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a b s t r a c t 

Dynamics of Portevin-Le Chatelier (PLC) banding were thoroughly revealed through grain refinement in 

high-Mn austenitic steel. Fully recrystallized 22Mn-0.6C steels (wt%), with mean grain sizes ranging from 

8.4 μm (coarse grain, CG) to 0.82 μm (ultrafine grain, UFG), were successfully fabricated through re- 

peated cold rolling and subsequent annealing. Serrations were observed on the global stress-strain curves 

of all specimens, while the UFG specimen showed notably weak serrations in the early stages of deforma- 

tion. Using the digital image correlation (DIC) technique, the serration behavior on the stress-strain curves 

of all specimens was found to perfectly correspond to the local heterogeneous deformation characterized 

by the formation, propagation, and annihilation of PLC bands. With grain refinement, localized deforma- 

tion within the PLC band decreased, while the deformation beyond it became more pronounced, resulting 

in more homogeneous deformation across the entire gage part. This study presents the first experimental 

evaluation of the local strain-hardening rate through the simultaneous application of in-situ synchrotron 

XRD and DIC measurements during the tensile test. It was found that necking was periodically triggered 

but was soon overcome through the high strain hardening within the propagating PLC bands, which was 

achieved through the localized multiplication of dislocations and the formation of stacking faults. The 

UFG specimen exhibited greater local strain hardening than the CG specimen, induced by the formation 

of more dislocations and stacking faults. Such an increase in local strain hardening with grain refinement 

resulted in more homogeneous deformation behavior and consequently weaker serrations in the early 

stages of deformation. 

© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

High-Mn austenitic steels have been recognized as the most 

romising materials for structural applications in the automobile 

ndustry field, due to their high strain-hardening ability and out- 
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tanding combination of strength and ductility. The high strain- 

ardening ability of high-Mn austenitic steels has been attributed 

o the formation of deformation twins during plastic deforma- 

ion. The deformation twins subdivide grains and act as obstacles 

o mobile dislocations. As a result, grains are significantly hard- 

ned and plastic instability is postponed, leading to both high 

trength and large ductility [ 1–7 ]. Such a phenomenon is known 

s the twinning induced plasticity (TWIP) effect or the dynamic 

all-Petch effect. On the other hand, carbon-containing high-Mn 

ustenitic steels frequently exhibit serration behavior on stress- 
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train curves [ 8–13 ]. Carbon atoms repeatedly pin mobile dislo- 

ation and exert a resisting force during dislocation glide, creat- 

ng the so-called Cottrell atmosphere, and it appears on a macro- 

copic scale as serration peaks on stress-strain curves. Such dy- 

amic interaction between dislocations and carbon atoms is known 

s Portevin–Le Chatelier (PLC) or dynamic strain aging (DSA) effect 

 14–16 ]. Besides high-Mn austenitic steels, some metallic materi- 

ls with both high strength and large ductility, such as medium- 

n steels [ 17 , 18 ], Fe-Ni-C transformation induced plasticity (TRIP) 

teels [ 19 , 20 ], and high-entropy alloys [ 21–24 ], also exhibit serra-

ion behavior on their stress-strain curves, and the DSA effect has 

lso been raised as another strengthening mechanism [ 25 , 26 ]. Re- 

earch on serration behavior has primarily focused on parameters 

uch as temperature [ 23 , 27–29 ], strain rate [ 13 , 27–30 ], and carbon

ontent [ 31 , 32 ]. It has been found that sufficiently high tempera-

ures and low strain rates, in the presence of carbon, promote ser- 

ation behavior. This is because high temperatures facilitate carbon 

iffusion, while low strain rates decrease dislocation velocity, cre- 

ting conditions that enable carbon atoms to effectively pin mo- 

ile dislocations. However, these changes in temperature and strain 

ate simultaneously reduce the effective stress required for dislo- 

ations to overcome short-range barriers, further complicating the 

iscussion on the specific contribution of serration behavior (or 

he DSA effect) to mechanical properties. Another variable that can 

rovide insights into the intrinsic role of serration behavior on me- 

hanical properties without directly affecting the thermal activa- 

ion is grain size. However, studies on the effect of grain size on 

erration behavior are limited, with only a few researchers inves- 

igating its influence on the onset strain, where serration behavior 

rst appears on stress-strain curves [ 33 , 34 ]. According to Charnock 

 33 ], the onset strain of serration behavior in Cu-30wt% Zn alloys 

ecreased as grain size was refined from 200 μm to 4 μm. The au- 

hor attributed the early onset of serration behavior in fine-grained 

pecimens to both a decrease in dislocation velocity and an in- 

rease in dislocation density, which facilitated the formation of the 

ottrell atmosphere. On the other hand, McCormick reported that 

he onset strain in 6063 aluminum alloys with various mean grain 

izes ranging from 650 μm to 46 μm was independent of grain 

ize, and the author considered that grain size might have a mi- 

or effect on the dislocation density or velocity [ 34 ]. Research on 

he effect of grain size on serration behavior has been limited and 

ven lacks consistency. This is probably because serration peaks at 

he very early stage of deformation are so small that the analyses 

ased solely on stress-strain curves could lead to misinterpretation 

f the effect of grain size on serration behavior. Meanwhile, it has 

een well established that grain refinement imposes spatial con- 

traints on dislocations within the grains. As a result, it becomes 

ifficult for dislocations to pile up and activate dislocation sources 

n neighboring grains, leading to an increase in stress until plas- 

ic deformation occurs [ 35 , 36 ]. Grain refinement could also affect 

ost-yield strain-hardening behavior through the reduced mean 

ree path for dislocation motion and the resulting increase in dis- 

ocation density. Previous studies [ 33 , 34 ] have primarily focused 

n the increased dislocation density, which naturally increases the 

robability of carbon pinning and leads to the formation of Cot- 

rell atmospheres around dislocations. However, our previous stud- 

es found that the significant increase in yield strength of high-Mn 

teels [ 37 , 38 ] was achieved through grain refinement down to the 

FG region, e.g., the yield strength approximately doubled from 

53 MPa to 698 MPa with grain refinement in 22Mn-0.6C-3Si steel. 

uch high flow stress should also be taken into account, as it can 

nable the de-pinning of carbon atoms and require a higher strain 

ardening rate to avoid necking. Given the current lack of sufficient 

nd consistent findings, and considering that grain refinement can 

e a key variable for clarifying the intrinsic nature of serration be- 

avior without altering thermal activation, it is essential to un- 
235
erstand how grain size affects serration behavior and the corre- 

ponding local strain-hardening response. Recently, we successfully 

larified the mesoscopic nature of serration behavior in high-Mn 

ustenitic steel through the simultaneous application of the digi- 

al image correlation (DIC) technique and in-situ synchrotron XRD 

easurement during tensile test [ 8 ]. With the aid of the DIC tech- 

ique, serration behavior on the stress-strain curves of high-Mn 

ustenitic steel was found to perfectly correspond to the forma- 

ion, propagation, and annihilation of strain-localization bands that 

re called PLC bands (PLC banding) during tensile tests. The DIC 

ethod can be applied to precisely analyze the effect of grain re- 

nement on serration behavior associated with PLC banding. In- 

itu synchrotron XRD measurement is a powerful complementary 

ethod that can capture real-time changes in crystal defects such 

s dislocation density and stacking fault probability, as well as lat- 

ice strain, within an averaged scattering volume, and which en- 

bles the correlations between measured material parameters and 

ocal strain-hardening behavior of specimens with different grain 

izes. 

In the present study, we aim to clarify the effect of grain refine- 

ent on serration behavior and to further reveal the mechanism 

f serration behavior in high-Mn austenitic steels. Fe-22Mn-0.6C 

wt%) steels having a wide range of mean grain sizes, from a coarse 

rain (CG) of 8.4 μm to an ultrafine grain (UFG) of 0.82 μm, were 

abricated through repeated cold rolling and subsequent annealing 

rocess. The effect of grain refinement on serration behavior ac- 

ompanying the propagation of PLC bands was systematically an- 

lyzed using the DIC technique and in-situ synchrotron XRD mea- 

urement during tensile tests. The dynamics of serration behavior 

ere discussed in association with the evolution of deformation 

icrostructure in specimens with various mean grain sizes and the 

onsequent changes in local strain-hardening behavior. 

. Material and methods 

.1. Material 

The 22Mn-0.6C steel (wt%) was used in the present study. The 

etailed chemical composition of the steel is given in Table 1 . The 

ot-forged plate (in its as-received condition) underwent four cy- 

les of the cold-rolling and annealing process that we previously 

eveloped [ 39 ]. The intermediate annealing between each cold- 

olling step was conducted at 60 0 °C for 60 0 s using a salt bath,

n order to preserve the material’s deformability. In the final an- 

ealing stage, the specimens were annealed again in a salt bath 

t various temperature–time conditions ranging from 700 °C to 

50 °C and from 15 s to 3600 s, respectively, followed by water 

uenching. 

.2. Microstructure observation 

Microstructure observations were conducted after the final an- 

ealing treatments. The specimens were observed from the trans- 

erse direction (TD) of the rolled sheet at its mid-thickness. Prior 

o observation, mechanical polishing was performed using SiC pa- 

ers with grit sizes ranging from #10 0 0 to #40 0 0, followed by

lectrolytic polishing in a solution composed of 10 % perchloric 

cid and 90 % ethanol at room temperature (27 °C). The mi- 

rostructures were examined using a field emission scanning elec- 

ron microscope (FE-SEM, JEOL JSM-7800F) equipped with a back- 

cattered electron (BSE) detector. The average grain sizes of the 

nnealed specimens were evaluated by the line intercept method 

pplied to SEM-BSE images, in which annealing twin boundaries 

ere also counted as high-angle grain boundaries. To ensure con- 

istent comparison of grain sizes across different annealing con- 
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Table 1 

Chemical composition of the investigated high-Mn austenitic steel (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. 

d

r

2

w  

s

w

w

r

1

t

e

l

o

m

o

s

2

s

w

w

a

s

d

T

r

t

o

t

a

s

2

m

u

s

g

c

8

(

a

a

l

s

t

o

i

t

(

p

w

(

e

p

u

S

o

s

t

i

t

e

3

3

t

w

t

w

Fig. 1. SEM-BSE images of 22Mn-0.6C steels with various mean grain sizes: (a) 

0.82 μm, (b) 0.95 μm, (c) 1.4 μm, (d) 2.0 μm, (e) 5.1 μm, and (f) 8.4 μm, observed 

from the transverse direction (TD) of the rolled sheet. Grain size was controlled in 

the final stage of the repeated cold rolling and annealing process. The annealing 

conditions and the corresponding mean grain sizes are indicated at the bottom of 

each image. 
itions, the original SEM-BSE images were cropped and uniformly 

esized to standardize the scale bar length. 

.3. Tensile test 

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

idth of 5 mm, and a thickness of 1 mm, were cut from the rolled

heet using an electrical discharge machine. The tensile direction 

as parallel to the rolling direction (RD) of the sheet. Tensile tests 

ere performed under quasi-static conditions at an initial strain 

ate of 8.3 × 10−4 s−1 at room temperature using a SHIMADZU AG- 

00 kN Xplus. Global tensile strain was precisely measured using 

he digital image correlation (DIC) technique. A non-contact digital 

xtensometer, implemented in Vic-2D software (version 6, Corre- 

ated Solutions), was positioned along the gage part to continu- 

usly capture strain data during the tensile test. The global strain 

easured by DIC technique was synchronized with the load data 

btained from the tensile testing machine, using the onset of ten- 

ile deformation as the reference point. 

.4. Digital image correlation (DIC) technique 

The DIC technique was employed to evaluate local strain and 

train rate distributions during the tensile tests of the specimens 

ith various mean grain sizes. Initially, all specimens were painted 

hite, followed by spraying with black speckle patterns using an 

irbrush to form a well-dispersed random pattern on the tensile 

pecimens. By tracking the displacement of the speckle patterns 

uring deformation, local strain and strain rate were measured. 

hroughout the tensile tests, the surface of each specimen was 

ecorded at a rate of 5 frames per second using a complemen- 

ary metal-oxide-semiconductor (CMOS) camera with a resolution 

f 2432 × 2054 pixels. The recorded images were analyzed using 

he Vic-2D software with a subset of 29 pixels in a square and 

 step size of 7 pixels, optimized for accurately evaluating local 

train and strain rate at the given resolution of the CMOS camera. 

.5. Simultaneous application of in-situ synchrotron XRD 

easurement and DIC technique during tensile test 

In-situ synchrotron XRD measurements were conducted to eval- 

ate a real-time change of material parameters at a fixed beam po- 

ition during the tensile tests of the specimens with different mean 

rain sizes. The experiment was performed at the high-energy syn- 

hrotron beamline of BL13XU at Super Photon ring-8 GeV (SPring- 

) operated by Japan Synchrotron Radiation Research Institute 

JASRI). Sheet-type tensile specimens with a gage length of 10 mm, 

 width of 3 mm, and a thickness of 0.5 mm were cut using 

n electrical discharge machine from sheets with fully recrystal- 

ized microstructures having different mean grain sizes. The ten- 

ile direction was aligned parallel to the rolling direction (RD) of 

he sheet. A monochromatic synchrotron beam with an energy 

f 30 keV ( λ = 0.0413 nm) was irradiated into an area 0.5 mm 

n height and 2 mm in width. During the tensile test, transmit- 

ed diffraction beams were collected in real-time by six detectors 

MYTHEN X, Dectris) arranged in serial. The obtained diffraction 

rofiles were fitted to a Voigt function using Origin Pro 2022 soft- 

are, and the center positions and full width at half maximum 
236
FWHM) of the diffraction peaks were estimated. Based on the 

xtracted peak information, the dislocation density, stacking fault 

robability, and lattice strain at the fixed beam position were eval- 

ated. Details of the evaluation procedures are provided in the 

upplementary Material. DIC analysis was performed simultane- 

usly with in-situ synchrotron XRD measurement during the ten- 

ile test to correlate the PLC banding with material parameters ob- 

ained from the diffraction profiles. A CMOS camera was installed 

n the beamline for recording the displacements of speckle pat- 

erns on the specimen at a rate of 1 frame per second. Detailed 

xperimental setups can be found in our previous studies [ 16 , 38 ]. 

. Results and discussion 

.1. Microstructure before tensile test 

Fig. 1 (a)–(f) shows SEM-BSE images of 22Mn-0.6C steels with 

he various mean grain sizes ranging from 0.82 μm to 8.4 μm, 

hich were obtained by altering the final annealing conditions of 

he repeated cold rolling and annealing process. The specimens 

ith mean grain sizes of 0.82 μm and 8.4 μm are hereafter re- 
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erred to as ultrafine grained (UFG) and coarse grained (CG) spec- 

mens, respectively, and are set as the representative specimens 

o discuss the effect of grain size on serration behavior. The mi- 

rostructures were observed from the transverse direction (TD) of 

he rolled sheet. All microstructures exhibited homogeneous and 

quiaxed grains containing a large number of annealing twins. The 

rain contrasts were uniform, indicating that the microstructures 

ere fully recrystallized. Considerable grain refinement to the UFG 

egion with fully recrystallized microstructures was successfully 

chieved, even with a short annealing time of 15 s, as a high den-

ity of nucleation sites for recrystallization was introduced after 

he repeated cold-rolling and annealing process. 

.2. Mechanical properties of specimens with the various mean grain 

izes 

Nominal stress-strain curves of specimens with the various 

ean grain sizes, ranging from 0.82 μm to 8.4 μm, are shown in 

ig. 2 . It was clearly observed that both yield strength and tensile 

trength increased significantly with grain refinement from 8.4 μm 

o 0.82 μm. The yield strength (0.2 % proof stress) increased from 

94 MPa (CG) to 754 MPa (UFG), and the tensile strength increased 

rom 1015 MPa (CG) to 1251 MPa (UFG). Total elongation de- 

reased from 0.71 (CG) to 0.47 (UFG) with grain refinement. How- 

ver, it is notable that the UFG specimen still retained a large to- 

al elongation. With grain refinement below 2.0 μm, a small yield 

rop accompanied by Lüders deformation was observed, becom- 

ng more pronounced in the UFG specimen with a mean grain size 

f 0.82 μm. It is also notable that post-uniform elongation was 

uite small in all specimens, indicating that they fractured soon 

fter experiencing necking. The short post-uniform elongation will 

e discussed in a later section ( Fig. 8 ). Serration behavior was ob-

erved on the stress-strain curves of all specimens. Interestingly, 

pecimens with mean grain sizes of 0.82 μm and 0.95 μm exhib- 

ted weak serration behavior during their early stage of deforma- 

ion ( e = 0.10 to 0.20), whereas specimens with coarser grain sizes 

howed more pronounced serration behavior throughout the entire 

eformation. As discussed in Section 1 (Introduction), the DSA ef- 

ect associated with serration behavior is more pronounced within 

pecific ranges of strain rate and temperature, and is suppressed 

utside these ranges. However, to the best of the authors’ knowl- 

dge, no study has reported the suppression of DSA (or serration 

ehavior) in the UFG region, including in alloys such as high-Mn 

ustenitic steels where DSA is typically prominent under quasi- 

tatic conditions at room temperature. This unique feature will be 

urther explored in the following sections. 
ig. 2. Nominal stress-strain curves of 22Mn-0.6C steels with various mean grain 

izes. 

F

t

o

f

s
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237
.3. Correlation between serrations and localized deformation 

ehavior in the CG and UFG specimens 

To investigate the reason for the changes in serration behav- 

or with grain refinement, the localized deformation behavior of 

he CG and UFG specimens was analyzed using the DIC method, as 

hown in Fig. 3 (a) and (b), respectively. The 3D graphs in Fig. 3 are

ade up of strain rate profiles along the analysis line throughout 

he entire tensile deformation, with the inset of Fig. 3 (a) show- 

ng how it was measured. These graphs provide an overview of 

he localized deformation behavior during tensile deformation. In 

IC analysis, strain rate refers to the change in strain per second 

nd can capture the deformation occurring at a specific time (or 

lobal nominal strain) during the tensile test. Meanwhile, strain 

epresents the accumulated strain up to that point. Wall-like red 
ig. 3. Overview of changes in local strain rate distribution during tensile deforma- 

ion for the (a) CG and (b) UFG specimens, obtained by DIC analysis, with the inset 

f (a) showing how it was measured. The strain rate profiles along the analysis line 

orm the graphs from loading to fracture: a total of 6513 line profiles for the CG 

pecimen and 3949 for the UFG specimen. The magnitude of the local strain rate is 

epresented by different colors based on the key color bar. 
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atterns with high local strain rate repeatedly appear from right 

o left on the purple backgrounds with low local strain rate, illus- 

rating the propagation of the localized deformation bands along 

he gage parts. The high strain rate observed just before fracture 

orresponds to necking. Although the localized deformation behav- 

or in PLC banding and necking appears similar, it should be noted 

hat the strain-localized region in the PLC bands was able to propa- 

ate further due to the remaining strain hardening capacity, unlike 

n necking. Such local strain hardening behavior will be quantita- 

ively analyzed for both the CG and UFG specimens and discussed 

ater in Fig. 10 . Interestingly, the localized deformation behavior 

as noticeably less pronounced in the UFG specimen than in the 

G specimen during the early stage of deformation ( e = 0.10 to 

.20). The high strain rate, indicated in red according to the key 

olor bar, was not observed in this stage, suggesting that deforma- 

ion was more homogeneous in the UFG specimen. For the quan- 

itative evaluation, the true global strain rates were measured as 

he time derivatives of the true global strains obtained by the DIC 

nalysis, and the results are shown in the Supplementary Mate- 

ial (Fig. S1). The average true global strain rates were approxi- 

ately 0.0 0 041 s−1 for the CG specimen and 0.0 0 049 s−1 for the

FG specimen, and they appear in purple according to the key 

olor bar inserted in Fig. 3 . This confirms that most regions of 

he gage parts deformed at substantially lower strain rates than 

he global values, whereas strain was strongly localized within 

he PLC bands. In addition, the gaps between wall-like red pat- 

erns were wider for the UFG specimen than for the CG specimen, 

ndicating that it took more time for the localized deformation 

and in the UFG specimen to complete its propagation along the 

age part. 

To explore the correlation between localized deformation be- 

avior and the global mechanical responses, the nominal stress- 

train curves and the local strain rate distributions within a spe- 

ific strain range were investigated for the CG and UFG specimens. 

ig. 4 (a) and (b) shows the enlarged nominal stress-strain curves 

f the CG and UFG specimens, respectively, in a strain range from 

.069 to 0.092. In this strain range, three serration peaks were 

bserved on the stress-strain curve of the CG specimen, and two 

erration peaks were observed on the stress-strain curve of the 

FG specimen. Serration behavior was more pronounced in the CG 

pecimen, while the UFG specimen exhibited less distinct serra- 

ion peaks. Points (A, B, C) for the CG specimen and (A’, B’, C’) 

or the UFG specimen, marked between two neighboring serration 

eaks, correspond to the DIC maps shown in Fig. 4 (c)–(f). Fig. 4 (c,

) and (e, f) shows the local strain rate and strain maps for the CG

nd UFG specimens, respectively, captured at the different global 

train levels corresponding to the points (A, B, C) and (A’, B’, C’) 

n the stress-strain curves shown in Fig. 4 (a) and (b). The local 

train rate and local strain along the gage part are represented in 

ifferent colors, as indicated by the respective scale bars. The lo- 

al banded region with distinctly localized plastic deformation in 

ig. 4 (c) and (e) corresponds to what is known as a Portevin–Le 

hatelier (PLC) band. The propagation of the PLC band along the 

age part led to a gradual accumulation of local strain, as shown 

n Fig. 4 (d) and (f). At the first serration peaks on the enlarged

tress-strain curves of the CG and UFG specimens (A in Fig. 4 (a) 

nd A’ in Fig. 4 (b)), the former PLC bands were finishing their 

ropagation and annihilating into the grip part, while new PLC 

ands were simultaneously nucleating at the opposite grip part 

A in Fig. 4 (c) and A’ in Fig. 4 (e)). At this point, strain was uni-

orm along the gage part (A in Fig. 4 (d) and A’ in Fig. 4 (f)). During

he subsequent monotonic increase in stress (B in Fig. 4 (a) and B’ 

n Fig. 4 (b)), the new PLC bands were propagating along the gage 

art (B in Fig. 4 (c) and B’ in Fig. 4 (e)). The PLC band in the CG

pecimen was clearly banded, exhibiting a high strain rate (0.0029 
−1 ) shown in red. In contrast, the PLC band in the UFG specimen 
238
as less defined, exhibiting a much lower strain rate (0.0012 s−1 ) 

hown in blue, confirming that plastic deformation was less local- 

zed in the UFG specimen under the same global strain rate applied 

 ∼0.0 0 077 s−1 ) in this strain range. The local strain distribution in

he CG specimen showed a clear contrast between the area swept 

y the PLC band and the area not swept (B in Fig. 4 (d)), whereas

uch a clear contrast was not found in the UFG specimen (B’ in 

ig. 4 (f)). As the PLC bands started to annihilate into the grip part 

C in Fig. 4 (c) and C’ in Fig. 4 (e)), the local strain accumulated uni-

ormly (C in Fig. 4 (d) and C’ in Fig. 4 (f)), and plastic deformation

tarted to be suppressed along the gage part. Such a suppression 

f plastic deformation along the gage part caused a rapid increase 

n stress, forming the serration peaks on the stress-strain curves 

C in Fig. 4 (a) and C’ in Fig. 4 (b)). The nucleation, propagation, and

nnihilation of PLC bands (PLC banding) were observed through- 

ut the entire deformation process in all specimens, including the 

FG specimen that exhibited weak strain localization at the early 

tage of deformation, and such PLC banding in all specimens corre- 

ponded perfectly to serration behavior on the global stress-strain 

urves. 

.4. Strain-hardening behavior in the CG and UFG specimens 

Fig. 5 (a) and (b) shows the strain-hardening rate ( d σ/ d ε, 

lue) and true stress ( σ , red) curves of the CG and UFG spec- 

mens, respectively, plotted as a function of true strain ( ε). 

moothed strain-hardening rates (black-dashed lines) are super- 

mposed on the raw data to estimate the strain-hardening rates 

f the specimens with the different grain sizes at an identical 

ensile strain. The strain-hardening rate curve (blue) of the CG 

pecimen ( Fig. 5 (a)) exhibited severe fluctuation of approximately 

20 0 0 MPa, while that of the UFG specimen ( Fig. 5 (b)) showed

ittle fluctuation except in the later stage of deformation. The 

evere fluctuation on the strain-hardening rate curve of the CG 

pecimen corresponded to the serration peaks on its stress-strain 

urve, whereas the little fluctuation on the strain-hardening rate 

urve of the UFG specimen, particularly during the early stage 

f the deformation, corresponded to the less pronounced serra- 

ion peaks on its stress-strain curve, as shown in Fig. 2 . As indi-

ated by the smoothed strain-hardening rates (black-dashed lines), 

he strain-hardening rate of the CG specimen was approximately 

0 0 0 MPa at the early stage of deformation ( ε∼0.1) and gradu- 

lly decreased to the later stage of deformation ( ε∼0.5), result- 

ng in large uniform elongation. On the other hand, the strain- 

ardening rate of the UFG specimen was initially as high as over 

0 0 0 MPa at the early stage of deformation ( ε∼0.1) but rapidly

ecreased to below 20 0 0 MPa at the later stage of deformation 

 ε∼0.37). 

The intersection of the strain-hardening rate curve and the true 

tress-true strain curve corresponds to the onset of necking, also 

eferred to as plastic instability. Considère’s criterion for plastic in- 

tability is described by the following formula [ 40 ]. 

≥ d σ/ d ε (1) 

To overcome plastic instability and to propagate the strain lo- 

alized region along the gage part, the strain-hardening rate must 

e greater than the flow stress ( d σ/ d ε ≥ σ ). If the plastic insta-

ility (onset of necking) is not overcome, the strain localized re- 

ion develops into necking, eventually leading to fracture. In this 

espect, the repeated propagation of the PLC bands ( Figs. 3 and 

 ), i.e., the successive propagation of the strain localized region, 

an be regarded as a series of processes of overcoming the plastic 

nstabilities. In the subsequent sections, the effect of grain refine- 

ent on the serration behavior associated with local PLC banding 

ill be discussed from this perspective. 
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Fig. 4. Enlarged nominal stress-strain curves of the (a) CG and (b) UFG specimens in the strain range from 0.069 to 0.092. The points (A, B, C) for the CG specimen and (A’, 

B’, C’) for the UFG specimen, marked between two neighboring serration peaks, correspond to the DIC maps shown in (c)–(f). (c) DIC local strain rate maps and (d) strain 

maps of the CG specimen, and (e) local strain rate maps and (f) strain maps of the UFG specimen, captured at different global strain levels corresponding to the points (A, 

B, C) and (A’, B’, C’) on the stress-strain curves shown in (a) and (b). 

Fig. 5. Strain-hardening rates (blue) and true stress-strain curves (red) of the (a) CG and (b) UFG specimens, plotted as a function of true strain. Smoothed strain-hardening 

rates, shown as black dashed lines, are superimposed on the raw strain-hardening rates. 

239
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Fig. 6. Interval strain between the serration peaks (period) for the specimens with 

various grain sizes, plotted as a function of global tensile strain. The period for the 

UFG specimen in the strain range of 0.10–0.20 was omitted due to its weak serra- 

tion behavior on the stress-strain curve, as shown in Fig. 2 . An inset in the figure 

shows a representative measurement of the interval strain between the serration 

peaks for the specimen with a mean grain size of 5.1 μm. 
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Fig. 7. (a) In the DIC strain-rate map of the specimen with a mean grain size of 

5.1 μm, two points (P1 and P2) were set in the gage part, and a non-contact digital 

extensometer was placed between them. (b) The profile of the local strain rate at 

the two points from 95 s to 205 s was extracted. The sharp peaks corresponded to 

the passage of the PLC bands through the two points, and the time difference ( �t) 

corresponded to the duration taken by the PLC band to propagate from P1 to P2. 

(c) The PLC band velocity for the specimens with various mean grain sizes, plotted 

as a function of nominal strain. 
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.5. Effect of grain refinement on serration behavior and local PLC 

anding 

The serration peak on the stress-strain curve was a response 

o the annihilation of the former PLC band and the formation of a 

ew PLC band (A in Fig. 4 (c) and A’ in Fig. 4 (e)) in the tensile spec-

men. Therefore, the interval strain between the serration peaks 

n the stress-strain curve corresponds to the difference in global 

ensile strain required to complete one cycle of the PLC banding 

long the tensile specimen. Fig. 6 shows the interval strain be- 

ween the serration peaks on the stress-strain curves of the spec- 

mens with various grain sizes, plotted as a function of nominal 

train. The interval strain between the serration peaks was ob- 

ained from the nominal stress-strain curves of the various grain- 

ized specimens ( Fig. 2 ), and will be termed the period hereafter. 

ince the UFG specimen exhibited weak serration behavior during 

he early stage of deformation ( Fig. 2 ), the period for the UFG spec-

men in a strain range from 0.10 to 0.20 was omitted to accurately 

valuate the effect of grain refinement on the period. It was ob- 

erved that the periods increased as deformation progressed for 

ll specimens. At the early stage of deformation ( e ∼0.1), the pe- 

iods for the specimens with various grain sizes were consistently 

mall, ranging from 0.004 (black, the specimen with a mean grain 

ize of 2.0 μm) to 0.016 (yellow, UFG specimen). However, as de- 

ormation progressed, the periods increased significantly, ranging 

rom 0.053 (black, the specimen with a mean grain size of 2.0 μm) 

o 0.100 (yellow, UFG specimen) at the later stage of deformation. 

nterestingly, it was also evident that the period increased with 

rain refinement, except for the specimen with a mean grain size 

f 2.0 μm. The period of this specimen will be addressed later in 

ig. 7 (c). 

The increase in the period with grain refinement indicates that 

ore time (or a larger global tensile strain) was required for a 

LC band to complete its propagation along the tensile specimen. 

o systematically understand the changes in PLC banding behavior 

ith grain refinement, the PLC band velocity in specimens with 

arious grain sizes was analyzed using the DIC technique. Fig. 7 (a) 

nd (b) shows the representative analysis performed on the spec- 

men with a mean grain size of 5.1 μm, for measuring the PLC 

and velocity. In Fig. 7 (a), two points (P1 and P2) were set in the

IC strain rate map, and a digital extensometer was placed be- 

ween the two points to track the change in distance between the 

wo points during deformation. The changes in local strain rate at 
240
oints P1 and P2 ( Fig. 7 (a)) were investigated in Fig. 7 (b). Sharp

eaks on the strain rate-time curve appeared periodically when- 

ver the PLC band passed through the analyzed points, so the time 

ifference between two adjacent strain rate peaks corresponded to 

he time taken for the PLC band to propagate from P1 to P2. The 

LC band velocity was calculated as the distance propagated by the 

LC band divided by the time taken for the propagation. The mea- 

urements were performed for all specimens throughout the en- 

ire deformation process, and the results are plotted as a function 

f global tensile strain in Fig. 7 (c). Contrary to the increase in the 

eriod with grain refinement shown in Fig. 6 , the PLC band ve- 

ocity decreased with deformation for all specimens. At the early 

tage of deformation ( e ∼0.1), the PLC band velocity for the various 

rain-sized specimens was notably fast, ranging from 0.43 mm s−1 

yellow, UFG specimen) to 1.12 mm s−1 (red, CG specimen). How- 

ver, it decreased substantially, reaching as low as 0.11 mm s−1 

yellow, UFG specimen) and 0.25 mm s−1 (red, CG specimen) at 

he later stage of deformation. The decrease in PLC band velocity 

s deformation progressed can be attributed to the decline in the 

train-hardening rate during the tensile deformation ( Fig. 5 ), which 

equires more plastic deformation, i.e., more deformation time, for 

he local region within the PLC band to be strain hardened. 

Moreover, it was found that the PLC band velocity at an identi- 

al global tensile strain decreased with grain refinement. The spec- 



S. Hwang, M.-h. Park, Y. Bai et al. Journal of Materials Science & Technology 254 (2026) 234–248

i

w

l

b

t

a

t

t

a  

w

i  

o

s

t

v

o

g

i  

s

m

r

m

l

r

a

t

c

s

c

b

o

b

i

F

i

s  

a

w

P

f

l

l

a

l

i  

l

i

g

s  

s

i

(

w

t

b

(

a

A

q

l

i

i

I

c

c

Fig. 8. (a) A representative measurement of the increase in local strain caused by 

local PLC banding, performed on the profile of the local strain and strain rate in the 

specimen with a mean grain size of 5.1 μm. The increase in local strain caused by 

local PLC banding corresponded to the height of the step. (b) The increase in local 

strain caused by local PLC banding for the specimens with various mean grain sizes, 

plotted as a function of nominal strain. 
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men with a mean grain size of 2.0 μm (black dots and line), 

hich deviated from the overall trend in the period-grain size re- 

ationship ( Fig. 6 ), aligned with the tendency of decreasing PLC 

and velocity with grain refinement in this case. This was because 

he PLC band in the specimen with a mean grain size of 2.0 μm 

typically nucleated near the gage center and propagated sequen- 

ially toward the left and right halves of the gage part, forming 

wo serration peaks while sweeping the entire gage part once. At 

 strain level of e ∼0.1, the PLC band velocity in the CG specimen

as 1.12 mm s−1 , whereas it was 0.43 mm s−1 in the UFG spec- 

men, less than half of that in the CG specimen. At a strain level

f e ∼0.3, the PLC band velocity in the CG specimen was 0.49 mm 

−1 , whereas it was 0.20 mm s−1 in the UFG specimen, also less 

han half of that in the CG specimen. The decrease in PLC band 

elocity with grain refinement can be attributed to the necessity 

f a higher strain-hardening rate to prevent a strain-localized re- 

ion (PLC band) from progressing into necking and to propagate 

t into the adjacent area, as discussed in Eq. (1) . Since the flow

tress of the UFG specimen was higher than that of the CG speci- 

en at an identical tensile strain ( Fig. 2 ), the local strain-hardening 

ate required to prevent necking development in the UFG speci- 

en should be greater than that in the CG specimen. That is, the 

ocal region within the PLC band of the UFG specimen must expe- 

ience a greater stress increment compared to the CG specimen at 

n identical global tensile strain. This required more deformation 

ime under the same applied global strain rate and led to a de- 

rease in PLC band velocity with grain refinement ( Fig. 7 (c)). The 

lower propagation of PLC band with grain refinement will be dis- 

ussed in detail later in Fig. 10 in relation to local strain-hardening 

ehavior. 

In order to further investigate the effect of grain refinement 

n the PLC banding in association with the local strain-hardening 

ehavior, the increase in local strain caused by local PLC band- 

ng was evaluated in the specimens with various mean grain sizes. 

ig. 8 (a) shows the representative analysis performed on the spec- 

men with a mean grain size of 5.1 μm. An analyzed point was 

et in the gage part, and changes in local strain rate (blue, dεxx / d t)

nd local strain (red, εxx ) during the middle stage of deformation 

ere investigated. The local strain rate was close to zero when the 

LC band was beyond the analyzed point, but it increased rapidly, 

orming a peak during the passage of the PLC band on the ana- 

yzed point. The local strain increased in a stepwise manner, with 

ittle increase while the PLC band was beyond the analyzed point 

nd rapid increase as the PLC band passed over it. The increase in 

ocal strain caused by local PLC banding was obtained by measur- 

ng the height of the step in the local strain profile at the ana-

yzed point, as indicated in Fig. 8 (a). By such a measurement, the 

ncrease in local strain caused by local PLC banding was investi- 

ated in all specimens over the entire deformation, and the re- 

ult is plotted as a function of nominal strain in Fig. 8 (b). For all

pecimens, the increase in local strain caused by local PLC band- 

ng increased with deformation. At the early stage of deformation 

 e ∼0.1), the increase in local strain caused by local PLC banding 

as relatively small, commonly around 0.01. However, as deforma- 

ion progressed, the increase in local strain caused by local PLC 

anding exhibited a significant increase, reaching levels from 0.09 

red, CG specimen) to as high as 0.21 (pink, the specimen with 

 mean grain size of 1.4 μm) at the later stage of deformation. 

s mentioned in Section 3.2 ( Fig. 2 ), post-uniform elongation was 

uite small in all specimens. This was because such huge strain 

ocalization at the later stage of deformation exceeded the remain- 

ng strain-hardening capacity of the material, and this strain local- 

zation then developed into necking shortly followed by fracture. 

nterestingly, it was also found that the increase in local strain 

aused by local PLC banding rose with grain refinement. As dis- 

ussed in the former paragraph ( Fig. 7 (c)), the local region within 
241
he PLC band of the UFG specimen required greater strain harden- 

ng than that of the CG specimen to prevent necking and to enable 

he propagation of the strain-localized region (PLC band). There- 

ore, the increase in local strain caused by PLC banding after grain 

efinement ( Fig. 8 (b)) can be consistently understood in terms of 

he greater strain hardening required to suppress necking and sus- 

ain the propagation of the PLC band. The local strain hardening 

ill be quantitatively analyzed for both the CG and UFG specimens 

nd discussed later in Fig. 10 . 

Next, the homogeneity (or heterogeneity) of plastic deforma- 

ion along the gage part was evaluated to identify the cause of 

hanges in serration behavior, particularly changes associated with 

LC banding, with grain refinement. Fig. 9 (a) and (b) shows the 

epresentative analyses performed on the CG and UFG specimens, 

espectively. The profiles of local strain ( εxx ) and local strain rate 

 dεxx / d t) of the CG and UFG specimens at the early stage of the

eformation ( t = 310–510 s) are enlarged. A strain rate of zero 

 dεxx / d t = 0 ) is drawn in the graph as green-dashed line as a ref-

rence to indicate the absence of plastic deformation. As discussed 

n Fig. 8 (a), the rapid increase in local strain and periodic sharp 

eaks in local strain rate corresponded to the duration while the 

LC band was passing through the analyzed point. In contrast, the 

low increase in local strain (the relatively flat part of the step) 

nd the low local strain rate between the periodic sharp peaks 

orresponded to the duration while the PLC band was beyond the 

nalyzed point. Interestingly, the local strain in the CG specimen 

 Fig. 9 (a)) increased in a clear stepwise manner, whereas it in- 
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Fig. 9. Enlarged profiles of the local strain and strain rate for the (a) CG and (b) 

UFG specimens at the early stage of the deformation from 310 s to 510 s. The slopes 

of the local strain-time curve are indicated by black triangles ( � εxx / � t). A strain 

rate of zero ( � εxx / � t = 0 ) is drawn in the graph as a green-dashed line, serving as 

a reference to indicate absence of plastic deformation. (c) Local strain rate within 

the PLC band ( ̇εwithin ) and beyond the PLC band ( ̇εbeyond ) for the various grain-sized 

specimens, plotted as a function of global tensile strain. The black-dashed line indi- 

cates the global true strain rate ( ̇εg ). (d) Enlarged plot of the local strain rate beyond 

the PLC band for the various grain-sized specimens. 
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reased in a less distinct stepwise manner in the UFG specimen 

 Fig. 9 (b)). When the PLC band was within the analyzed point, 

he slope of the local strain increment ( ε within : �εwithin / �twithin ) 

n the UFG specimen was 1.81 × 10−3 s−1 , which was two 

imes lower than that in the CG specimen (3.62 × 10−3 s−1 ). On 

he other hand, when the PLC band was beyond the analyzed 

oint, the slope of the local strain increment in the UFG speci- 

en ( ε beyond : �εbeyond / �tbeyond ) was 4.61 × 10−4 s−1 , which was 

pproximately four times higher than that in the CG specimen 

1.07 × 10−4 s−1 ). The local strain rate between the strain rate 

eaks in the CG specimen overlapped with the zero strain rate 

green-dashed line), whereas in the UFG specimen, it was above 

he zero strain rate. These results indicate that the UFG specimen 

xperienced some plastic deformation even in the region beyond 
242
he PLC band, whereas the CG specimen exhibited strongly sup- 

ressed plastic deformation in this region, with most of the plas- 

ic deformation occurring within the PLC band. Such a difference 

n the distribution of local strain between the CG and UFG spec- 

mens strongly suggests that the homogeneity of plastic deforma- 

ion along the gage part was dependent on the grain size of the 

pecimen. To evaluate the grain size dependence on the homo- 

eneity of plastic deformation in more detail, the slope of the local 

train increment was investigated for all specimens both when the 

LC band was within the analyzed point ( ε within ) and when it was 

eyond the analyzed point ( ε beyond ) throughout the entire defor- 

ation. The results are plotted as a function of nominal strain in 

ig. 9 (c). ε within and ε beyond refer to the local strain rate within the 

LC band and the local strain rate beyond the PLC band, respec- 

ively, and are represented with red and blue backgrounds in the 

gure. In Fig. 9 (c), the global true strain rate ( ε g ) is also drawn as

 black-dashed line to evaluate the homogeneity of plastic defor- 

ation along the gage part. If every point in the gage part de- 

orms consistently with the global true strain rate applied at a 

ertain stage of deformation, it indicates that the deformation is 

patially homogeneous throughout the entire gage part. The global 

rue strain rate was calculated as: 

 g = ε 0 × l0 /l (2) 

here ε 0 , l0 and l are the initially applied strain rate, initial gage 

ength, and gage length at a certain strain level, respectively. It 

hould be noted that the average global true strain rates (Fig. S1), 

easured as the time derivative of the global true strain obtained 

y DIC analysis, are lower than the global true strain rate ( ε g 
hown in Fig. 9 (c) and (d)), as the values in Fig. S1 include the pe-

iods during which the PLC band propagates outside the gage part, 

ppearing as periodic downspikes and reducing the overall aver- 

ges. For all specimens, the local strain rate within the PLC band 

emained higher than the global true strain rate ( ε g ), while the 

ocal strain rate beyond the PLC band remained lower throughout 

he entire deformation, confirming that plastic deformation was lo- 

alized within the PLC band regardless of grain size. With grain re- 

nement from 8.4 μm (red, CG specimen) to 1.4 μm (pink), the 

ocal strain rate within the PLC band generally decreased. During 

he early stage of deformation ( e = 0.10–0.20), the local strain rate 

ithin the PLC band ranged from 0.00213 s−1 (pink, 1.4 μm grain- 

ized specimen) to 0.00365 s−1 (red, CG specimen), which was 

uch higher than the global true strain rate of 0.0 0 072 s−1 in this

train range, indicating that plastic deformation was strongly local- 

zed within the PLC band. However, with further grain refinement 

o the UFG specimen (yellow), the local strain rate within the PLC 

and rapidly decreased, particularly during the early stage of de- 

ormation. For the UFG specimen, the local strain rate within the 

LC band dropped to 0.0 0 089 s−1 at e = 0.15, which was quite 

lose to the global true strain rate of 0.0 0 072 s−1 at the same ten-

ile strain. To further investigate the homogeneity (or heterogene- 

ty) of plastic deformation along the gage part, the local strain rate 

eyond the PLC band, which is represented with blue background 

n Fig. 9 (c), is enlarged in Fig. 9 (d). Interestingly, the local strain

ate beyond the PLC band was the reflection of that within the PLC 

and across the global true strain rate. In the early stage of defor- 

ation ( e = 0.10–0.20), specimens with grain sizes ranging from 

G (red) to 4 μm (pink) showed much lower local strain rates be- 

ond the PLC band compared to the global true strain rate, indi- 

ating strong suppression of plastic deformation beyond the PLC 

and. However, with further grain refinement to the UFG speci- 

en, the strain rate beyond the PLC band increased rapidly, par- 

icularly in the early stage of deformation. The local strain rate 

eyond the PLC band for the UFG specimen reached 0.0 0 053 s−1 

t e = 0.20, which was quite close to the global true strain rate 

f 0.0 0 070 s−1 at the same strain. For the UFG specimen, the lo- 
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al strain rates both within ( Fig. 9 (c)) and beyond the PLC band

 Fig. 9 (d)) were close to the global true strain rate, indicating that 

he entire gage part deformed more homogeneously (or less het- 

rogeneously) with grain refinement. As shown in Fig. 2 , serration 

ehavior in the UFG specimen was weak during the early stage of 

he deformation ( e = 0.10–0.20), while the CG specimen exhibited 

bvious serration behavior over the same tensile strain range. In 

he CG specimen, plastic deformation rarely occurred beyond the 

LC band ( Fig. 9 (d)), possibly because dislocations beyond the PLC 

and were pinned by carbon atoms. Conversely, the flow stress 

evel of the UFG specimen was over 10 0 0 MPa, even during the 

arly stage of the deformation ( e = 0.10–0.20), which was approx- 

mately 450 MPa higher than that of the CG specimen at the same 

ensile strain range. Such a high flow stress level in the UFG speci- 

en enabled the dislocations to be de-pinned from carbons, result- 

ng in the tensile specimen deforming more homogeneously along 

he entire gage part ( Fig. 9 (c) and (d)) and leading to the weak

erration behavior observed in the UFG specimen ( Fig. 2 ). 

.6. Local strain-hardening behavior of the CG and UFG specimens 

evealed through the simultaneous application of in-situ synchrotron 

RD measurement and DIC analysis 

The propagation of the PLC band was examined in terms of a 

rocess of overcoming the plastic instability condition (necking), 

nd all findings in the previous sections consistently indicated that 

ore strain hardening was required with grain refinement to over- 

ome necking and continue the propagation of the PLC band. Fi- 

ally, in the current section, in-situ synchrotron XRD measurement 

as carried out during the tensile deformation to evaluate the lo- 

al strain-hardening behavior of the CG and UFG specimens in as- 

ociation with microstructure evolution, such as dislocation den- 

ity and stacking fault probability, with a high temporal resolution 

f one second. By applying in-situ synchrotron XRD measurement 

n combination with DIC analysis, the microstructure evolution and 

he consequent change in lattice strain in the local area (beam po- 

ition) can be obtained with respect to the propagation of the PLC 

and. 

The results obtained from the XRD measurement and DIC analy- 

is were synchronized precisely and are shown in Fig. 10 . Fig. 10 (a,

) and (c, d) shows the DIC maps of the CG and UFG specimens,

espectively, captured at different deformation times around 500 s, 

uring which the PLC band were propagating near the beam po- 

ition. The local strain rate and strain maps of the CG (1, 2, 3) 

nd UFG (1′ , 2′ , 3′ ) specimens corresponded to the XRD measure- 

ent results shown later in Fig. 10 (g, m) and (h, n), respectively. 

t (1) in Fig. 10 (a), the PLC band nucleated near the gage center

nd propagated to the left. Since the PLC band did not pass the 

eam position, the local strain at the beam position was not yet 

ccumulated ((1) in Fig. 10 (b)). At (1′ ) in Fig. 10 (c), the PLC band

tarted to propagate to the right from the left end of the gage part, 

nd the local strain was uniformly distributed along the gage part, 

ncluding the beam position ((1′ ) in Fig. 10 (d)). At (2) in Fig. 10 (a)

nd at (2′ ) in Fig. 10 (c), the PLC bands were passing through the

eam position, and the local strains at the beam position started 

o be accumulated ((2) in Fig. 10 (b) and (2′ ) in Fig. 10 (d)). At (3) in

ig. 10 (a) and at (3′ ) in Fig. 10 (c), the PLC bands left the beam po-

ition, and the local strains at the beam position were completely 

ccumulated ((3) in Fig. 10 (b) and (3′ ) in Fig. 10 (d)). 

Next, changes in lattice strain (red), dislocation density (blue) 

nd stacking fault probability (green) at the XRD beam position, 

s well as global tensile stress (black), during the tensile defor- 

ation of the CG and UFG specimens are plotted as a function 

f nominal strain in Fig. 10 (e) and (f), respectively. The deforma- 

ion time corresponding to the nominal strain is also shown on 

he upper x -axis. Lattice strain (or elastic strain) was calculated 
243
s the change in interplanar spacing divided by the initial inter- 

lanar spacing of a selected diffraction peak. As stress is linearly 

roportional to lattice strain through the elastic modulus, accord- 

ng to the well-known Hooke’s law, the lattice strain discussed 

n this study represents the local elastic stress at the beam posi- 

ion. In this study, the {200} peak was selected because it exhib- 

ted the second-highest diffraction intensity and the largest peak 

hift among all diffraction peaks of the present material with an 

CC structure [ 8 , 41 ]. Dislocation density was obtained using the 

illiamson-Hall method, which involves analyzing the FWHMs of 

he diffraction peaks. Stacking fault probability describes how fre- 

uently stacking faults occur on the {111} planes in the FCC matrix 

 42–44 ]. It can be understood as the statistical fraction of atomic 

ayers where the ideal stacking sequence is disrupted. In high- 

n austenitic steels with an FCC structure, stacking faults intro- 

uced on the {111} planes cause characteristic shifts in diffraction 

eak positions, depending on the crystallographic plane. Accord- 

ng to Warren’s theory [ 44 ], stacking faults in the FCC matrix shift

iffraction peaks either to higher or lower angles depending on the 

h + k + l | for each (hkl ) subplane. For example, the formation of 

tacking faults causes a higher-angle shift in the {111} peak and 

 lower-angle shift in the {222} peak, as a net result of contribu- 

ions from each subplane. A detailed explanation of the evaluation 

ethods for dislocation density and stacking fault probability is 

rovided in the Supplementary Material. Since the {111} and {222} 

lanes are subject to the same strain tensor during deformation, 

he changes in measured interplanar spacing due to stacking faults 

an be used to estimate the stacking fault probability as follows 

 45 , 46 ]: 

SF = 32 π/

(
3
√ 

3 

)
×

(
d222 /d0 

222 − d111 /d0 
111 

)
(3) 

here PSF is the stacking fault probability, d222 and d111 are the 

easured interplanar spacings of {222} and {111} planes, respec- 

ively, and d0 
222 

and d0 
111 

are their initial interplanar spacings in the 

ndeformed state. 

Meanwhile, Balogh et al. [ 42 ] reported that the formation of 

eformation twins leads to symmetric peak broadening in the 

iffraction profiles of FCC crystals. The measurement system itself 

an also cause peak broadening in diffraction profiles due to fac- 

ors such as the X-ray source size, detector resolution, and optical 

lignment, a phenomenon known as instrumental broadening [ 47 ]. 

owever, as both the UFG and CG specimens were measured using 

he same equipment and analysis method, this effect is expected to 

e comparable between them. In the present study, peak broaden- 

ng caused by deformation twins and instrumental effects was not 

eparated in the FWHM analysis, which may have led to an over- 

stimation of dislocation density. Although twins were not individ- 

ally resolved, their effect is qualitatively reflected in the trend in 

tacking fault probability, as deformation twins can be regarded as 

 series of stacking faults formed on successive {111} planes [ 38 ]. 

As shown in Fig. 10 (e) and (f), the nominal stress-nominal 

train curves (black) show that the flow stress level was much 

igher in the UFG specimen than in the CG specimen. Serration 

ehavior was observed on the nominal stress-nominal strain curve 

f the CG specimen throughout its entire deformation, while the 

FG specimen showed relatively weak serration behavior, espe- 

ially during its early and mid-stages of deformation. On the lattice 

train-nominal strain curves of the CG and UFG specimens (red), 

attice strain in both specimens increased as the deformation pro- 

eeded. Notably, the lattice strain was much higher in the UFG 

pecimen than in the CG specimen at an identical nominal strain. 

dditionally, a periodic increase in lattice strain was observed on 

he curves of both specimens. The increase in lattice strain was 

arger in the UFG specimen than in the CG specimen. On the dislo- 

ation density-nominal strain curves of the CG and UFG specimens 
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Fig. 10. (a) DIC local strain rate maps and (b) strain maps of the CG specimen, and (c) local strain rate maps and (d) strain maps of the UFG specimen, captured at different 

deformation times around 500 s during the propagation of the PLC bands near the beam position. The sets of DIC maps numbered (1, 2, 3) for the CG specimen and (1′ , 
2′ , 3′ ) for the UFG specimen are directly associated with the XRD results marked with the same numbers in (g, m) and (h, n), respectively. Changes in local lattice strain 

(red, first right y -axis), dislocation density (blue, second right y -axis), and stacking fault probability (green, third right y -axis) at the XRD beam position, and nominal stress 

(black, left y -axis) are plotted as a function of nominal strain for the (e) CG and (f) UFG specimens, respectively. Enlarged curves for the (g) CG and (h) UFG specimens are 

shown within the nominal strain range of e = 0.29 to 0.35. Black-dashed lines are drawn at the nominal strain levels when serration peaks appeared on the curves. The 

increases in (i) dislocation density, (j) stacking fault probability, and (k) lattice strain caused by local PLC banding, as well as (l) the deformation time required to propagate 

PLC band in the CG and UFG specimens, are plotted as functions of nominal strain. Local strain-hardening rates (blue) and local true stress curves (red) of the (m) CG and 

(n) UFG specimens, plotted as functions of true strain. The local area in the inset figures corresponds to exactly to the fixed X-ray beam position. The points ( 1 , 2 , 3 ) and 

( 1 ′ , 2 ′ , 3 ′ ) on the curves correspond to the deformation times at which the DIC images of (1, 2, 3) and (1′ , 2′ , 3′ ) in (a)–(d) were captured. 
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Fig. 10. Continued 
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blue), dislocation density was larger in the UFG specimen than in 

he CG specimen at an identical nominal strain. Dislocation den- 

ity in both specimens increased in a stepwise manner, showing 

ittle increase during most of the deformation but a significant in- 

rease at certain nominal strains (or deformation times). On the 

tacking fault probability-nominal strain curves of the CG and UFG 

pecimens (green), the overall trend was similar to that of disloca- 

ion density. From the middle stages of deformation ( e > 0.25), the 

tacking fault probability remained nearly constant during most of 

he subsequent deformation, and increased significantly at specific 

ominal strains (or deformation times). On the other hand, stack- 

ng faults were not detected during the early stages of deforma- 

ion, particularly in the CG specimen. This may be attributed to the 

oughly thousand times fewer grains within the beam path in the 

G specimen compared to the UFG specimen, which resulted in 

ewer {111} or {222} planes satisfying the Bragg condition. How- 

ver, grain subdivision during deformation increased the number 

f planes satisfying the Bragg condition and enabled the quan- 

ification of stacking fault probability. From the middle stages of 

eformation, the UFG specimen exhibited a higher stacking fault 

robability than the CG specimen at an identical nominal strain, 

hough it still remained below 0.03 throughout most of its defor- 

ation. 

To further investigate the changes in lattice strain and defor- 

ation microstructure in relation to PLC banding, the curves of 

he CG and UFG specimens during the same nominal strain range 

 e = 0.29 to 0.35) are enlarged in Fig. 10 (g) and (h), respec-

ively. Black-dashed lines are drawn at the nominal strain levels 

t which serration peaks appeared on the nominal stress-nominal 

train curves. Both the CG and UFG specimens showed that the ser- 

ation peaks on the nominal stress-nominal strain curves (black) 

nd lattice strain peaks on the lattice strain-nominal strain curves 

red) formed simultaneously, indicating that both specimens ex- 

erienced abrupt elastic deformation throughout the entire tensile 

pecimens including the beam position. The points ( (1, 2, 

) and (1′ , 2′ , 3′ )) on the curves of the CG and UFG spec- 

mens, respectively, correspond to the (1, 2, 3) and (1′ , 2′ , 3′ ) of 

he DIC maps previously shown in Fig. 10 (a)–(d). Comparing the 

IC maps with the enlarged curves of the CG specimen, it was 

ound that dislocation density noticeably increased ( 1 to 3 in 

ig. 10 (g)) as the PLC band passed through the beam position ((1)–

3) in Fig. 10 (a)), during which stacking fault probability showed 

 subtle decrease by 0.0 0 01 ( 1 to 3 in Fig. 10 (g)) as part of

n overall step-wise increasing trend. As a result of such accu- 

ulation of crystal defects, lattice strain increased ( 1 to 3 in 

ig. 10 (g)). In the CG specimen, the PLC band was observed to nu- 

leate near the gage center and propagate alternately to the left 

nd to the right. As the beam position was relatively on the left 

ide, rightward propagation could not be detected. For this rea- 
245
on, no change in dislocation density and stacking fault probability 

as observed during rightward propagation, such as between the 

erration peak at e = 0.311 and the subsequent serration peak at 

 = 0.322 in Fig. 10 (g). For the UFG specimen, dislocation density 

1 ′ in Fig. 10 (h)) and stacking fault probability ( 1 ′ in Fig. 10 (h)) 

ere barely increasing before the PLC band passed through the 

eam position ((1′ ) in Fig. 10 (c)), and as a result, lattice strain 

1 ′ in Fig. 10 (h)) showed little increase. As the PLC band passed 

hrough the beam position ((1′ ) to (3′ ) in Fig. 10 (c)), dislocation 

ensity ( 1 ′ to 3 ′ in Fig. 10 (h)) and stacking fault probability 

1 ′ to 3 ′ in Fig. 10 (h)) drastically increased, resulting in a sig- 

ificant increase in lattice strain ( 1 ′ to 3 ′ in Fig. 10 (h)) within 

he propagating PLC band. After the PLC band of the UFG speci- 

en completely left the beam position ((3′ ) in Fig. 10 (c)), disloca- 

ion density ( 3 ′ in Fig. 10 (h)), stacking fault probability ( 3 ′ in 

ig. 10 (h)), and lattice strain ( 3 ′ in Fig. 10 (h)) increased slowly 

gain. It is noteworthy that the increases in dislocation density 

1 ′ to 3 ′ in Fig. 10 (h)) and stacking fault probability ( 1 ′ to 

3 ′ in Fig. 10 (h)) were both more pronounced in the UFG spec- 

men than in the CG specimen ( 1 to 3 and 1 to 3 in 

ig. 10 (g)), which consequently led to greater increase in lattice 

train in the UFG specimen ( 1 ′ to 3 ′ in Fig. 10 (h)) compared 

o that in the CG specimen ( 1 to 3 in Fig. 10 (g)). This suggests 

hat local PLC banding induced greater strain hardening in the UFG 

pecimen than in the CG specimen. 

Meanwhile, as noted earlier in Figs. 3 (b), 4 (e), 9 (d) and 10 (c),

lastic deformation was also occurring to some extent beyond the 

LC band in the UFG specimen. On the other hand, the disloca- 

ion density and stacking fault probability rarely increased in both 

he CG ( Fig. 10 (e, g)) and UFG ( Fig. 10 (f, h)) specimens when the

LC band was beyond the beam position, during which the slope 

as rather flat. In this context, it appears plausible that the plastic 

eformation occurring beyond the PLC band in the UFG specimen 

as not caused by the increase in dislocation density and stacking 

ault probability, but rather by dislocation slip (either perfect or 

eading partial), which was likely facilitated by a higher flow stress 

evel that effectively enabled the de-pinning of dislocations from 

arbon atoms during the thermal activation process. 

To quantitatively compare the local strain-hardening behavior 

n the propagating PLC band in both specimens, the increases 

n dislocation density, stacking fault probability, and lattice strain 

aused by local PLC banding are plotted in a strain range from 

.19 to 0.50 in Fig. 10 (i), (j), and (k), respectively. Within this strain

ange, changes in dislocation density, stacking fault probability, and 

attice strain can be clearly observed, enabling a precise compari- 

on of local strain-hardening behavior between the UFG and CG 

pecimens. Such changes in the crystal defects and lattice strain 

aused by local PLC banding were evaluated as follows: for the 
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G specimen, the increase in crystal defects was the difference 

etween 1 and 3 (or 1 and 3 ) in Fig. 10 (g), and the in- 

rease in lattice strain was the difference between 1 and 3 in 

ig. 10 (g). The same measurement was applied to the UFG spec- 

men as well. As shown in Fig. 10 (i) and (j), the increase in dis-

ocation density and stacking fault probability caused by local PLC 

anding rose as the deformation progressed in both the CG and 

FG specimens. Interestingly, it was also found that the increase 

n dislocation density and stacking fault probability was larger in 

he UFG specimen than in the CG specimen at an identical nomi- 

al strain. Such a larger increase in the crystal defects in the UFG 

pecimen led to a greater rise in local strain caused by PLC band- 

ng ( Fig. 8 (b)). Fig. 10 (k) shows that the increase in lattice strain

aused by local PLC banding also rose as the deformation pro- 

ressed in both the CG and UFG specimens. Notably, it was also 

ound that the increase in lattice strain was larger in the UFG spec- 

men than in the CG specimen at an identical nominal strain. The 

arger increases in the crystal defects ( Fig. 10 (i) and (j)) and lat-

ice strain ( Fig. 10 (k)) in the UFG specimen confirm that greater 

ocal strain hardening was required compared to the CG specimen 

o prevent the strain-localized region from developing into neck- 

ng and to sustain PLC band propagation. Furthermore, the defor- 

ation time required to propagate the PLC band was also mea- 

ured for both specimens and is plotted in Fig. 10 (l). For example, 

n the case of the CG specimen, it was determined as the time dif-

erence between 1 and 3 in Fig. 10 (g), and the same 

easurement was applied to the UFG specimen as well. This prop- 

gation time corresponds to the time taken for the local region 

o complete strain hardening. The time taken to complete local 

train hardening increased with deformation in both specimens. 

he UFG specimen required more time than the CG specimen, but 

he time gap between them narrowed and eventually converged 

n the later stages of deformation. Grain refinement increased the 

ime required to complete local strain hardening, which appeared 

t the specimen scale as a decrease in PLC band velocity in the 

arly and middle stages of deformation ( Fig. 7 (c)). As deformation 

rogressed, the difference in the time required to complete local 

train hardening became smaller ( Fig. 10 (l)), and it appeared at 

he specimen scale as the PLC band velocity in all specimens con- 

erged to a common low value during the later stages of deforma- 

ion ( Fig. 7 (c)). 

Finally, the local strain hardening rate was evaluated for both 

he CG and UFG specimens to understand local PLC banding in 

erms of a process overcoming plastic instability condition (neck- 

ng). Fig. 10 (m) and (n) show the local strain-hardening rate 

 d σ/ d ε, blue) and local true stress ( σ , red) curves of the CG and

FG specimens as a function of local true strain ( ε), respectively. 

he deformation time corresponding to the true strain is also 

hown on the upper x -axis. Here, the local area corresponds ex- 

ctly to the fixed X-ray beam position, as indicated in the inset fig- 

res of Fig. 10 (m) and (n). The local true stress of both specimens

s calculated by multiplying the elastic modulus of {200} planes 

ith its lattice strain ( Fig. 10 (e) and (f)), according to the Hooke’s

aw. The elastic modulus of the {200} planes in the present ma- 

erial was measured as 105,772 MPa in our previous study [ 16 ]. 

he local true strain ( εxx ), obtained through DIC analysis, corre- 

ponds to the local strain at the fixed X-ray beam position. To the 

est of the authors’ knowledge, this is the first experimental evalu- 

tion of the local strain hardening rate linked to local deformation 

ehavior. The local strain-hardening rates of both specimens gen- 

rally decreased with deformation, accompanied by periodic up- 

ards spikes. The average local strain-hardening rates including 

hese spikes appear to align with the strain-hardening rates ob- 

erved in Fig. 5 . Here, the periodic spikes over 40 0 0 MPa corre-

pond to serration peaks on the local true stress-strain curves, dur- 
246
ng which the PLC band annihilates into the grip part. It is worth 

oting that the local strain-hardening rates of both specimens, ex- 

ept during the early stage of deformation ( ε ∼ 0 . 1 ), periodically

ropped below the true stress-strain curves and then rose above 

hem after some deformation time (or the true strain), with this 

ehavior occurring more frequently in the CG specimen than in the 

FG specimen. For a detailed correlation with local PLC banding, 

he local strain hardening rates corresponding to the DIC images 

abeled (1, 2, 3) for the CG specimen and (1′ , 2′ , 3′ ) for the UFG

pecimen in Fig. 10 (a)–(d) are indicated on their respective curves 

s ( 1 , 2 , 3 ) and ( 1 ′ , 2 ′ , 3 ′ ). Before the PLC bands reached the 

eam position ((1) in Fig. 10 (a) and (1′ ) in (c)), the local strain

ardening rates were higher than the local true stress in both spec- 

mens ( 1 in Fig. 10 (m) and 1 ′ in Fig. 10 (n)). As the PLC bands 

ere passing through the beam position ((2) in Fig. 10 (a) and (2′ ) 
n Fig. 10 (c)), the local strain-hardening rates dropped below the 

ocal true stress in both specimens ( 2 in Fig. 10 (m) and 2 ′ in 

ig. 10 (n)), indicating the onset of necking in the local area. Af- 

er the PLC bands passed beyond the local area ((3) in Fig. 10 (a)

nd (3′ ) in Fig. 10 (c)), a notable transition occurred as the local 

train-hardening rates surpassed the local true stress and overcame 

he plastic instability condition (necking) in both specimens ( 3 in 

ig. 10 (m) and 3 ′ in Fig. 10 (n)). This indicates that necking was 

nitially triggered within the propagating PLC bands, but did not 

rogress further and was soon overcome just after the propagation 

f PLC bands through the high local strain hardening, which was 

chieved through the local multiplication of dislocations and the 

ormation of stacking faults. Such a sequence, including temporary 

ecking and its subsequent overcoming, was repeated throughout 

he entire deformation, appearing as PLC banding. Even though a 

reater number of dislocations are pinned by carbon atoms in the 

FG specimens, the applied stress is high enough to displace (de- 

in) the dislocations from carbons, thereby enabling their glide and 

riggering plastic deformation. This interpretation is supported by 

he observation that the UFG specimens exhibit greater plastic de- 

ormation outside the PLC band ( Fig. 9 ), where dislocations are 

elieved to be initially immobilized, and that greater local strain 

ardening is required to avoid necking and to propagate the PLC 

and. Indeed, it is also noteworthy that the local strain hardening 

ate was much higher in the UFG specimen than in the CG spec- 

men, especially during the early stages of deformation ( ε = 0 . 1 –

 . 2 ). This high local strain hardening resulted in homogenous de- 

ormation ( Figs. 3 (b) and 9 (c, d)), consequently leading to weak 

erration behavior in the UFG specimen ( Fig. 2 ). 

Direct observation of changes in the dynamic interaction be- 

ween carbon atoms and mobile dislocations with grain refinement 

emains unclear due to experimental challenges, highlighting the 

eed for continued investigation. Nevertheless, if macroscopic ser- 

ation behavior arises from such atomistic interactions as widely 

ecognized, this study provides insight into how these interactions 

ould change with grain refinement and develop into characteris- 

ic localized deformation behavior. Serration behavior (or the DSA 

ffect) is known to enhance strain-hardening ability as disloca- 

ions are repeatedly pinned by carbon atoms. However, it is also 

ssociated with localized deformation, premature failure, and sur- 

ace irregularities, posing challenges for practical applications. The 

resent study systematically examined the effect of grain refine- 

ent in high-Mn austenitic steels on macroscopic serration behav- 

or and its correlations with local PLC banding and deformation 

icrostructures. In this context, the present results deepen the un- 

erstanding of serration behavior and local PLC banding, and offer 

nsights into other localized deformation behavior such as Lüders 

eformation and necking. These findings support the development 

f structural metallic materials with high strength, excellent duc- 

ility, and improved surface quality. 
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. Conclusions 

The effect of grain refinement on the serration behavior, and 

urther, the dynamics of Portevin-Le Chatelier banding in 22Mn- 

.6C steels was thoroughly clarified with the aid of the DIC tech- 

ique and in-situ synchrotron XRD measurement during tensile 

ests. The changes in local deformation behavior in the propagating 

LC band with grain refinement were successfully quantified and 

orrelated with the local strain-hardening behavior. The results are 

ummarized as follows: 

(1) The 22Mn-0.6C steels having a wide range of the mean grain 

sizes, from a coarse grain of 8.4 μm to an ultrafine grain of 

0.82 μm, were fabricated through repeated cold rolling and 

subsequent annealing process. 

(2) Serration behavior was observed on the stress-strain curves 

of all specimens, but the specimens with the mean grain 

sizes of 0.82 μm and 0.95 μm exhibited weak serration be- 

havior during the early stage of deformation. With the aid 

of DIC technique applied during tensile tests, strain localiza- 

tion behavior characterized by the formation, propagation, 

and annihilation of PLC band (PLC banding) was commonly 

observed in all specimens. Such local PLC banding corre- 

sponded perfectly to the serration behavior on the stress- 

strain curves. 

(3) The PLC band velocity decreased, and the increase in local 

strain caused by PLC banding rose with grain refinement. 

That is, more deformation time and greater strain harden- 

ing were required to prevent a strain-localized region from 

progressing into necking and to propagate it into the adja- 

cent area. Moreover, the strain rate within the PLC band de- 

creased, while that beyond the band increased. During the 

early stage of deformation of the UFG specimen, both strain 

rates approached the global true strain rate, indicating that 

the entire gage part deformed more homogeneously and re- 

sulting in weak serration behavior on its stress-strain curve. 

(4) Through the simultaneous application of in-situ synchrotron 

XRD measurement and DIC technique during tensile tests, 

the crystal defects, such as dislocations and stacking faults, 

as well as lattice strain, significantly increased when the PLC 

band passed through the fixed beam position. The increase 

in lattice strain caused by local PLC banding was larger in 

the UFG specimen than in the CG specimen at an identical 

global tensile strain, due to the greater accumulation of the 

crystal defects within the propagating PLC band. 

(5) For the first time, the local strain-hardening rate was exper- 

imentally evaluated for both CG and UFG specimens in rela- 

tion to local PLC banding. This evaluation revealed that neck- 

ing was initially triggered within the propagating PLC bands 

but did not progress further, and was soon overcome by 

the high local strain hardening, which was achieved through 

the local multiplication of dislocations and the formation of 

stacking faults. Such a sequence, including temporary neck- 

ing and its subsequent overcoming, was repeated throughout 

the entire deformation, appearing as PLC banding. 
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