattice strain and dislocation density during the ten- 

ile test. High energy (HE) synchrotron beam line of BL46 XU at 

Pring-8 of Japan Synchrotron Radiation Research Institute (JASRI) 

as utilized, which could provide diffraction profiles over a wide 

ange of angles with a high resolution of time. A monochromatic 

ynchrotron beam with an intensity of 30 keV ( λ= 0.0413 nm) 

as used for the transmission diffraction. The time resolution for 

 diffraction profile was 1 second. The configuration of the in-situ 

RD measurement during the tensile test is illustrated in Fig. 1 . 

heet-type tensile specimens with a gage length of 10 mm, gage 

idth of 3 mm and thickness of 0.5 mm were cut from the sheet 

aving the fully recrystallized microstructure with an average grain 

ize of 2 μm. The tensile direction was parallel to the rolling di- 

ection (RD) of the sheet. Incident beam having a size of 2.0 mm 
3 
n the gage-width direction and 0.5 mm in the gage-length direc- 

ion was irradiated at the center of the gage part in the tensile 

pecimen. The direction of the incident beam was perpendicular 

o the tensile direction. After a precise alignment, the tensile tests 

ith the in-situ XRD measurement were carried at an initial strain 

ate of 8.3 × 10 −4 s −1 at room temperature. In the tensile test, the 

ensile specimen was elongated upward with the bottom grip part 

xed. During the tensile deformation, diffraction profiles were si- 

ultaneously collected by serially-connected 6 detectors (MYTHEN 

, Dectris). The diffraction peaks were fit to Voigt function us- 

ng Origin Pro 2017 program, and then the peak position and full 

idth half-maximum (FWHM) of peaks were determined. Peak po- 

itions and FWHM of (111), (200), (311) and (222) were considered 

or subsequent analysis. 

. Results and discussion 

.1. Microstructure before tensile test 

Fig. 2 (a) shows an EBSD inverse pole figure (IPF) map over- 

apped with an image quality (IQ) map of the specimen fabricated 

y the repeated cold-rolling and annealing. The microstructure was 

bserved on a longitudinal plane perpendicular to TD of the sheet. 

olors in the IPF map indicate crystallographic orientations paral- 

el to TD, according to the key stereographic triangle inserted. High 

ngle grain boundaries (HAGBs) and annealing twin boundaries 

TBs) are drawn by black lines and red lines, respectively, on EBSD 

aps. The specimen showed the fully recrystallized microstructure, 

f which average grain size including TBs was 2.0 μm. Fig.2 (b) 

hows a phase map together with HAGBs and TBs of the identi- 

al area of Fig. 2 (a). Yellow color indicates FCC structure confirmed 

rom the Kikuchi-line diffraction pattern obtained at each point. 

ll areas showed yellow color, i.e., FCC structure, which proved 

hat the specimen had an austenite single-phase structure. Fig. 2 (b) 

lso confirmed clearly that almost all grains were surrounded by 

AGBs and the microstructure involved a high density of anneal- 

ng TBs (39.2 % of all boundaries shown in Fig. 2 (b)). (001), (011)

nd (111) pole figures of the specimen constructed from the EBSD 

esult are presented in Fig. S1 in the supplementary material. All 

he pole figures exhibited low intensities, indicating that the spec- 

men fabricated by the repeated cold-rolling and annealing did not 

ave strong crystallographic texture. 

.2. Stress-strain curve and strain hardening rate curve 

A nominal (engineering) stress-strain curve of the specimen 

ith the mean grain size of 2.0 μm is shown in Fig. 3 (a). The

pecimen showed a good combination of high strength and large 

uctility with a yield strength (0.2 % proof stress) of 430 MPa, ten- 

ile strength of 1136 MPa and total elongation of 69 %. Serrations 

ere clearly observed on the stress-strain curve. Fig. 3 (b) shows 

he strain hardening rate ( d σ/d ε, blue) and true stress ( σ , red) of

he specimen plotted as a function of true strain ( ε). The speci- 

en maintained high strain hardening rate around 20 0 0 MPa until 

he later stage of deformation. It should be noted that the strain 

ardening rate showed severe fluctuation from about -50 0 0 MPa 

o 150 0 0 MPa, which corresponded to the serrated flow observed 

n the stress-strain curve. 
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Fig. 2. EBSD images of the specimen prepared by the repeated cold-rolling and an- 

nealing. (a) EBSD IPF map + IQ map. Colors indicate crystallographic orientations 

parallel to TD, according to the key stereographic triangle inserted. High angle grain 

boundaries (HAGBs) and annealing twin boundaries (TBs) are indicated as black 

lines and red lines, respectively. (b) EBSD phase map with HAGBs and TBs. FCC 

phase is expressed in yellow color. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.). 
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Fig. 3. (a) Engineering stress-strain curve of the specimen with a mean grain size of 

2.0 μm. (b) Strain-hardening rate (blue) and true stress (red) curves plotted against 

true strain. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.). 
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.3. Heterogeneous deformation characterized by DIC 

The DIC analysis was carried out for characterizing the hetero- 

eneity of deformation in a specimen scale. Formation and prop- 

gation of PLC bands 1 were observed in the gage part of the ten- 

ile specimen during the tensile test. It was found that the amount 

f strain localized within PLC bands was not so high at the early 

nd medium stages of tensile deformation (in a range of 0.0039 

0.0108), so that it was difficult to observe PLC bands on lo- 

al strain maps or movies indicating the magnitude of strain in 

ifferent colors using a large strain scale (like 0 ∼ 0.5 in tensile 
1 Although it was not confirmed in the present study whether the DSA or PLC 

ffect really happened in atomistic scale or not, the term “PLC band” is used for 

xpressing the deformation localized bands observed. 

t

n

i

w

4 
train ( ε yy )). Hence, strain-rate maps and movies were used in the 

resent study to exhibit or characterize the PLC bands. A movie 

howing the change of local strain-rate distributions during the 

hole tensile test up to fracture is provided as a supplementary 

aterial of this paper (Movie 1). In the movie, repetition of the for- 

ation, propagation and annihilation of PLC bands having higher 

ocal strain rates were clearly observed. 

Fig. 4 shows DIC strain-rate maps captured at different engi- 

eering tensile strains ( e yy ) in a range from e yy = 0.1193 to e yy = 

.1303, which corresponded to one cycle of PLC band propagation 

long the whole gage length of the specimen. The numbers (1)–(9) 

n figures indicate the positions on the corresponding stress-strain 

urve shown later ( Fig. 5 (b)). The magnitude of local strain rate 

s expressed in different colors according to the key color bar in- 

erted in Fig. 4 . In (1) of Fig. 4 , a PLC band (former band) hav-

ng higher local strain rates propagated from the center part to 

he lower part of the gage was disappearing in the lower shoul- 

er part. On the other hand, a new PLC band was nucleating at a 

ittle bit upper side of the gage center. The new PLC band propa- 

ated upward, and the propagation of the PLC band was well cap- 

ured in (2), (3) and (4) of Fig. 4 . The maximum strain rate within

he PLC band in (2)–(4) was in a range from 0.0023 s −1 to 0.0027

 

−1 , while the strain rate outside the PLC band was quite low and 

omogeneous ( ∼0.0 0 01 s −1 ). Here, the global strain rate applied 

as 0.0 0 084 s −1 . In (5), the band started to annihilate at the up-

er shoulder part, and another new band was about to nucleate 

t the middle of the gage part, which located slightly lower than 

he position where the previous band nucleated in (1). The newly 

ucleated band propagated downward (6, 7, 8) and was disappear- 

ng at the lower shoulder part in (9). Then, another new PLC band 

as nucleating at a little bit upper position of the gage center in 
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Fig. 4. DIC local strain-rate maps captured at different engineering tensile strains ( e yy ), corresponding to one cycle of PLC band propagation through the gage part. (1) 

e yy = 0.1193, (2) e yy = 0.1199, (3) e yy = 0.1210, (4) e yy = 0.1236, (5) e yy = 0.1241, (6) e yy = 0.1249, (7) e yy = 0.1283, (8) e yy = 0.1298 and (9) e yy = 0.1303, respectively. The banded 

regions with high strain rate shown as red color indicate the PLC bands. 
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9). As can be seen in Movie 1, these showed a typical repetition 

f the formation, propagation and annihilation of PLC bands. The 

and did not necessarily form near the gage center, but often nu- 

leated at one end of the gage part and propagated throughout the 

age in one direction. Regardless of such patterns of the PLC band 

ropagation, however, the nucleation and propagation of the band 

f next cycle started only after every position in the gage part was 

wept by the band(s) in the former cycle. 

.4. Correlation between serration behavior and PLC band 

ropagation 

Fig. 5 (a) shows the change of the average strain rate in the gage

art (blue curve) together with the whole nominal stress-strain 

urve (black curve). The average strain rate was calculated from 

he DIC strain-rate maps and plotted as a function of the time of 

he measurement which was accurately synchronized between the 

ensile test and the DIC analysis for the identical specimen. Corre- 

ponding nominal strains are also indicated along the upper x-axis. 

he average strain rate in the gage part significantly fluctuated and 

he time interval between each fluctuation became larger with pro- 

ressing the deformation. It was noteworthy that the interval of 

erration peaks on the stress-strain curves also became larger with 

he progress of the tensile deformation, which suggested a close 

orrelation between the fluctuation of the average strain rate and 

he serration behavior on the global stress-strain curve. 

In order to investigate the relationship between the serration 

nd the average strain rate in more detail, the changes of the nom- 

nal stress and the average strain rate in the experimental time 

rom 230 s to 290 s, corresponding to the period indicated by a 

ed broken-line square in Fig. 5 (a), were magnified and exhibited 

n Fig. 5 (b). In Fig. 5 (b), thin dotted lines are drawn at the exper-

mental times when the serration peaks appeared. It was clearly 

ound that the serration peaks corresponded well with the local 

inima of the average strain rate of the gage part. When the aver- 

ge strain rate quickly increased from the local minimum, the flow 

tress quickly dropped from the serration peak. 

The points (1)–(9) marked on the stress-strain curve in Fig. 

 (b) corresponded to Fig. 4 (1)–(9), respectively. Comparing be- 

ween Figs. 5 (b) and 4 , at a serration peak (the point (1)) in Fig.

 (b), a former PLC band was disappearing and a new band was 

ucleating in Fig. 4 (1). At the points (2) and (3) in Fig. 5 (b) corre-
5 
ponding to an increase in the flow stress just after a sharp stress 

rop from the serration peak, the newly nucleated band was prop- 

gating upward along the gage part in the DIC maps ( Fig. 4 (2), (3)).

t the point (4) where the flow stress was about to increase, the 

and was disappearing at the upper shoulder part in Fig. 4 . From 

he point (5) to the point (8) on the stress-strain curve, annihila- 

ion, nucleation and propagation of PLC bands, which were sim- 

lar to the points (1)–(4), were observed in the local strain-rate 

aps obtained by DIC ( Fig. 4 ). Annihilation of the former PLC band

nd nucleation of the new band shown in Fig. 4 (9) corresponded 

ell again to the serration peak at the point (9) in Fig. 5 (b). That

s, it was clearly shown that the serration behavior appeared on 

he stress-strain curve perfectly corresponded with the formation, 

ropagation and annihilation of PLC bands, i.e., localized deforma- 

ion in the gage part. Thus, the fluctuation of the average strain 

ate in the gage part shown in Fig. 5 (b) also synchronized with the 

ehavior of PLC bands. We can conclude now that PLC banding de- 

ermines the global mechanical response of the material appearing 

s the serration behavior on the stress-strain curve. 

.5. Changes in local strain and local strain-rate correlating to PLC 

and propagation 

The strain rate shown and discussed in Fig. 5 was the average of 

he gage part obtained from the DIC data. However, the actual de- 

ormation in the gage part was heterogeneous (localized), as was 

hown in Fig. 4 . Then, deformation behavior at a local point was 

nalyzed from the DIC data. As represented in the image inserted 

n Fig. 6 (a), a point in the gage part was set in the DIC maps, and

hanges of the local strain ( ε yy ) and the local strain rate ( d ε yy /dt)

t this point were plotted in red and blue colors, respectively, in 

ig. 6 (a) as a function of the experimental time. Interestingly, the 

train at the analyzed point (red curve) increased in a stepwise 

anner, and the time interval between neighboring steps and the 

ncrement of strain at each step both increased with increasing the 

xperimental time (i.e., the global tensile strain). The local strain 

ate at the analyzed point stayed in a very low value in most peri- 

ds, but periodically showed sharp peaks. The peak of the local 

train rate corresponded to the time at which a PLC band with 

igh strain rates was just propagating at the analyzed point. As a 

esult, the sudden increases in the local strain corresponded with 

he strain rate peaks. Both the time interval between the peaks and 
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Fig. 5. (a) Change of the average strain rate in the gage part and the whole nominal 

stress-strain curve. The average strain rate was calculated from the DIC strain-rate 

maps and plotted as a function of the time of the measurement. Corresponding 

nominal strains are also indicated along the upper x-axis. (b) Changes of the nom- 

inal stress and the average strain rate in the experimental time range from 230 s 

to 290 s, indicated by a red-dashed square in Fig. 5(a). Thin dotted lines are drawn 

at the experimental times when the serration peaks appeared. The points (1)–(9) 

marked by red triangles on the stress-strain curve correspond to the DIC images 

shown in Fig. 4 (1)–(9), respectively. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article.). 

t

e

t

t  

t  

r

b

b

d

d

a

p

c

r  

w

s

o

3

p

t

a

v

t

d

Fig. 6. (a) Changes of the local strain (red) and strain rate (blue) at a certain point 

set in the gage part of the DIC maps, plotted as a function of experimental time. 

Corresponding global nominal strain is also indicated. (b) Enlarged profiles of the 

local strain (red) and strain rate (blue) from 210 s to 300 s of the experimental 

time. The time areas of the local strain-rate peaks are distinguished by black-dashed 

lines. (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.). 
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he maximum strain rate at the peak increased with increasing the 

xperimental time (the tensile strain). 

In order to investigate the development of the local strain and 

he local strain rate with the experimental time in more detail, 

he graph in a range from 210 s to 300 s of the experimental

ime was enlarged in Fig. 6 (b). The time ranges of the local strain-

ate peaks, which corresponded to the durations when each PLC 

and was passing through the analyzed point, are distinguished by 

lack-dashed lines in Fig. 6 (b). It was clearly shown that the sud- 

en increases in the local strain perfectly coincided with the short 

urations of the strain-rate peaks, which meant that the strain at 

 certain local point increased drastically when a PLC band was 

assing through the point. On the other hand, increases of the lo- 

al strain at the analyzed point between neighboring steps in the 

ed curve of Fig. 6 (b) were quite small, during which no PLC band

as overlapped at the analyzed point. The results clearly demon- 

trated that most of the plastic deformation within the gage part 

f the tensile specimen was given within the PLC bands 

.6. Development of plastic deformation within the gage part 

Features of the localized deformation (PLC banding) in the 

resent 22Mn-0.6C steel specimen and its correlation to the serra- 

ion behavior on the global stress-strain curve were demonstrated 

bove. Here we would like to show how plastic deformation de- 

elops within the gage part of the 22Mn-0.6C specimen, again by 

he use of the DIC analysis. Fig. 7 shows DIC local strain maps 

emonstrating changes of local strain distributions ( ε yy ) within the 
6 
age part during the deformation period from (1) to (9) shown in 

igs. 4 and 5 (b). Local strain maps of Fig. 7 (1)–(9) corresponded to 

ne cycle of nucleation, propagation and annihilation of PLC bands 

hown in Fig. 4 (1)–(9), respectively. Corresponding movie show- 

ng local strain distributions during the whole tensile test is pro- 

ided as a supplementary material of this paper (Movie 2). In or- 

er to exhibit the change of local strain distributions obviously, a 

mall strain scale from ε yy = 0.11 to ε yy = 0.14 was used in Fig. 7 ,

nd the magnitude of local strain was expressed in different col- 

rs according to the key color bar inserted in the figure. The ar- 

as surrounded by white-dashed lines in Fig. 7 are the positions of 

LC bands observed in Fig. 4 . From (1) to (4) in Fig. 7 , local strains

n the upper side of the gage part became higher than the lower 

art, which corresponded to the PLC band propagation swept from 

he center to the upper side ( Fig. 4 (1)–(4)). At (5) where the PLC

and annihilated in the upper shoulder part, strain distributions 

ere heterogeneous and showed a clear contrast between the up- 

er part with higher strains and lower part with lower strains in 

he gage. From (5) to (8) in Fig. 7 , the strain in the lower side in-

reased in this turn, corresponding to the downward propagation 

f the new PLC band from the center to the lower part. Then the 

train distribution in the gage part became fairly homogeneous in 

8) and (9) after one cycle of PLC band sweeping. The supplemen- 

ary Movie 2 exhibited the repetition of such processes during the 

ensile deformation. 
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Fig. 7. DIC local strain maps captured at different engineering tensile strains ( e yy ), corresponding to one cycle of PLC band propagation. (1) e yy = 0.1193, (2) e yy = 0.1199, 

(3) e yy = 0.1210, (4) e yy = 0.1236, (5) e yy = 0.1241, (6) e yy = 0.1249, (7) e yy = 0.1283, (8) e yy = 0.1298 and (9) e yy = 0.1303, respectively. (1)–(9) exactly corresponded to the local 

strain-rate maps shown in Fig. 4 . Positions where PLC bands were observed in corresponding strain-rate maps ( Fig. 4 ) are marked by white-dashed lines. Magnitude of local 

strain was expressed in different colors according to the key color bar inserted in the figure. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.). 
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.7. The role of PLC band on global mechanical properties revealed by 

n-situ synchrotron XRD measurement 

The results obtained from the DIC analysis clarified that the 

erration behavior in the present 22Mn-0.6C steel perfectly cor- 

esponded with the heterogeneous deformation in the form of 

LC banding. Next, in the current section, the in-situ synchrotron 

RD measurement was also applied during the tensile deforma- 

ion, for correlating the heterogeneous deformation clarified above 

ith material parameters. The in-situ XRD measurement can reveal 

he changes of both dislocation densities evaluated from the peak 

roadening and elastic strain calculated from the peak shift, syn- 

hronizing with the physical PLC band propagation in the tensile 

pecimen. 

The results obtained from the in-situ XRD measurement during 

he tensile test are shown in Fig. 8 . As was described in the Section

.4.2 , a focused X-ray beam was irradiated on a center position 

n the gage part of the tensile specimen. In Fig. 8 (a), the whole

iffraction profiles at two different stress levels of 0 MPa (before 

he tensile deformation) and 10 0 0 MPa are shown on the left side, 

nd (200) peaks at two stress levels are enlarged and shown on 

he right side. The (200) peak was selected for the peak-shift anal- 

sis because the (200) peak showed high intensity and its peak 

hift was the largest among all diffraction peaks due to the low- 

st elastic modulus along < 100 > direction in FCC metals and alloy 

28] . A sharp diffraction profile of (200) plane was recognized be- 

ore the deformation (at 0 MPa). Both peak broadening and peak 

hift were clearly found at the stress level of 10 0 0 MPa, which

ere the results of accumulation of lattice defects and elastic de- 

ormation of crystal lattices, respectively. It has been reported that 

islocations and planar faults contribute to the peak broadening, 

here diffraction angles are scattered due to local lattice distortion 

29 , 30] . Considering that most of (both annealing and deformation) 

win boundaries in FCC materials are composed of perfectly co- 

erent { 111 } ∑ 

3 CSL boundaries, the lattice distortion produced 

y twin boundaries is thought to be small except for the areas 

ear remaining leading partial dislocations or incoherent portions 

f twin boundaries. Balogh, Ribárik, and Ungára [30] simulated the 

iffraction profile of nanocrystalline pure copper by using convo- 

utional multiple whole profile (CMWP) method. Based on the the- 
7 
retically obtained profile functions, they fitted the experimentally 

btained diffraction profile. In their simulation, intrinsic/extrinsic 

tacking faults and twin boundaries caused a peak broadening at 

he bottom part of a diffraction peak. In the present study, we cal- 

ulated the dislocation density by using Williamson-Hall method, 

here FWHM of diffraction peaks (not the bottom part of diffrac- 

ion peaks) were concerned. Therefore, the peak broadening caused 

y planar faults (deformation twin boundaries and stacking faults) 

ould not be significant in determining the FWHM, so that it was 

ssumed in the present study that the most of the peak broaden- 

ng resulted from accumulated dislocations. The dislocation density 

 ρ) during the tensile test was calculated from the peak position 

nd FWHM of (111), (200), (311) and (222) peaks at different ex- 

erimental times by the use of the Williamson-Hall equation [31] , 

�2 θ cos θ

λ
= 

0 . 9 

D 

+ 2 ε 
sin θ

λ
(1) 

= 16 . 1 

(
ε 

b 

)2 

(2) 

here θ is the diffraction angle of a peak, �2 θ is FWHM of the 

eak, λ is the wavelength of the incident X-ray beam (0.0413 nm), 

 is a crystallite size, ε is a heterogeneous strain, and b is the mag- 

itude of Burgers vector (0.2552 nm in the present material), re- 

pectively. From the Eq. (1) , when taking 2 sin θ
λ

as the x-axis and 

�2 θ cos θ
λ

as the y-axis, the slope of the data plots corresponds to 

 . By putting ε into the Eq. (2) , the dislocation density ( ρ) is ob-

ained. 

In order to also evaluate the evolution of elastic strain, the 

hange of the lattice strain during tensile deformation was calcu- 

ated. The lattice strain of hkl plane ( ε hkl ) under loading is calcu- 

ated from the change in the interval of the lattice plane corre- 

ponding to the concerning diffraction peak, as: 

 

hkl = 

d hkl − d hkl 
0 

d hkl 
0 

(3) 

here d hkl is the interval of hkl plane calculated from the hkl 

iffraction peak, and d hkl 
0 

is the initial interval of hkl plane under 

 MPa of tensile stress. As mentioned in the previous paragraph, 
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Fig. 8. (a) The whole angular diffraction profiles at 0 MPa and 10 0 0 MPa, and en- 

larged (200) peaks at two stress levels are shown on the left and right side, respec- 

tively. A black dashed line in the right figure is drawn to indicate the center of the 

(200) peak at 0 MPa, and an arrow indicates the peak shift to lower angle at 10 0 0 

MPa. (b) The changes of nominal stress (black, left y-axis), lattice strain (red, the 

first right y-axis), and dislocation density (blue, the second right y-axis) are shown 

as a function of the experimental time. (c) Curves in the time range from 600 s to 

850 s, enlarged from (b). Serration peaks are indicated by thin broken lines. Ser- 

ration peaks ( A ∼ E), peaks of lattice strain ( ), drops of lattice strain ( ), and 

sudden increases of dislocation density ( ) are indicated on the curves. (For inter- 

pretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.). 
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he elastic modulus of (200) plane was the lowest in FCC metals 

nd alloy. Therefore, by selecting the lattice strain of (200) plane 

 ε 200 ) for the analysis, it is possible to capture even small changes 

n elastic strain. The term of the lattice strain hereafter in this pa- 

er refers to the lattice strain of (200) plane. 

Changes in the dislocation density and the lattice strain dur- 

ng tensile deformation of the present 22Mn-0.6C specimen ob- 

ained from the in-situ XRD measurement are shown as a function 

f the experimental time in Fig. 8 (b), together with the nominal 

tress curve. It should be noted that the nominal stress showed the 

lobal deformation response in the tensile deformation, whereas 

he lattice strain and the dislocation density revealed the local de- 

ormation response obtained from the limited area of 0.5 mm × 0.2 

m where the XRD beam was irradiated, as was described in the 

ection 2.4.2 . 
8 
In the lattice strain-time curve (red line) in Fig. 8 (b), the lattice 

train increased with the experimental time in most periods. Inter- 

stingly, however, the lattice strain dropped periodically, which in- 

icated that periodical stress relaxation occurred at the local XRD 

eam position. Both the time interval between neighboring drops 

nd the decrement of the lattice strain increased with increasing 

he experimental time, i.e., with the progress of the tensile defor- 

ation. 

The dislocation density-time curve (blue line) in Fig. 8 (b) did 

ot show a continuous increase, but increased in a stepwise man- 

er. During the most periods, the dislocation density at the XRD 

eam position did not increase significantly, but it suddenly in- 

reased at certain experimental times. In addition, both the time 

nterval between neighboring steps increases and the increment 

f dislocation density at each step increased with increasing the 

xperimental time, i.e., with the progress of the tensile deforma- 

ion. The dislocation density increased up to 5 × 10 16 m 

−2 till the 

acroscopic fracture. The high dislocation density might be over- 

stimated somehow, because the peak broadening was evaluated, 

onsidering only contribution from dislocations as was described 

bove. 

In order to look into the discontinuous changes in the lattice 

train and the dislocation density at the XRD beam position, the 

raph in a time range from 600 s to 850 s is enlarged in Fig. 8 (c).

hin broken lines are drawn in Fig. 8 (c) at the experimental times 

hen serration peaks appeared on the flow stress curve (black). 

ifferent marks are used to show the positions of serration peaks 

 A ∼ E), peaks of the lattice strain ( ), drops of the lattice strain

 ), and sudden increases of the dislocation density ( ), respec- 

ively. On the lattice strain curve (red) in Fig. 8 (c), the peaks of the

attice strain ( ) coincided well with the serration peaks ( A ∼ E). 

s was explained in the Section 3.4 ( Figs. 4 and 5 ), the serration

eak appeared when PLC bands disappeared from the gage part. 

n addition, we figured out in the Section 3.5 ( Figs. 4 and 6 ) that

ost of the plastic deformation was given within the PLC bands. 

herefore, at the serration peaks when PLC bands disappeared, the 

hole gage part of the tensile specimen was considered to be de- 

ormed more elastically with small amounts of plastic deformation. 

his is the reason why the lattice (elastic) strain at the local XRD 

eam position showed the peaks ( ) at the same timing of the ser- 

ation peaks ( ). 

On the lattice strain curve (red) and the dislocation density 

urve (blue) in Fig. 8 (c), the drops of the lattice strain ( ) and

he sudden increases of the dislocation density ( ) synchronized to 

ach other. Interestingly, the drops (with local minima) of the lat- 

ice strain ( ) were found only after the serration peaks of A, C,

nd E, but the drops (with local minima) of the lattice strain did 

ot appear after the serration peaks of B and D. As was men- 

ioned in the Section 3.3 ( Fig. 4 ), the PLC bands in the present

igh-Mn steel sometimes formed near the gage center, propagated 

pward or downward, and disappeared at one side of shoulder 

art. Then new PLC bands nucleated at the center, propagated to 

he opposite direction of the former PLC band (downward or up- 

ard), and disappeared. It should be noted that the tensile speci- 

en used in the present in-situ XRD measurement was elongated 

pward with its bottom grip part fixed, while the XRD beam posi- 

ion was fixed. In the experimental time range from 600 s to 850 

 shown in Fig. 8 (c), the tensile specimen was already elongated 

uch, so that the XRD beam position was located in the lower 

alf of the gage part. In this time range, the PLC band nucleated 

rom the center and propagated upward never passed through the 

RD beam position, but the next PLC band nucleated from the cen- 

er and propagated downward passed through the beam position. 

herefore, the drops of the lattice strain ( ) and the sudden in- 

reases of the dislocation density ( ) observed at every other ser- 

ation peak (i.e., after A, C, and E) are considered to correspond 
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o the PLC bands nucleated at the center and propagated down- 

ard that can pass through the XRD beam position located at a 

elatively lower part of the gage. That is, the drops of the lattice 

train ( ) correspond to the passage of PLC bands on the beam po- 

ition. Since plastic deformation is localized within the PLC band, 

he passage of the PLC band relaxes elastic stress, resulting in the 

rop of the lattice (elastic) strain at the X-ray beam position by 

lastic deformation. In the time range of 600 s to 850 s in Fig.

 (c), the contribution of deformation twinning to tensile strain was 

alculated to be smaller than 16.3 %, as is shown in the supple- 

entary material of this paper. Even though deformation twins 

omehow contribute to plastic deformation as an extra deforma- 

ion mechanism, the tensile strain within the PLC band is consid- 

red to be given mostly by glides of many dislocations, resulting 

n the sudden increase of the dislocation density ( ) at the X-ray 

eam position. The synchronized changes of the flow stress, lattice 

train, and dislocation density found in Fig. 8 (c) could be consis- 

ently understood in such a way. 

The results obtained from the in-situ synchrotron XRD diffrac- 

ion during the tensile test could give us the changes of mate- 

ial parameters in the local X-ray beam position, which consis- 

ently synchronized with the passage of the PLC band as well as 

he serration on the macroscopic flow stress curve. It is notewor- 

hy that the dislocation density at the beam position significantly 

ncreased around the drops of the lattice strain ( ), i.e., the pas- 

age of PLC bands, as shown in Fig. 8 (c). This suggests that a large

train-hardening by an increase of the dislocation density locally 

ccurs within the propagating PLC band, and it corresponds to the 

eriod between serration peaks (i.e., the local stress maxima) on 

he global stress-strain curve. The quick strain-hardening (i.e., the 

uick increase in the local dislocation density right after ) results 

n the large increases of the local lattice strain right after at A, C,

nd E in Fig. 8 (c), because the local region becomes more difficult 

o be plastically deformed by hardening. 

.8. Correlation between global stress-strain curve (serrations) and 

ocalized deformation (PLC banding) 

We have clarified in the present study that the serration behav- 

or on the global stress-strain curve in the high-Mn austenitic steel 

erfectly corresponds to the local heterogeneous deformation char- 

cterized by the formation, propagation and annihilation of PLC 

ands. In addition, we have succeeded in correlating the hetero- 

eneous deformation in a mesoscopic scale with the local material 

arameters, i.e., the dislocation density and the lattice strain in the 

eam position. In the current section, we summarize all the results 

btained and schematically illustrate how the localized deforma- 

ion induced by PLC banding develops the global work-hardening. 

Fig. 9 (a) schematically illustrates an enlarged stress-strain curve 

ncluding three serration peaks. Nine representative stages ( 1 ©– 9 ©) 

re indicated on the schematic stress-strain curve in Fig. 9 (a). PLC 

anding in the tensile specimen, and corresponding evolutions of 

lastic and plastic strains at the deformation stages 1 ©– 9 © are il- 

ustrated in Fig. 9 (b). Just before the stage 1 ©, there is no PLC band

n the gage part, so that the plastic deformation is suppressed and 

he elastic strain quickly increases to form a serration peak. At the 

tage 1 © corresponding to the serration peak, a new PLC band nu- 

leates near the gage center, so that elastic strain in the whole 

age part of the tensile specimen decreased by plastic accommo- 

ation, leading to a stress drop in the stress-strain curve, as was 

bserved in Fig. 8 (c). Elastic strain within the nucleating PLC band 

tarts to be furthermore relaxed while the plastic strain starts to 

ncrease. At the stage 2 © just after the stress drop on the stress- 

train curve, the PLC band starts to propagate to the right direc- 

ion. At this stage, a significant relaxation of elastic strain (thus 

tress) and an increase of plastic strain occur inside the PLC band, 
9 
s was observed in Figs. 8 (c) and 6 (b), respectively. At the stage 3 ©,

he PLC band continues to propagate, and the area the PLC band al- 

eady swept (yellow-colored region) has been work-hardened since 

 large number of dislocations are activated and accumulated, as 

as shown in Fig. 8 (c). Because of this work-hardening, the elastic 

train in the yellow region should be somehow larger than that in 

he left-side region where the PLC band has not yet swept. Mean- 

hile, the plastic strain remains almost constant in the area the 

LC band has swept (yellow-colored region). At the stage 4 ©, the 

LC band has finished propagating the right half of the gage part 

nd is disappearing at the right shoulder part. As a result, the dis- 

ribution of plastic strain is heterogeneous and the right half of 

he gage part is more strain-hardened than the left half, as was 

hown in Fig. 7 . From the stage 4 © to 5 © where no PLC band ex- 

sts within the gage part, the plastic deformation of the specimen 

s greatly suppressed and the elastic deformation becomes domi- 

ant in the whole gage part, so that the flow stress of the mate- 

ial quickly increases to form a serration peak on the stress-strain 

urve. It should be noted that the slope of the stress-strain curve 

ust before the serration peak was measured to be 5 GPa ∼ 13 GPa, 

hich was much smaller than the Young’s modulus of the present 

aterial (116 GPa). This indicates that the material still deforms 

lastically from the stage 4 © to 5 © even with no PLC band in the 

age part. The elastic strain in the right half of the gage would be 

omehow higher than that in the left half, because the right half is 

ore strain-hardened. At the stage 5 ©, a new PLC band nucleates 

ear the center, probably due to the imbalance of the plastic and 

lastic strains (so that the imbalance of the local stress) between 

he right half and left half of the gage section. The newly nucleated 

LC band propagates to the left direction (to the softer region) in 

his turn at the stages 6 © and 7 ©. With the PLC band sweeping 

he left half, the plastic and elastic strains in the whole gage part 

ecomes uniform ( 8 ©). Then, the PLC band disappears at the left 

houlder part, elastic strain in the specimen increases to form an- 

ther serration peak, and a new PLC band nucleates somewhere 

 9 ©) leading to the stress drop. By the repetition of the processes 

rom 1 © to 8 © (corresponding to one cycle of the PLC banding), the 

lobal deformation of the present material proceeds. 

In the present study, we clarified the mesoscopic nature of the 

erration behavior in the 22Mn-0.6C austenitic steel by the aid of 

he in-situ DIC analysis and synchrotron diffraction during tensile 

eformation. It was shown that the plastic (and also elastic) defor- 

ation within the gage part of the tensile specimen was quite het- 

rogeneous, and characterized by the nucleation, propagation and 

nnihilation of the PLC bands where plastic deformation is local- 

zed. Interestingly, the serrations appearing on the global stress- 

train curve, which expressed averaged deformation of the speci- 

en totally corresponded with the localized deformation behavior, 

.e., PLC banding. The characteristics of the shape of serrations, and 

he changes in the local lattice (elastic) strain and the dislocation 

ensity were all consistently explained by the PLC banding. 

Atomistic mechanisms of the localized deformation were not 

larified in the present study and further studies are necessary to 

larify the nature of DSA accompanying with serrations. However, 

f the serration behavior is caused by DSA as has been believed, the 

urrent results suggest that dynamic interaction between disloca- 

ions and solute atoms change depending on the location with the 

ropagation of PLC bands. Although deformation twinning can be 

nother deformation mechanism, the contribution of twinning to 

lastic deformation is considered to be fairly smaller than that by 

islocation slips, as was discussed in the Section 3.7 . Furthermore, 

t is difficult to imagine that deformation twinning induces PLC 

anding, i.e., nucleation, propagation and annihilation of deforma- 

ion localized bands observed in the present study. The quick in- 

rease of the local dislocation density within the PLC bands should 

e associated with the localized deformation at higher strain rates 
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Fig. 9. Schematic illustrations summarizing the correlation between the macroscopic serration behavior and the mesoscopic localized deformation clarified in the present 

study. Slopes of the stress-strain curve (i.e., strain hardening) are roughly indicated by red triangles. (a) Schematic illustration of stress-strain curve including three serration 

peaks. (b) Schematic illustrations showing the nucleation, propagation and annihilation of PLC bands in the gage part, and corresponding distributions of elastic and plastic 

strains along the gage, at different stages ( 1 ©– 9 ©) on the stress-strain curve (a). Gray, red and yellow colored areas indicate the region with little plastic deformation, the 

region the PLC band is propagating, and the region the PLC band already swept, respectively. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.). 
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n the bands. It should be noted that the local strains within the 

LC bands were not so much high compared to those outside the 

ands up to medium stages of tensile deformation, which would 

ake the whole deformation of the material relatively stable and 

aintain high strain-hardening rates ( Fig. 3 (b)). As was shown 

n Fig. 6 (a), however, the magnitude of strains localized in the 

LC bands increased with increasing tensile strain and reached to 

.0546 ∼ 0.1137 at later stage of tensile deformation, which could 

e the reason for the fracture with small post-uniform elongation 

n high-Mn TWIP steels compared with other kinds of steels and 

etallic materials. Yu et al. [32] reported that the post-uniform 
10 
longation in 18Mn-0.6C-(0 ∼1.5)Al steels decreased with decreas- 

ng the Al contents. In their study, PLC band propagation was ob- 

erved along the side surface of the tensile specimen of the Al- 

ree steel, whereas the PLC band was not observed in the Al-added 

teels. At later stage of deformation ( e = 30 %) of the Al-free steel,

everal edge cracks formed within the PLC band. They considered 

hat the localized strain within the PLC band caused the edge crack 

n the side surface of the tensile specimen, leading to fracture and 

he limited post-uniform elongation in the Al-free 18Mn-0.6C steel. 

The serration behavior is often observed in the metallic mate- 

ials having good strain-hardening abilities (so that showing both 
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igh strength and large ductility), which include not only high- 

n steels but also Al-Mg alloys, high entropy alloys, and so on. 

he mesoscopic features of serrations and PLC banding which have 

een systematically clarified in the current study would greatly 

elp to deepen the understanding of the nature of the PLC effect 

or DSA) and would throw light on designing advanced structural 

etallic materials maintaining good strain-hardening ability and 

howing excellent mechanical properties. 

. Conclusion 

The mesoscopic nature of the serration behavior in a 22Mn-0.6C 

teel was systematically investigated by the aid of the in-situ DIC 

echnique and the in-situ synchrotron XRD measurement during 

ensile tests, and the localized deformation behavior in the form 

f PLC banding was correlated with the global deformation of the 

aterial. The results can be summarized as follows: 

1. After 4 cycles of repeated cold-rolling and annealing process, 

the 22Mn-0.6C steel with a fully recrystallized microstructure 

having the mean grain size of 2.0 μm was obtained. 

2. The material exhibited the good balance of high strength and 

large ductility: Yield strength was 430 MPa (0.2 % proof stress), 

tensile strength was 1136 MPa, and total elongation was 69 %. 

Serrations were observed during the tensile deformation. 

3. With the aid of the DIC method, it was found that the serration 

behavior was the response of the formation, propagation and 

annihilation of PLC bands (PLC banding) in the tensile speci- 

men. It was clarified that the plastic strain increased drastically 

only within the PLC band, whereas the plastic strain remained 

almost constant beyond the PLC band. The serration peaks cor- 

responded to the suppression of plastic deformation due to the 

annihilation of PLC band within the gage part. Nucleation of 

a new PLC band resulted in the quick stress accommodation 

(stress-drop) just after the peak. 

4. The in-situ synchrotron XRD measurement at a fixed position 

during the tensile test revealed that the lattice strain in the X- 

ray beam position increased at every serration peak, which in- 

dicated that the whole specimen was more elastically deformed 

due to the absence of PLC band within the gage part. The dislo- 

cation density suddenly increased when a PLC band was pass- 

ing through the measurement area because plastic deformation 

was concentrated and a large number of dislocations were in- 

troduced within the PLC band, which corresponded to a drop of 

the local lattice strain (elastic strain). 

5. By the repetition of such a cycle of PLC banding (i.e., the nucle- 

ation, propagation, and annihilation of PLC bands) throughout 

the whole tensile deformation, plastic deformation of the mate- 

rial gradually proceeded, resulting in the global work-hardening 

in the present 22Mn-0.6C steel. 

eclaration of Competing Interest 

The authors declare that they have no known competing finan- 

ial interests or personal relationships that could have appeared to 

nfluence the work reported in this paper. 

cknowledgment 

The present study was financially supported by JST CREST 

 JPMJCR1994 ), Elements Strategy Initiative for Structural Materi- 

ls (ESISM, No. JPMXP01121010 0 0 ), and the Grant-in-Aid for Sci- 

ntific Research (S) (No. 15H05767 ), all through the Ministry of 

ducation, Culture, Sports, Science and Technology (MEXT), Japan. 

he synchrotron radiation experiments (beam-time No. 2018B1760 ) 

t SPring-8 were performed with the approval of the Japan Syn- 

hrotron Radiation Research Institute (JASRI). The author (S.H.) has 
11 
een supported by the Japanese Government Scholarship. All the 

upports are gratefully appreciated. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.actamat.2020.116543 . 

eferences 

[1] D.R. Steinmetz, T. Jäpel, B. Wietbrock, P. Eisenlohr, I. Gutierrez-Urrutia, 

A. Saeed-Akbari, T. Hickel, F. Roters, D. Raabe, Revealing the strain-hardening 
behavior of twinning-induced plasticity steels: theory, simulations, experi- 

ments, Acta Mater. (2013), doi: 10.1016/j.actamat.2012.09.064 . 
[2] S. Allain, J.P. Chateau, O. Bouaziz, S. Migot, N. Guelton, Correlations between 

the calculated stacking fault energy and the plasticity mechanisms in Fe-Mn-C 
alloys, Mater. Sci. Eng. A 387–389 (2004) 158–162, doi: 10.1016/j.msea.2004.01. 

059 . 

[3] A. Dumay, J.P. Chateau, S. Allain, S. Migot, O. Bouaziz, Influence of addition ele- 
ments on the stacking-fault energy and mechanical properties of an austenitic 

Fe-Mn-C steel, Mater. Sci. Eng. A 4 83–4 84 (2008) 184–187, doi: 10.1016/j.msea. 
2006.12.170 . 

[4] B.C. De Cooman, Y. Estrin, S.K. Kim, Twinning-induced plasticity (TWIP) steels, 
Acta Mater. (2018), doi: 10.1016/j.actamat.2017.06.046 . 

[5] O. Bouaziz, S. Allain, C.P. Scott, P. Cugy, D. Barbier, High manganese austenitic 

twinning induced plasticity steels: a review of the microstructure properties 
relationships, Curr. Opin. Solid State Mater. Sci. (2011), doi: 10.1016/j.cossms. 

2011.04.002 . 
[6] O. Grässel, L. Krüger, G. Frommeyer, L.W. Meyer, High strength Fe-Mn-(Al, Si) 

TRIP/TWIP steels development-properties-application, Int. J. Plast. 16 (20 0 0) 
1391–1409, doi: 10.1016/S0749-6419(0 0)0 0 015-2 . 

[7] D. Caillard, Dynamic strain ageing in iron alloys: the shielding effect of carbon, 
Acta Mater. (2016), doi: 10.1016/j.actamat.2016.04.018 . 

[8] A. van den Beukel, Theory of the effect of dynamic strain aging on mechanical 

properties, Phys. Status Solidi (1975), doi: 10.1002/pssa.2210300120 . 
[9] S.J. Lee, J. Kim, S.N. Kane, B.C. De Cooman, On the origin of dynamic strain

aging in twinning-induced plasticity steels, Acta Mater. (2011), doi: 10.1016/j. 
actamat.2011.07.040 . 

[10] A.H. Cottrell, LXXXVI. A note on the Portevin-Le Chatelier effect, Lond. Edinb. 
Dublin Philos. Mag. J. Sci. (1953), doi: 10.1080/14786440808520347 . 

[11] A. Yilmaz, The Portevin-Le Chatelier effect: a review of experimental findings, 

Sci. Technol. Adv. Mater. (2011), doi: 10.1088/1468-6996/12/6/063001 . 
12] L. Chen, H.-S. Kim, S.-K. Kim, B.C. De Cooman, Localized deformation due to 

Portevin-LeChatelier effect in 18Mn-0.6C TWIP austenitic steel, ISIJ Int. (2007), 
doi: 10.2355/isijinternational.47.1804 . 

[13] J.K. Kim, L. Chen, H.S. Kim, S.K. Kim, Y. Estrin, B.C. De Cooman, On the tensile
behavior of high-manganese twinning-induced plasticity steel, Metall. Mater. 

Trans. A Phys. Metall. Mater. Sci. (2009), doi: 10.1007/s11661- 009- 9992- 0 . 

[14] K. Renard, S. Ryelandt, P.J. Jacques, Characterisation of the Portevin-Le Châtelier 
effect affecting an austenitic TWIP steel based on digital image correlation, 

Mater. Sci. Eng. A (2010), doi: 10.1016/j.msea.2010.01.037 . 
[15] D. Canadinc, C. Efstathiou, H. Sehitoglu, On the negative strain rate sensitivity 

of Hadfield steel, Scr. Mater. (2008), doi: 10.1016/j.scriptamat.2008.07.027 . 
[16] X. Bian, F. Yuan, X. Wu, Correlation between strain rate sensitivity and char- 

acteristics of Portevin-LeChátelier bands in a twinning-induced plasticity steel, 

Mater. Sci. Eng. A (2017), doi: 10.1016/j.msea.2017.04.078 . 
[17] M. Eskandari, M.R. Yadegari-Dehnavi, A. Zarei-Hanzaki, M.A. Mohtadi-Bonab, 

R. Basu, J.A. Szpunar, In-situ strain localization analysis in low density 
transformation-twinning induced plasticity steel using digital image correla- 

tion, Opt. Lasers Eng. (2015), doi: 10.1016/j.optlaseng.2014.10.005 . 
[18] H. Halim, D.S. Wilkinson, M. Niewczas, The Portevin-Le Chatelier (PLC) effect 

and shear band formation in an AA5754 alloy, Acta Mater. (2007), doi: 10.1016/ 

j.actamat.20 07.03.0 07 . 
[19] M. Koyama, T. Sawaguchi, K. Tsuzaki, Deformation twinning behavior of 

twinning-induced plasticity steels with different carbon concentrations–part 
2: proposal of dynamic-strain-aging-assisted deformation twinning, ISIJ Int. 

(2015), doi: 10.2355/isijinternational.isijint- 2015- 070 . 
20] S.Y. Lee, S.I. Lee, B. Hwang, Effect of strain rate on tensile and serration be-

haviors of an austenitic Fe-22Mn-0.7C twinning-induced plasticity steel, Mater. 

Sci. Eng. A (2018), doi: 10.1016/j.msea.2017.10.074 . 
21] A . Saeed-Akbari, A .K. Mishra, J. Mayer, W. Bleck, Characterization and predic- 

tion of flow behavior in high-manganese twinning induced plasticity steels: 
part II. Jerky flow and instantaneous strain rate, Metall. Mater. Trans. A Phys. 

Metall. Mater. Sci. (2012), doi: 10.1007/s11661-011- 1070- 8 . 
22] Z.Y. Liang, X. Wang, W. Huang, M.X. Huang, Strain rate sensitivity and evo- 

lution of dislocations and twins in a twinning-induced plasticity steel, Acta 
Mater. (2015), doi: 10.1016/j.actamat.2015.01.013 . 

23] M. Koyama, E. Akiyama, K. Tsuzaki, Factors affecting static strain aging un- 

der stress at room temperature in a Fe-Mn-C twinning-induced plasticity steel, 
Tetsu-To-Hagane (2014), doi: 10.2355/tetsutohagane.100.1123 . 

24] S. Gao, Y. Bai, R. Zheng, Y. Tian, W. Mao, A. Shibata, N. Tsuji, Mechanism of
huge Lüders-type deformation in ultrafine grained austenitic stainless steel, 

Scr. Mater. (2019), doi: 10.1016/j.scriptamat.2018.09.007 . 

https://doi.org/10.13039/501100001700
https://doi.org/10.1016/j.actamat.2020.116543
https://doi.org/10.1016/j.actamat.2012.09.064
https://doi.org/10.1016/j.msea.2004.01.059
https://doi.org/10.1016/j.msea.2006.12.170
https://doi.org/10.1016/j.actamat.2017.06.046
https://doi.org/10.1016/j.cossms.2011.04.002
https://doi.org/10.1016/S0749-6419(00)00015-2
https://doi.org/10.1016/j.actamat.2016.04.018
https://doi.org/10.1002/pssa.2210300120
https://doi.org/10.1016/j.actamat.2011.07.040
https://doi.org/10.1080/14786440808520347
https://doi.org/10.1088/1468-6996/12/6/063001
https://doi.org/10.2355/isijinternational.47.1804
https://doi.org/10.1007/s11661-009-9992-0
https://doi.org/10.1016/j.msea.2010.01.037
https://doi.org/10.1016/j.scriptamat.2008.07.027
https://doi.org/10.1016/j.msea.2017.04.078
https://doi.org/10.1016/j.optlaseng.2014.10.005
https://doi.org/10.1016/j.actamat.2007.03.007
https://doi.org/10.2355/isijinternational.isijint-2015-070
https://doi.org/10.1016/j.msea.2017.10.074
https://doi.org/10.1007/s11661-011-1070-8
https://doi.org/10.1016/j.actamat.2015.01.013
https://doi.org/10.2355/tetsutohagane.100.1123
https://doi.org/10.1016/j.scriptamat.2018.09.007


S. Hwang, M.-h. Park, Y. Bai et al. Acta Materialia 205 (2021) 116543 

[

[  

[

[

[

[

[

[  
25] H. Adachi, Y. Miyajima, M. Sato, N. Tsuji, Evaluation of dislocation density for 
1100 aluminum with different grain size during tensile deformation by using 

in-situ X-ray diffraction technique, J. Jpn. Inst. Light Met. (2014), doi: 10.2464/ 
jilm.64.463 . 

26] M. Zhang, R. Li, J. Ding, H. Chen, J.S. Park, J. Almer, Y.D. Wang, In situ high-
energy X-ray diffraction mapping of Lüders band propagation in medium-Mn 

transformation-induced plasticity steels, Mater. Res. Lett. (2018), doi: 10.1080/ 
21663831.2018.1530698 . 

27] Y.Z. Tian, Y. Bai, M.C. Chen, A. Shibata, D. Terada, N. Tsuji, Enhanced strength 

and ductility in an ultrafine-grained Fe-22Mn-0.6C austenitic steel having fully 
recrystallized structure, Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 45 

(2014) 5300–5304, doi: 10.1007/s11661- 014- 2552- 2 . 
28] M.R. Daymond, M.A.M. Bourke, R.B. Von Dreele, B. Clausen, T. Lorentzen, Use 

of Rietveld refinement for elastic macrostrain determination and for evaluation 
of plastic strain history from diffraction spectra, J. Appl. Phys. (1997), doi: 10. 

1063/1.365956 . 
12 
29] T.H. Simm, Peak broadening anisotropy and the contrast factor in metal alloys, 
Crystals (2018), doi: 10.3390/cryst8050212 . 

30] L. Balogh, G. Ribárik, T. Ungár, Stacking faults and twin boundaries in fcc 
crystals determined by X-ray diffraction profile analysis, J. Appl. Phys. (2006), 

doi: 10.1063/1.2216195 . 
31] G.K. Williamson, W.H. Hall, X-Ray broadening from filed aluminium and tung- 

sten, Acta Metall. 1 (1) (1953) 22–31, doi: 10.1016/0 0 01-6160(53)90 0 06-6 . 
32] H.Y. Yu, S.M. Lee, J.H. Nam, S.J. Lee, D. Fabrègue, M. Heom Park, N. Tsuji,

Y.K. Lee, Post-uniform elongation and tensile fracture mechanisms of Fe-18Mn- 

0.6C-xAl twinning-induced plasticity steels, Acta Mater. (2017), doi: 10.1016/j. 
actamat.2017.04.011 . 

https://doi.org/10.2464/jilm.64.463
https://doi.org/10.1080/21663831.2018.1530698
https://doi.org/10.1007/s11661-014-2552-2
https://doi.org/10.1063/1.365956
https://doi.org/10.3390/cryst8050212
https://doi.org/10.1063/1.2216195
https://doi.org/10.1016/0001-6160(53)90006-6
https://doi.org/10.1016/j.actamat.2017.04.011

	Mesoscopic nature of serration behavior in high-Mn austenitic steel
	1 Introduction
	2 Experimental methods
	2.1 Material
	2.2 Microstructure observation
	2.3 Mechanical properties
	2.4 Evaluation of localized deformation
	2.4.1 DIC analysis
	2.4.2 In-situ synchrotron XRD measurements


	3 Results and discussion
	3.1 Microstructure before tensile test
	3.2 Stress-strain curve and strain hardening rate curve
	3.3 Heterogeneous deformation characterized by DIC
	3.4 Correlation between serration behavior and PLC band propagation
	3.5 Changes in local strain and local strain-rate correlating to PLC band propagation
	3.6 Development of plastic deformation within the gage part
	3.7 The role of PLC band on global mechanical properties revealed by in-situ synchrotron XRD measurement
	3.8 Correlation between global stress-strain curve (serrations) and localized deformation (PLC banding)

	4 Conclusion
	Declaration of Competing Interest
	Acknowledgment
	Supplementary materials
	References


