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ABSTRACT

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 um was obtained. The specimen was tensile tested at room temperature at an
initial strain rate of 8.3 x 104 s, 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/)

1. Introduction

ticity (TWIP) effect [6]. On the other hand, carbon-containing high-
Mn austenitic steels frequently show serrations on their stress-

Over several decades, high-Mn austenitic steels have been
widely studied because of their outstanding mechanical proper-
ties combining high strength and large ductility. Simultaneous en-
hancement of strength and ductility in high-Mn austenitic steels is
attributed to the formation of the deformation twins, which act as
obstacles against dislocation glides, then resulting in an increase of
flow stress and postponement of plastic instability in deformation
[1-5]. This phenomenon is termed as the twinning induced plas-
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strain curves. In spite of significant progress in understanding the
TWIP effect in high-Mn austenitic steels, the role of the serration
behavior on mechanical properties, especially strain-hardening, has
not yet been clarified. Serrations have been considered as a re-
sult of interactions between dislocations and solute atoms, which
is called dynamic strain aging (DSA) [7-9] or Portevin-Le Chate-
lier (PLC) effect [10,11]. However, it is still unclear how such a
nanoscale interaction between solute atoms and dislocations re-
sults in the global deformation responses of the material including
serrations on stress-strain curves.

It has also been clarified recently that materials showing the
serration behavior accompany with a heterogeneous deformation
characterized as propagation of strain localized bands that are of-
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ten called PLC bands. The propagation of PLC bands was confirmed
by using either infrared (IR) thermography or digital image cor-
relation (DIC) technique applied during tensile deformation [12-
18]. However, the macroscopic serration behavior and the local PLC
banding were investigated separately in most of previous studies,
and the correlation between them was not yet understood in the
previous papers [12,13,15,17,18]. Recently, a few studies have cor-
related the serration behavior with the propagation of PLC bands
in high-Mn steels by the use of the DIC method. Renard et al.
[14] confirmed the formation and propagation of the PLC bands by
measuring strain accumulation between two different points in the
gage part of the tensile specimen. They also investigated the effect
of strain rate and deformation temperature on the serration behav-
ior, and showed that the serration behavior was promoted within
certain range of the strain rate and the temperature. Similarly, Bian
et al. [16] also found a relationship between the propagation of
PLC bands and the serration behavior, and they clarified that the
serration behavior was promoted within certain range of the strain
rate with having negative strain rate sensitivity on flow stress. Like
these studies, many researchers have reported that dynamic inter-
action between dislocations and carbon atoms are promoted under
certain carbon contents [19], strain rates [14,16,20-23] and tem-
peratures [14,21,23], leading to the characteristic serration behav-
ior. However, the achievements so far have been mainly focused
on the deformation variables under which serrations happen, and
little discussion has been done on the nature of serrations and
their role on global mechanical properties of materials. Some re-
searchers have found that the serration behavior corresponded to
PLC banding [14,16], but their detailed correlation is still unclear.
One of the biggest hurdle for investigating the serration behav-
ior has been how to evaluate deformation localization in tensile
tests, which cannot be measured by conventional methods like ex-
tensometer or contact strain gages that can only measure average
strains of the whole specimen. The DIC technique has been intro-
duced recently to quantify local strain distributions in deforma-
tion of various metals and alloys [14-18,24]. In the DIC method,
displacements of different positions in the material are measured
during the deformation. Local displacements of patterns set on
the surface of the tensile specimen are tracked, which enables the
quantitative evaluation of local strain distributions during the de-
formation. For tracking the displacements of different positions,
speckle patterns are covered on the surface of the material, or
the microstructure contrast itself is used as markers. By applying
the DIC method, it has been quantitatively clarified, for example,
how martensitic transformation in a ultrafine grained metastable
austenitic steel occurred in a heterogeneous manner, i.e., in the
form of Liiders deformation, during tensile deformation, which was
the key to realizing ultra-high strength and large ductility of the
material [24]. As mentioned in the former paragraph, propagation
of PLC bands in the materials showing serration behavior has been
also analyzed by the DIC method [14-18]. However, the role of PLC
bands on the global deformation of materials is still unclear.
In-situ X-ray diffraction (XRD) measurement is another power-
ful method to understand a real-time evolution of material param-
eters, such as lattice strain and dislocation density, during defor-
mation. Adachi et al. [25] investigated the grain size dependence
on the evolution of dislocation density during tensile deformation
in a commercial purity Al by the use of an in-situ synchrotron XRD
measurement, and found that the increase of dislocation density
could be divided into the characteristic stages of which lengths
depended on the average grain size. Zhang et al. [26] revealed a
development of lattice strain and dislocation density in a Liiders
band propagating in a medium-Mn steel by the aid of an in-situ
XRD measurement. By fixing a focused X-ray beam at a certain po-
sition in the tensile specimen, heterogeneous deformation like PLC
banding could be characterized by the in-situ XRD measurement.
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The current study aims to explore the nature of serration be-
havior of a high-Mn steel in a mesoscopic scale. The propagation
of PLC bands is analyzed by means of the state-of-the-art DIC tech-
nique and the in-situ synchrotron XRD measurement both applied
during tensile deformation of the material, for correlating the lo-
calized deformation with the global mechanical properties includ-
ing the serration behavior.

2. Experimental methods
2.1. Material

A high-Mn austenitic steel, Fe-22Mn-0.6C (wt. %), was used in
the present study. The detailed chemical composition of the steel
is shown in Table 1. The as-received hot-forged plate 12 mm in
thickness was subjected to 4 cycles of the cold-rolling and anneal-
ing treatments we developed before [27], in order to achieve grain
refinement. The thickness reduction at each cold-rolling step was
33.3%, 37.5%, 40% and 66.7%, respectively, and the final thickness
of the sheet was 1 mm. The intermediate annealing between each
cold-rolling step was carried out at 600°C for 0.6 ks for restoring
deformability of the material. The materials were water-cooled im-
mediately after intermediate annealing. A fine-grained specimen
with an average grain size of 2.0 um was obtained by annealing
the final 1 mm thick sheet at 800°C for 0.3 ks followed by water
quenching.

2.2. Microstructure observation

After the final annealing, microstructural observations were car-
ried out on a section perpendicular to the transverse direction
(TD) of the sheet using a field-emission scanning electron micro-
scope (FE-SEM: JEOL, JSM-7100F) equipped with an electron back-
scattered diffraction (EBSD) operated at an accelerating voltage of
15 kV. In order to obtain mirror-like surfaces, the TD section of
the sheet was mechanically polished first by the use of 1000-4000
grit-sized fine SiC papers and then electro-polished in a solution of
10 % HClO4 +90 % CyHgO. The mean grain size was determined by
a line intercept method on EBSD images, counting high angle grain
boundaries and annealing twin boundaries on the EBSD maps. Tex-
ture and phases of the observed areas were also confirmed by
EBSD using a software, TSL-OIM data collection and analysis ver.
5.31.

2.3. Mechanical properties

Mechanical properties of the high-Mn steel with the mean grain
size of 2.0 um were evaluated by tensile tests at an initial strain
rate of 8.3 x 1074 s~! at room temperature using a tensile testing
machine (SHIMADZU, AG-100kN Xplus). Sheet-type tensile speci-
mens with a gage length of 10 mm, gage width of 5 mm and thick-
ness of 1 mm were cut from the cold-rolled and annealed sheet by
an electrical discharge machine. The tensile direction was parallel
to the rolling direction (RD) of the sheet. Tensile tests of the spec-
imen with the mean grain size of 2.0 um were also conducted for
a DIC analysis. The dimension of the tensile specimens and condi-
tion for the in-situ X-ray diffraction experiments are explained in
the Section 2.4.2.

2.4. Evaluation of localized deformation

2.4.1. DIC analysis

In order to evaluate distributions of local strain and strain rate
in the tensile specimens during the tensile test, a DIC technique
was applied. Prior to the experiment, broad surfaces of the sheet-
type 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 0 N Fe
056 0.06 21.68 <0.004 0.007 <0.01 <0.01 <0.0011  0.0049  Bal.

_ Slit

Debye-Scherrer ring

Fig. 1. Schematic illustration showing the in-situ XRD measurement during tensile
test at SPring-8.

with randomly distributed black speckle patterns by using an air-
brush. The speckle patterns were deformed together with the ten-
sile specimens and used as markers to track displacements of dif-
ferent positions in the specimens. During the tensile deformation,
the speckle patterns were recorded at a rate of 5 frames per sec-
ond by a CCD (charge-coupled device) camera with a resolution
of 2432 x 2054 pixels. Two-dimensional strain tensors at differ-
ent positions were obtained by differentiating displacement vec-
tors obtained by tracking the speckle patterns. Local strain rates
at different positions were also evaluated by the use of the lo-
cal strain data. From such results, distributions of strain or strain-
rate in the specimen were exhibited in the form of local strain or
strain-rate maps. The change of the local strain or strain-rate dis-
tributions were also expressed in movies. The recorded CCD images
were analyzed by the use of Vic-2D software with a subset of 29
pixels in a square and a step size of 7 pixels, which was optimized
for assessing local strains and strain rates under the given resolu-
tion 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
stress of the specimen was measured from the tensile-test machine
equipped with a load cell, while the local strains were evaluated
from the DIC images recorded by the CCD camera as was described
above. The global stress obtained from the tensile machine and the
local strains obtained from the DIC analysis were synchronized by
adjusting the time of macroscopic fracture.

2.4.2. In-situ synchrotron XRD measurements

In-situ synchrotron XRD measurements were performed for
evaluating lattice strain and dislocation density during the ten-
sile test. High energy (HE) synchrotron beam line of BL46 XU at
SPring-8 of Japan Synchrotron Radiation Research Institute (JASRI)
was utilized, which could provide diffraction profiles over a wide
range of angles with a high resolution of time. A monochromatic
synchrotron beam with an intensity of 30 keV (A =0.0413 nm)
was used for the transmission diffraction. The time resolution for
a diffraction profile was 1 second. The configuration of the in-situ
XRD measurement during the tensile test is illustrated in Fig. 1.
Sheet-type tensile specimens with a gage length of 10 mm, gage
width of 3 mm and thickness of 0.5 mm were cut from the sheet
having the fully recrystallized microstructure with an average grain
size of 2 um. The tensile direction was parallel to the rolling di-
rection (RD) of the sheet. Incident beam having a size of 2.0 mm

in the gage-width direction and 0.5 mm in the gage-length direc-
tion was irradiated at the center of the gage part in the tensile
specimen. The direction of the incident beam was perpendicular
to the tensile direction. After a precise alignment, the tensile tests
with the in-situ XRD measurement were carried at an initial strain
rate of 8.3 x 10~% s~! at room temperature. In the tensile test, the
tensile specimen was elongated upward with the bottom grip part
fixed. During the tensile deformation, diffraction profiles were si-
multaneously collected by serially-connected 6 detectors (MYTHEN
X, Dectris). The diffraction peaks were fit to Voigt function us-
ing Origin Pro 2017 program, and then the peak position and full
width half-maximum (FWHM) of peaks were determined. Peak po-
sitions and FWHM of (111), (200), (311) and (222) were considered
for subsequent analysis.

3. Results and discussion
3.1. Microstructure before tensile test

Fig. 2(a) shows an EBSD inverse pole figure (IPF) map over-
lapped with an image quality (IQ) map of the specimen fabricated
by the repeated cold-rolling and annealing. The microstructure was
observed on a longitudinal plane perpendicular to TD of the sheet.
Colors in the IPF map indicate crystallographic orientations paral-
lel to TD, according to the key stereographic triangle inserted. High
angle grain boundaries (HAGBs) and annealing twin boundaries
(TBs) are drawn by black lines and red lines, respectively, on EBSD
maps. The specimen showed the fully recrystallized microstructure,
of which average grain size including TBs was 2.0 um. Fig.2(b)
shows a phase map together with HAGBs and TBs of the identi-
cal area of Fig. 2(a). Yellow color indicates FCC structure confirmed
from the Kikuchi-line diffraction pattern obtained at each point.
All areas showed yellow color, i.e., FCC structure, which proved
that the specimen had an austenite single-phase structure. Fig. 2(b)
also confirmed clearly that almost all grains were surrounded by
HAGBs and the microstructure involved a high density of anneal-
ing TBs (39.2 % of all boundaries shown in Fig. 2(b)). (001), (011)
and (111) pole figures of the specimen constructed from the EBSD
result are presented in Fig. S1 in the supplementary material. All
the pole figures exhibited low intensities, indicating that the spec-
imen fabricated by the repeated cold-rolling and annealing did not
have strong crystallographic texture.

3.2. Stress-strain curve and strain hardening rate curve

A nominal (engineering) stress-strain curve of the specimen
with the mean grain size of 2.0 wm is shown in Fig. 3(a). The
specimen showed a good combination of high strength and large
ductility with a yield strength (0.2 % proof stress) of 430 MPa, ten-
sile strength of 1136 MPa and total elongation of 69 %. Serrations
were clearly observed on the stress-strain curve. Fig. 3(b) shows
the strain hardening rate (do/de, blue) and true stress (o, red) of
the specimen plotted as a function of true strain (¢). The speci-
men maintained high strain hardening rate around 2000 MPa until
the later stage of deformation. It should be noted that the strain
hardening rate showed severe fluctuation from about -5000 MPa
to 15000 MPa, which corresponded to the serrated flow observed
on the stress-strain curve.



S. Hwang, M.-h. Park, Y. Bai et al.

ol

./‘ Tt Y
ey, g "
. w0, 60

CATY L
.l’“‘ '

0 -

Austenite (FCC)

Fig. 2. EBSD images of the specimen prepared by the repeated cold-rolling and an-
nealing. (a) EBSD IPF map+1Q 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.).

3.3. Heterogeneous deformation characterized by DIC

The DIC analysis was carried out for characterizing the hetero-
geneity of deformation in a specimen scale. Formation and prop-
agation of PLC bands' were observed in the gage part of the ten-
sile specimen during the tensile test. It was found that the amount
of strain localized within PLC bands was not so high at the early
and medium stages of tensile deformation (in a range of 0.0039
~ 0.0108), so that it was difficult to observe PLC bands on lo-
cal strain maps or movies indicating the magnitude of strain in
different 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
effect really happened in atomistic scale or not, the term “PLC band” is used for
expressing the deformation localized bands observed.
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2.0 pum. (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.).

strain (&yy)). Hence, strain-rate maps and movies were used in the
present study to exhibit or characterize the PLC bands. A movie
showing the change of local strain-rate distributions during the
whole tensile test up to fracture is provided as a supplementary
material of this paper (Movie 1). In the movie, repetition of the for-
mation, propagation and annihilation of PLC bands having higher
local strain rates were clearly observed.

Fig. 4 shows DIC strain-rate maps captured at different engi-
neering tensile strains (eyy) in a range from eyy= 0.1193 to eyy=
0.1303, which corresponded to one cycle of PLC band propagation
along the whole gage length of the specimen. The numbers (1)-(9)
on figures indicate the positions on the corresponding stress-strain
curve shown later (Fig. 5(b)). The magnitude of local strain rate
is expressed in different colors according to the key color bar in-
serted in Fig. 4. In (1) of Fig. 4, a PLC band (former band) hav-
ing higher local strain rates propagated from the center part to
the lower part of the gage was disappearing in the lower shoul-
der part. On the other hand, a new PLC band was nucleating at a
little bit upper side of the gage center. The new PLC band propa-
gated upward, and the propagation of the PLC band was well cap-
tured in (2), (3) and (4) of Fig. 4. The maximum strain rate within
the PLC band in (2)-(4) was in a range from 0.0023 s~! to 0.0027
s~1, while the strain rate outside the PLC band was quite low and
homogeneous (~0.0001 s~!). Here, the global strain rate applied
was 0.00084 s~1. In (5), the band started to annihilate at the up-
per shoulder part, and another new band was about to nucleate
at the middle of the gage part, which located slightly lower than
the position where the previous band nucleated in (1). The newly
nucleated band propagated downward (6, 7, 8) and was disappear-
ing at the lower shoulder part in (9). Then, another new PLC band
was 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 (eyy), corresponding to one cycle of PLC band propagation through the gage part. (1)
eyy =0.1193, (2) ey, =0.1199, (3) e,y =0.1210, (4) ey, =0.1236, (5) ey, =0.1241, (6) ey, =0.1249, (7) ey, =0.1283, (8) ey, =0.1298 and (9) ey, =0.1303, respectively. The banded

regions with high strain rate shown as red color indicate the PLC bands.

(9). As can be seen in Movie 1, these showed a typical repetition
of the formation, propagation and annihilation of PLC bands. The
band did not necessarily form near the gage center, but often nu-
cleated at one end of the gage part and propagated throughout the
gage in one direction. Regardless of such patterns of the PLC band
propagation, however, the nucleation and propagation of the band
of next cycle started only after every position in the gage part was
swept by the band(s) in the former cycle.

3.4. Correlation between serration behavior and PLC band
propagation

Fig. 5(a) shows the change of the average strain rate in the gage
part (blue curve) together with the whole nominal stress-strain
curve (black curve). The average strain rate was calculated from
the DIC strain-rate maps and plotted as a function of the time of
the measurement which was accurately synchronized between the
tensile test and the DIC analysis for the identical specimen. Corre-
sponding nominal strains are also indicated along the upper x-axis.
The average strain rate in the gage part significantly fluctuated and
the time interval between each fluctuation became larger with pro-
gressing the deformation. It was noteworthy that the interval of
serration peaks on the stress-strain curves also became larger with
the progress of the tensile deformation, which suggested a close
correlation between the fluctuation of the average strain rate and
the serration behavior on the global stress-strain curve.

In order to investigate the relationship between the serration
and the average strain rate in more detail, the changes of the nom-
inal stress and the average strain rate in the experimental time
from 230 s to 290 s, corresponding to the period indicated by a
red broken-line square in Fig. 5(a), were magnified and exhibited
in Fig. 5(b). In Fig. 5(b), thin dotted lines are drawn at the exper-
imental times when the serration peaks appeared. It was clearly
found that the serration peaks corresponded well with the local
minima of the average strain rate of the gage part. When the aver-
age strain rate quickly increased from the local minimum, the flow
stress quickly dropped from the serration peak.

The points (1)-(9) marked on the stress-strain curve in Fig.
5(b) corresponded to Fig. 4(1)-(9), respectively. Comparing be-
tween Figs. 5(b) and 4, at a serration peak (the point (1)) in Fig.
5(b), a former PLC band was disappearing and a new band was
nucleating in Fig. 4(1). At the points (2) and (3) in Fig. 5(b) corre-

sponding to an increase in the flow stress just after a sharp stress
drop from the serration peak, the newly nucleated band was prop-
agating upward along the gage part in the DIC maps (Fig. 4(2), (3)).
At the point (4) where the flow stress was about to increase, the
band was disappearing at the upper shoulder part in Fig. 4. From
the point (5) to the point (8) on the stress-strain curve, annihila-
tion, nucleation and propagation of PLC bands, which were sim-
ilar to the points (1)-(4), were observed in the local strain-rate
maps obtained by DIC (Fig. 4). Annihilation of the former PLC band
and nucleation of the new band shown in Fig. 4(9) corresponded
well again to the serration peak at the point (9) in Fig. 5(b). That
is, it was clearly shown that the serration behavior appeared on
the stress-strain curve perfectly corresponded with the formation,
propagation and annihilation of PLC bands, i.e., localized deforma-
tion in the gage part. Thus, the fluctuation of the average strain
rate in the gage part shown in Fig. 5(b) also synchronized with the
behavior of PLC bands. We can conclude now that PLC banding de-
termines the global mechanical response of the material appearing
as the serration behavior on the stress-strain curve.

3.5. Changes in local strain and local strain-rate correlating to PLC
band propagation

The strain rate shown and discussed in Fig. 5 was the average of
the gage part obtained from the DIC data. However, the actual de-
formation in the gage part was heterogeneous (localized), as was
shown in Fig. 4. Then, deformation behavior at a local point was
analyzed from the DIC data. As represented in the image inserted
in Fig. 6(a), a point in the gage part was set in the DIC maps, and
changes of the local strain (¢yy) and the local strain rate (deyy/dt)
at this point were plotted in red and blue colors, respectively, in
Fig. 6(a) as a function of the experimental time. Interestingly, the
strain at the analyzed point (red curve) increased in a stepwise
manner, and the time interval between neighboring steps and the
increment of strain at each step both increased with increasing the
experimental time (i.e., the global tensile strain). The local strain
rate at the analyzed point stayed in a very low value in most peri-
ods, but periodically showed sharp peaks. The peak of the local
strain rate corresponded to the time at which a PLC band with
high strain rates was just propagating at the analyzed point. As a
result, the sudden increases in the local strain corresponded with
the strain rate peaks. Both the time interval between the peaks and
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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.).

the maximum strain rate at the peak increased with increasing the
experimental time (the tensile strain).

In order to investigate the development of the local strain and
the local strain rate with the experimental time in more detail,
the graph in a range from 210 s to 300 s of the experimental
time was enlarged in Fig. 6(b). The time ranges of the local strain-
rate peaks, which corresponded to the durations when each PLC
band was passing through the analyzed point, are distinguished by
black-dashed lines in Fig. 6(b). It was clearly shown that the sud-
den increases in the local strain perfectly coincided with the short
durations of the strain-rate peaks, which meant that the strain at
a certain local point increased drastically when a PLC band was
passing through the point. On the other hand, increases of the lo-
cal strain at the analyzed point between neighboring steps in the
red curve of Fig. 6(b) were quite small, during which no PLC band
was overlapped at the analyzed point. The results clearly demon-
strated that most of the plastic deformation within the gage part
of the tensile specimen was given within the PLC bands

3.6. Development of plastic deformation within the gage part

Features of the localized deformation (PLC banding) in the
present 22Mn-0.6C steel specimen and its correlation to the serra-
tion behavior on the global stress-strain curve were demonstrated
above. Here we would like to show how plastic deformation de-
velops within the gage part of the 22Mn-0.6C specimen, again by
the use of the DIC analysis. Fig. 7 shows DIC local strain maps
demonstrating changes of local strain distributions (gyy) within the
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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.).

gage part during the deformation period from (1) to (9) shown in
Figs. 4 and 5(b). Local strain maps of Fig. 7(1)—(9) corresponded to
one cycle of nucleation, propagation and annihilation of PLC bands
shown in Fig. 4(1)-(9), respectively. Corresponding movie show-
ing local strain distributions during the whole tensile test is pro-
vided as a supplementary material of this paper (Movie 2). In or-
der to exhibit the change of local strain distributions obviously, a
small strain scale from &y,=0.11 to &,,=0.14 was used in Fig. 7,
and the magnitude of local strain was expressed in different col-
ors according to the key color bar inserted in the figure. The ar-
eas surrounded by white-dashed lines in Fig. 7 are the positions of
PLC bands observed in Fig. 4. From (1) to (4) in Fig. 7, local strains
in the upper side of the gage part became higher than the lower
part, which corresponded to the PLC band propagation swept from
the center to the upper side (Fig. 4(1)-(4)). At (5) where the PLC
band annihilated in the upper shoulder part, strain distributions
were heterogeneous and showed a clear contrast between the up-
per part with higher strains and lower part with lower strains in
the gage. From (5) to (8) in Fig. 7, the strain in the lower side in-
creased in this turn, corresponding to the downward propagation
of the new PLC band from the center to the lower part. Then the
strain distribution in the gage part became fairly homogeneous in
(8) and (9) after one cycle of PLC band sweeping. The supplemen-
tary Movie 2 exhibited the repetition of such processes during the
tensile deformation.



S. Hwang, M.-h. Park, Y. Bai et al.

New band nucleation
Former band annihilation
PLC band propagation

-

PLC band propagation

c
A=
=
@©
LY
]
S
=
o
=
©
Q
=
(]
=z

Acta Materialia 205 (2021) 116543

!0.14

PLC band propagation
PLC band propagation

PLC band propagation

PLC band propagation
New band nucleation
Former band annihilati

Fig. 7. DIC local strain maps captured at different engineering tensile strains (eyy), corresponding to one cycle of PLC band propagation. (1) ey, =0.1193, (2) e,y =0.1199,
(3) e,y =0.1210, (4) eyy =0.1236, (5) eyy =0.1241, (6) e,y =0.1249, (7) ey, =0.1283, (8) ey, =0.1298 and (9) e,y =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.).

3.7. The role of PLC band on global mechanical properties revealed by
in-situ synchrotron XRD measurement

The results obtained from the DIC analysis clarified that the
serration behavior in the present 22Mn-0.6C steel perfectly cor-
responded with the heterogeneous deformation in the form of
PLC banding. Next, in the current section, the in-situ synchrotron
XRD measurement was also applied during the tensile deforma-
tion, for correlating the heterogeneous deformation clarified above
with material parameters. The in-situ XRD measurement can reveal
the changes of both dislocation densities evaluated from the peak
broadening and elastic strain calculated from the peak shift, syn-
chronizing with the physical PLC band propagation in the tensile
specimen.

The results obtained from the in-situ XRD measurement during
the tensile test are shown in Fig. 8. As was described in the Section
2.4.2, a focused X-ray beam was irradiated on a center position
in the gage part of the tensile specimen. In Fig. 8(a), the whole
diffraction profiles at two different stress levels of 0 MPa (before
the tensile deformation) and 1000 MPa are shown on the left side,
and (200) peaks at two stress levels are enlarged and shown on
the right side. The (200) peak was selected for the peak-shift anal-
ysis because the (200) peak showed high intensity and its peak
shift was the largest among all diffraction peaks due to the low-
est elastic modulus along <100> direction in FCC metals and alloy
[28]. A sharp diffraction profile of (200) plane was recognized be-
fore the deformation (at 0 MPa). Both peak broadening and peak
shift were clearly found at the stress level of 1000 MPa, which
were the results of accumulation of lattice defects and elastic de-
formation of crystal lattices, respectively. It has been reported that
dislocations and planar faults contribute to the peak broadening,
where diffraction angles are scattered due to local lattice distortion
[29,30]. Considering that most of (both annealing and deformation)
twin boundaries in FCC materials are composed of perfectly co-
herent {111} >3 CSL boundaries, the lattice distortion produced
by twin boundaries is thought to be small except for the areas
near remaining leading partial dislocations or incoherent portions
of twin boundaries. Balogh, Ribarik, and Ungara [30] simulated the
diffraction profile of nanocrystalline pure copper by using convo-
lutional multiple whole profile (CMWP) method. Based on the the-

oretically obtained profile functions, they fitted the experimentally
obtained diffraction profile. In their simulation, intrinsic/extrinsic
stacking faults and twin boundaries caused a peak broadening at
the bottom part of a diffraction peak. In the present study, we cal-
culated the dislocation density by using Williamson-Hall method,
where FWHM of diffraction peaks (not the bottom part of diffrac-
tion peaks) were concerned. Therefore, the peak broadening caused
by planar faults (deformation twin boundaries and stacking faults)
would not be significant in determining the FWHM, so that it was
assumed in the present study that the most of the peak broaden-
ing resulted from accumulated dislocations. The dislocation density
(p) during the tensile test was calculated from the peak position
and FWHM of (111), (200), (311) and (222) peaks at different ex-
perimental times by the use of the Williamson-Hall equation [31],

A260cosf 0.9 sinf
— T ¥ M

p=16.1 (%)2 (2)

where 6 is the diffraction angle of a peak, A26 is FWHM of the
peak, A is the wavelength of the incident X-ray beam (0.0413 nm),
D is a crystallite size, € is a heterogeneous strain, and b is the mag-
nitude of Burgers vector (0.2552 nm in the present material), re-
spectively. From the Eq. (1), when taking 2% as the x-axis and

M as the y-axis, the slope of the data plots corresponds to
€. By putting ¢ into the Eq. (2), the dislocation density (p) is ob-
tained.

In order to also evaluate the evolution of elastic strain, the
change of the lattice strain during tensile deformation was calcu-
lated. The lattice strain of hkl plane (¢"X!) under loading is calcu-
lated from the change in the interval of the lattice plane corre-
sponding to the concerning diffraction peak, as:

dhkl _ qhk
hkl _ 0 (3)

hkl
dO

where d"¥! is the interval of hkl plane calculated from the hkl
diffraction peak, and df¥' is the initial interval of hkl plane under
0 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 1000 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 1000
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 (WA~VE), peaks of lattice strain (¥), drops of lattice strain (2), and
sudden increases of dislocation density (2) 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.).

the elastic modulus of (200) plane was the lowest in FCC metals
and alloy. Therefore, by selecting the lattice strain of (200) plane
(£200) for the analysis, it is possible to capture even small changes
in elastic strain. The term of the lattice strain hereafter in this pa-
per refers to the lattice strain of (200) plane.

Changes in the dislocation density and the lattice strain dur-
ing tensile deformation of the present 22Mn-0.6C specimen ob-
tained from the in-situ XRD measurement are shown as a function
of the experimental time in Fig. 8(b), together with the nominal
stress curve. It should be noted that the nominal stress showed the
global deformation response in the tensile deformation, whereas
the lattice strain and the dislocation density revealed the local de-
formation response obtained from the limited area of 0.5 mm x 0.2
mm where the XRD beam was irradiated, as was described in the
Section 2.4.2.
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In the lattice strain-time curve (red line) in Fig. 8(b), the lattice
strain increased with the experimental time in most periods. Inter-
estingly, however, the lattice strain dropped periodically, which in-
dicated that periodical stress relaxation occurred at the local XRD
beam position. Both the time interval between neighboring drops
and the decrement of the lattice strain increased with increasing
the experimental time, i.e., with the progress of the tensile defor-
mation.

The dislocation density-time curve (blue line) in Fig. 8(b) did
not show a continuous increase, but increased in a stepwise man-
ner. During the most periods, the dislocation density at the XRD
beam position did not increase significantly, but it suddenly in-
creased at certain experimental times. In addition, both the time
interval between neighboring steps increases and the increment
of dislocation density at each step increased with increasing the
experimental time, i.e., with the progress of the tensile deforma-
tion. The dislocation density increased up to 5 x 10'® m~2 till the
macroscopic fracture. The high dislocation density might be over-
estimated somehow, because the peak broadening was evaluated,
considering only contribution from dislocations as was described
above.

In order to look into the discontinuous changes in the lattice
strain and the dislocation density at the XRD beam position, the
graph in a time range from 600 s to 850 s is enlarged in Fig. 8(c).
Thin broken lines are drawn in Fig. 8(c) at the experimental times
when serration peaks appeared on the flow stress curve (black).
Different marks are used to show the positions of serration peaks
(vA~vE), peaks of the lattice strain (v), drops of the lattice strain
(»), and sudden increases of the dislocation density (2), respec-
tively. On the lattice strain curve (red) in Fig. 8(c), the peaks of the
lattice strain (v) coincided well with the serration peaks (vA~vE).
As was explained in the Section 3.4 (Figs. 4 and 5), the serration
peak appeared when PLC bands disappeared from the gage part.
In addition, we figured out in the Section 3.5 (Figs. 4 and 6) that
most of the plastic deformation was given within the PLC bands.
Therefore, at the serration peaks when PLC bands disappeared, the
whole gage part of the tensile specimen was considered to be de-
formed more elastically with small amounts of plastic deformation.
This is the reason why the lattice (elastic) strain at the local XRD
beam position showed the peaks (¥) at the same timing of the ser-
ration peaks (v).

On the lattice strain curve (red) and the dislocation density
curve (blue) in Fig. 8(c), the drops of the lattice strain (») and
the sudden increases of the dislocation density () synchronized to
each other. Interestingly, the drops (with local minima) of the lat-
tice strain (») were found only after the serration peaks of vA, vC,
and vE, but the drops (with local minima) of the lattice strain did
not appear after the serration peaks of ¥vB and vD. As was men-
tioned in the Section 3.3 (Fig. 4), the PLC bands in the present
high-Mn steel sometimes formed near the gage center, propagated
upward or downward, and disappeared at one side of shoulder
part. Then new PLC bands nucleated at the center, propagated to
the opposite direction of the former PLC band (downward or up-
ward), and disappeared. It should be noted that the tensile speci-
men used in the present in-situ XRD measurement was elongated
upward with its bottom grip part fixed, while the XRD beam posi-
tion was fixed. In the experimental time range from 600 s to 850
s shown in Fig. 8(c), the tensile specimen was already elongated
much, so that the XRD beam position was located in the lower
half of the gage part. In this time range, the PLC band nucleated
from the center and propagated upward never passed through the
XRD beam position, but the next PLC band nucleated from the cen-
ter and propagated downward passed through the beam position.
Therefore, the drops of the lattice strain (») and the sudden in-
creases of the dislocation density (») observed at every other ser-
ration peak (i.e., after vA, vC, and vE) are considered to correspond
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to the PLC bands nucleated at the center and propagated down-
ward that can pass through the XRD beam position located at a
relatively lower part of the gage. That is, the drops of the lattice
strain (») correspond to the passage of PLC bands on the beam po-
sition. Since plastic deformation is localized within the PLC band,
the passage of the PLC band relaxes elastic stress, resulting in the
drop of the lattice (elastic) strain at the X-ray beam position by
plastic deformation. In the time range of 600 s to 850 s in Fig.
8(c), the contribution of deformation twinning to tensile strain was
calculated to be smaller than 16.3 %, as is shown in the supple-
mentary material of this paper. Even though deformation twins
somehow contribute to plastic deformation as an extra deforma-
tion mechanism, the tensile strain within the PLC band is consid-
ered to be given mostly by glides of many dislocations, resulting
in the sudden increase of the dislocation density (») at the X-ray
beam position. The synchronized changes of the flow stress, lattice
strain, and dislocation density found in Fig. 8(c) could be consis-
tently understood in such a way.

The results obtained from the in-situ synchrotron XRD diffrac-
tion during the tensile test could give us the changes of mate-
rial parameters in the local X-ray beam position, which consis-
tently synchronized with the passage of the PLC band as well as
the serration on the macroscopic flow stress curve. It is notewor-
thy that the dislocation density at the beam position significantly
increased around the drops of the lattice strain (»), i.e., the pas-
sage of PLC bands, as shown in Fig. 8(c). This suggests that a large
strain-hardening by an increase of the dislocation density locally
occurs within the propagating PLC band, and it corresponds to the
period between serration peaks (i.e., the local stress maxima) on
the global stress-strain curve. The quick strain-hardening (i.e., the
quick increase in the local dislocation density right after o) results
in the large increases of the local lattice strain right after » at A, C,
and E in Fig. 8(c), because the local region becomes more difficult
to be plastically deformed by hardening.

3.8. Correlation between global stress-strain curve (serrations) and
localized deformation (PLC banding)

We have clarified in the present study that the serration behav-
ior on the global stress-strain curve in the high-Mn austenitic steel
perfectly corresponds to the local heterogeneous deformation char-
acterized by the formation, propagation and annihilation of PLC
bands. In addition, we have succeeded in correlating the hetero-
geneous deformation in a mesoscopic scale with the local material
parameters, i.e., the dislocation density and the lattice strain in the
beam position. In the current section, we summarize all the results
obtained and schematically illustrate how the localized deforma-
tion induced by PLC banding develops the global work-hardening.

Fig. 9(a) schematically illustrates an enlarged stress-strain curve
including three serration peaks. Nine representative stages ((D-(9)
are indicated on the schematic stress-strain curve in Fig. 9(a). PLC
banding in the tensile specimen, and corresponding evolutions of
elastic and plastic strains at the deformation stages (D-(© are il-
lustrated in Fig. 9(b). Just before the stage (1), there is no PLC band
in the gage part, so that the plastic deformation is suppressed and
the elastic strain quickly increases to form a serration peak. At the
stage (D corresponding to the serration peak, a new PLC band nu-
cleates near the gage center, so that elastic strain in the whole
gage part of the tensile specimen decreased by plastic accommo-
dation, leading to a stress drop in the stress-strain curve, as was
observed in Fig. 8(c). Elastic strain within the nucleating PLC band
starts to be furthermore relaxed while the plastic strain starts to
increase. At the stage 2 just after the stress drop on the stress-
strain curve, the PLC band starts to propagate to the right direc-
tion. At this stage, a significant relaxation of elastic strain (thus
stress) and an increase of plastic strain occur inside the PLC band,
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as was observed in Figs. 8(c) and 6(b), respectively. At the stage 3,
the PLC band continues to propagate, and the area the PLC band al-
ready swept (yellow-colored region) has been work-hardened since
a large number of dislocations are activated and accumulated, as
was shown in Fig. 8(c). Because of this work-hardening, the elastic
strain in the yellow region should be somehow larger than that in
the left-side region where the PLC band has not yet swept. Mean-
while, the plastic strain remains almost constant in the area the
PLC band has swept (yellow-colored region). At the stage @), the
PLC band has finished propagating the right half of the gage part
and is disappearing at the right shoulder part. As a result, the dis-
tribution of plastic strain is heterogeneous and the right half of
the gage part is more strain-hardened than the left half, as was
shown in Fig. 7. From the stage @ to (5 where no PLC band ex-
ists within the gage part, the plastic deformation of the specimen
is greatly suppressed and the elastic deformation becomes domi-
nant in the whole gage part, so that the flow stress of the mate-
rial quickly increases to form a serration peak on the stress-strain
curve. It should be noted that the slope of the stress-strain curve
just before the serration peak was measured to be 5 GPa ~ 13 GPa,
which was much smaller than the Young’s modulus of the present
material (116 GPa). This indicates that the material still deforms
plastically from the stage @ to G even with no PLC band in the
gage part. The elastic strain in the right half of the gage would be
somehow higher than that in the left half, because the right half is
more strain-hardened. At the stage (5), a new PLC band nucleates
near the center, probably due to the imbalance of the plastic and
elastic strains (so that the imbalance of the local stress) between
the right half and left half of the gage section. The newly nucleated
PLC band propagates to the left direction (to the softer region) in
this turn at the stages ® and (7). With the PLC band sweeping
the left half, the plastic and elastic strains in the whole gage part
becomes uniform (@®)). Then, the PLC band disappears at the left
shoulder part, elastic strain in the specimen increases to form an-
other serration peak, and a new PLC band nucleates somewhere
(@) leading to the stress drop. By the repetition of the processes
from () to ® (corresponding to one cycle of the PLC banding), the
global deformation of the present material proceeds.

In the present study, we clarified the mesoscopic nature of the
serration behavior in the 22Mn-0.6C austenitic steel by the aid of
the in-situ DIC analysis and synchrotron diffraction during tensile
deformation. It was shown that the plastic (and also elastic) defor-
mation within the gage part of the tensile specimen was quite het-
erogeneous, and characterized by the nucleation, propagation and
annihilation of the PLC bands where plastic deformation is local-
ized. Interestingly, the serrations appearing on the global stress-
strain curve, which expressed averaged deformation of the speci-
men totally corresponded with the localized deformation behavior,
i.e., PLC banding. The characteristics of the shape of serrations, and
the changes in the local lattice (elastic) strain and the dislocation
density were all consistently explained by the PLC banding.

Atomistic mechanisms of the localized deformation were not
clarified in the present study and further studies are necessary to
clarify the nature of DSA accompanying with serrations. However,
if the serration behavior is caused by DSA as has been believed, the
current results suggest that dynamic interaction between disloca-
tions and solute atoms change depending on the location with the
propagation of PLC bands. Although deformation twinning can be
another deformation mechanism, the contribution of twinning to
plastic deformation is considered to be fairly smaller than that by
dislocation slips, as was discussed in the Section 3.7. Furthermore,
it is difficult to imagine that deformation twinning induces PLC
banding, i.e., nucleation, propagation and annihilation of deforma-
tion localized bands observed in the present study. The quick in-
crease of the local dislocation density within the PLC bands should
be 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 ((D-(@) 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.).

in the bands. It should be noted that the local strains within the
PLC bands were not so much high compared to those outside the
bands up to medium stages of tensile deformation, which would
make the whole deformation of the material relatively stable and
maintain high strain-hardening rates (Fig. 3(b)). As was shown
in Fig. 6(a), however, the magnitude of strains localized in the
PLC bands increased with increasing tensile strain and reached to
0.0546 ~ 0.1137 at later stage of tensile deformation, which could
be the reason for the fracture with small post-uniform elongation
in high-Mn TWIP steels compared with other kinds of steels and
metallic materials. Yu et al. [32] reported that the post-uniform

10

elongation in 18Mn-0.6C-(0~1.5)Al steels decreased with decreas-
ing the Al contents. In their study, PLC band propagation was ob-
served along the side surface of the tensile specimen of the Al-
free steel, whereas the PLC band was not observed in the Al-added
steels. At later stage of deformation (e=30 %) of the Al-free steel,
several edge cracks formed within the PLC band. They considered
that the localized strain within the PLC band caused the edge crack
on the side surface of the tensile specimen, leading to fracture and
the limited post-uniform elongation in the Al-free 18Mn-0.6C steel.

The serration behavior is often observed in the metallic mate-
rials having good strain-hardening abilities (so that showing both
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high strength and large ductility), which include not only high-
Mn steels but also Al-Mg alloys, high entropy alloys, and so on.
The mesoscopic features of serrations and PLC banding which have
been systematically clarified in the current study would greatly
help to deepen the understanding of the nature of the PLC effect
(or DSA) and would throw light on designing advanced structural
metallic materials maintaining good strain-hardening ability and
showing excellent mechanical properties.

4. Conclusion

The mesoscopic nature of the serration behavior in a 22Mn-0.6C
steel was systematically investigated by the aid of the in-situ DIC
technique and the in-situ synchrotron XRD measurement during
tensile tests, and the localized deformation behavior in the form
of PLC banding was correlated with the global deformation of the
material. 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 um 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.
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