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ABSTRACT
Ultrafine-grained (UFG) high-Mn austenitic steel exhibited unusual discontinuous yielding on its
stress-strain curve, characterized by a yield drop followed by a stress plateau, indicative of Lüders
deformation. Utilizing the digital image correlation (DIC) technique, a strain-localized region known
as a Lüders band was observed to propagate during Lüders deformation. Following microstructural
observations using state-of-the-art techniques such as in-situ synchrotron XRDmeasurement during
the tensile test and ex-situ S/TEMand SEM-ECCI, dislocationmultiplication, rather than twinning, was
theoretically identified as the primary deformation mechanism responsible for the unusual Lüders
deformation in UFG high-Mn austenitic steel.
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1. Introduction

The mechanical behavior of polycrystalline materials,
including yielding, strain hardening and fracture, is
closely associated with the inhomogeneous deformation
occurring at different scales. Lüders deformation is a typ-
ical example of inhomogeneous deformation occurring at
themacroscale, characterized by the formation, propaga-
tion and annihilation of a strain-localized region known
as a Lüders band. This phenomenon has been frequently
observed in coarse-grained low-carbon ferritic steel with
a BCC structure [1,2]. Such Lüders banding is a process
of overcoming plastic instability condition, manifesting
as discontinuous yielding followed by a stress plateau
on the stress-strain curve [3]. Interestingly, ultrafine-
grained (UFG) materials also frequently exhibit Lüders
deformation, irrespective of their crystal structure and
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the presence of solute atoms [4–10]. In UFG pure met-
als, such as copper [4], aluminium [5], and IF steel [5],
strain localization within the Lüders band is attributed
to dislocation multiplication, considering the reduced
mean free path for dislocation glide in ultrafine grains.
On the other hand, in advanced high-strength steels
(AHSS) such as TRIP (Transformation-induced plas-
ticity) and TWIP (Twinning-induced plasticity) steels,
additional strain-hardening mechanisms can help over-
comemacroscopic necking and facilitate the propagation
of a strain-localized region, thereby achieving remarkable
mechanical properties that combine both high strength
and ductility [6,8,11–14]. UFG TRIP steel demonstrated
enhanced strain hardening due to the high internal stress
of deformation-inducedmartensite, which facilitated sta-
ble propagation of the Lüders band [6]. UFG TWIP steel
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exhibited unusual discontinuous yielding despite its FCC
structure [8,11–14]. Bai et al. [8] reported that such unex-
pected discontinuous yielding in Fe-31Mn-3Al-3Si steel
was closely related with the promotion of deformation
twinning, due to the scarce availability of free disloca-
tions in ultrafine grains, and it played a critical role in
enhancing the strain hardening through the subdivision
of prior austenite grains (the so-called dynamic Hall-
Petch effect). While the achievements have established
a qualitative relationship between deformation twinning
and discontinuous yielding (or Lüders deformation), the
quantitative contribution of twinning to Lüders defor-
mation in high-Mn steel remains unclear. The current
study aims to explore the origin of Lüders deformation
in UFG high-Mn steel across multiple scales. The macro-
scopic Lüders deformation in UFG high-Mn steel was
quantified using digital image correlation (DIC) tech-
nique applied during tensile deformation, and it was
correlated withmicrostructural changes characterized by
state-of-the-art synchrotron XRDmeasurement, S/TEM,
and SEM-ECCI.

2. Materials andmethods

High-Mn steel with a composition of Fe-31Mn-3Al-3Si
(wt. %) was used in this study. The as-received bulk
plate underwentmulti-pass cold-rolling, achieving a 92%
reduction in thickness. An UFG specimen with a mean
grain size of 0.65µm was fabricated by annealing the
cold-rolled sheet at 700°C for 300 s, followed by water
quenching. Similarly, a fine-grained (FG) specimen with
a mean grain size of 4.5µm was fabricated by anneal-
ing at 850°C for 600 s, serving as a reference mate-
rial that shows continuous yielding. The microstructure
was observed using a field-emission scanning electron
microscope (FE-SEM: JEOL JSM-7800F) equipped with
a backscattered electron (BSE) detector at an acceler-
ating voltage of 15 kV. The preparation of specimens
for SEM-BSE, SEM-ECCI, and S/TEM observations is
detailed in the Supplementary Material. The mean grain
size was measured by a line intercept method on SEM-
BSE image, counting high-angle grain boundaries and
annealing twin boundaries. Tensile tests were performed
at room temperature at constant rate of elongation (ini-
tial strain rate of 8.3× 10−4 s−1) using sheet-type tensile
specimens, which are described in the Supplementary
Material (Figure S1). Small speckle patterns were applied
to the white-painted background of the tensile speci-
mens, and DIC images were captured at five FPS during
the tensile test to evaluate both global and local strain
distribution using Vic-2D software.

In-situ synchrotron XRDmeasurement with the beam
position fixed was performed with the DIC technique

during tensile deformation at the beamline of BL46 XU
at SPring-8. The setup and conditions for the experiment
are detailed in Supplementary Material (Figure S2). The
first five diffraction peaks were analyzed using the convo-
lutional multiple whole profile (CMWP) fitting method
[15,16]. Detailed fitting results (Figure S3), along with
calculation of dislocation density and stacking fault prob-
ability, can be found in the Supplementary Material. Ex-
situ observations of deformation microstructures within
and beyond the Lüders band were conducted using scan-
ning transmission electron microscopy (S/TEM: JEOL
JEM-2100F) operated at 200 kV, and the SEM-electron
channeling contrast imaging (ECCI) technique at an
accelerating voltage of 15 kV. The area fraction of defor-
mation twins was quantified on the SEM-ECC images
using GIMP 2.10 software, as described in the Supple-
mentary Material (Figure S4).

3. Results and discussion

Figure 1(a and b) show the SEM-BSE images of the
UFG and FG specimens, respectively. Both specimens
exhibited a fully recrystallized microstructure contain-
ing many annealing twins. The UFG and FG speci-
mens had mean grain sizes of 0.65 and 4.5µm, respec-
tively. Both specimens showedweak textures, with details
provided in the Supplementary Material (Figure S5).
Figure 1(c) shows the nominal stress-strain curves of
the UFG and FG specimens. The FG specimen exhib-
ited a yield strength (0.2% proof stress) of 300MPa, a
tensile strength of 632MPa, and a total elongation of
66%. The UFG specimen demonstrated a much higher
yield strength of 645MPa (upper yield strength), ten-
sile strength of 817MPa, and a total elongation of 60%.
Such enhancement of mechanical properties in the UFG
specimen has been attributed to a remarkable increase
in deformation twinning [8,17]. It should also be noted
that the yielding behavior differed distinctly between the
UFG and FG specimens. The UFG specimen showed dis-
continuous yielding characterized by a yield drop and
subsequent stress plateau, i.e. Lüders deformation, while
the FG specimen exhibited continuous yielding behavior.
The yield drop of 11MPa was caused by local yielding,
and its propagationmanifested as a Lüders strain of 0.030
(3.0%) during the stress plateau. DIC movies illustrating
the changes in local strain rate (Movie 1) and local strain
distributions (Movie 2) during Lüders deformation are
included as Supplementary Material, capturing the for-
mation, propagation and annihilation of the Lüders band
distinctly.

The in-situ synchrotron XRD measurement and DIC
analysis were performed simultaneously during the ten-
sile test, and the results are shown in Figure 2. Figure 2(a)
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Figure 1. SEM-BSE images of the Fe-31Mn-3Al-3Si steels with mean grain sizes of (a) 0.65 µm and (b) 4.5 µm, observed from the
transverse direction (TD) of the rolled sheet. (c) Nominal stress-strain curves of the UFG and FG specimens.

shows the DIC strain-rate maps during the Lüders defor-
mation, showing the front of the Lüders band, charac-
terized by a higher local strain rate, propagating through
the tensile specimen from (1) to (5). Hereafter, the front
of the Lüders band will be referred to as the ‘Lüders
front’, and the process from (1) to (5) as ‘Lüders band-
ing’. Changes inXRDprofiles from (1) to (5) are shown in
different colors in Figure 2(b). During such Lüders band-
ing, diffraction peaks shifted and broadened. For detailed
investigation, five diffraction peaks at moments from (2)
to (4), during which the Lüders front was propagating
near the beam position, are enlarged in Figure 2(c–g).
All five diffraction peaks broadened as the Lüders front
passed through the beam position, indicating that defects
were introduced in the local area of the beam position.
Interestingly, however, the direction and extent of peak
shifts were complex and differed for each peak, as indi-
cated by arrows in the figures. The real-time changes
in peak shifts for five diffraction peaks, along with the
global tensile stress during the early stage of deforma-
tion, are presented in Supplementary Material (Figure
S6). Normally, yielding behavior relaxes elastic strain

(and consequently stress), causing diffraction peaks to
shift to higher angles irrespective of the peaks. On the
other hand, complex peak shifts observed in this study
are attributed to the generation of stacking faults, which
shift diffraction peaks either to higher or lower angles
depending on theMiller indices (hkl) of the crystal plane
[18]. The CWMP method was employed to effectively
evaluate both dislocation density and stacking fault prob-
ability [19,20]. Figure 2(h) shows changes in dislocation
density as the Lüders front passed through the beamposi-
tion. From (1) to (2), corresponding to the period before
the Lüders front reached the beam position, dislocation
density rarely changed. However, from (2) to (4), dur-
ing which the Lüders front passed through the beam
position, dislocation density significantly increased. It is
noticeable that the dislocation density increased signif-
icantly, by approximately 300 times, from 4.7 × 1012 to
1.4 × 1015m−2. From (4) to (5), after the Lüders front
passed beyond the beam position, dislocation density
returned to barely changing. Figure 2(i) shows changes in
stacking fault probability (SFP) from (1) to (5). SFP quan-
tifies the chance of forming a stacking fault in the FCC
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Figure 2. (a) DIC strain-rate maps showing the Lüders banding observed in the UFG specimen. The yellow point in each DIC image
indicates the position irradiated by incident X-ray beam. (b) The entire angular diffraction pattern during Lüders banding ((1) to (5)), and
(c-g) enlarged five diffractions peaks with a black dashed line in each figure indicating the peak center at (2). Changes in (h) dislocation
density and (i) stacking fault probability, including error bars, during Lüders banding.

matrix [20]. Similar to the change in dislocation density,
before the Lüders front reached the beam position (from
(1) to (2)), SFP remained unchanged. During its passage
through the beam position (at (3)), there was a notable

increase in SFP, but it reached only 1.8% (at (4)). Sub-
sequently, SFP rarely changed after its passage (from (4)
to (5)). The results suggest that dislocation multiplica-
tion contribute more to Lüders strain than stacking faults
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(or leading partial dislocations), which had a low proba-
bility (1.8%) and produced smaller plastic strain due to
the smaller Burgers vector of a leading partial dislocation
than that of a perfect dislocation [21].

For direct observation of deformationmicrostructures
associated with Lüders banding, S/TEM observation was
conducted. As shown in Figure 3(a), the tensile test was

interrupted at a global strain of e = 0.026, during which
strain locally accumulated to 0.039 as the Lüders band
swept the right half of the gage part. Subsequently, S/TEM
specimens were prepared for two distinct groups: one
where the Lüders bandhadnot swept and the otherwhere
the Lüders band had already swept. To capture the over-
all trend, deformation microstructures in broad areas,

Figure 3. (a) DIC local strain map of the UFG specimen at unloading point, and STEM images in regions of (b) the band unswept and
(c) the band swept. (d) Deformation microstructure in the region swept by the band, containing (e) a nanotwin and (f ) stacking faults,
with an inset of the NBD pattern showing streaks. Note that the image in (f ) appears flipped compared to Figure 3(d) due to the inverted
specimen setting. Tensile direction (TD) is indicated in the figures.
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both beyond and within the Lüders band, were observed
in STEM mode. The corresponding STEM images are
shown in Figure 3(b and c), respectively. The deforma-
tion microstructures were clearly different in relation to
the Lüders banding. The local region where the Lüders
band had not swept included a small number of defects
(Figure 3(b)), whereas the local region where the Lüders
band had swept contained a large number of defects
across several grains (Figure 3(c)). For a detailed investi-
gation, a regionwhere Lüders band had swept is observed
and shown in Figure 3(d). In addition to many dislo-
cations, some nanotwins were also observed, with one
of them enlarged in Figure 3(e). It is noteworthy that
deformation twins are few in number even within the
Lüders band. As shown in Figure 3(f), many thin plates,
each with a thickness of less than 1 nm, formed along
the grain boundary (or annealing twin boundary). Using
nano beam diffraction (NBD) in STEMmode, these thin
plates were identified as possibly being stacking faults, as
evidenced by the streaks perpendicular to the stacking
faults in the NBD pattern.

To quantify the area fraction of deformation twins
across a broader area, the SEM-ECCI technique was
employed, and the results are shown in Figure 4. In
Figure 4(a), at a global strain of e = 0.023, the local strain
in the region swept by the Lüders band was 0.0413. Sim-
ilar to the S/TEM observations, the SEM-ECCI obser-
vations were categorized into three groups: one group
where the Lüders band had not swept (G1), another
where the band was sweeping (G2), and the other where
the Lüders band had already swept (G3). As shown in the
SEM-ECC images in Figure 4(b–d), in the local region
swept by the Lüders band (G3), there was a noticeable
increase in deformation twins, as well as dislocations and
stacking faults, compared to the unswept region (G1).
The area fractions of deformation twins in G1, G2, and
G3 are shown in Figure 4(e), together with the local strain
distribution along the red line across the gage part. In
each group, approximately 30 grains were observed for
the precise quantification of the area fraction of deforma-
tion twins. The area fraction of deformation twins (ftwin)
increased from 0.08% (fG1twin) to 0.18% (fG2twin) and then
to 0.39% (fG3twin), as the local strain (εxx) increased from
0.0046 (εG1xx ) to 0.0219 (εG2xx ) and then to 0.0391 (εG3xx ) due
to local Lüders banding. However, it is noteworthy that
the area fraction of deformation twins remained as low
as 0.39% even within the Lüders band (fG3twin).

Finally, the tensile strain resulting from twinning was
theoretically quantified to evaluate its contribution to the
macroscopic Lüders strain (εG3xx ). Figure 5 schematically
describes twinning in an FCC matrix.

In the schematic, the leading partial dislocations
glided on every (111) layer, with their Burgers vector

(�bLP), shifting atoms from their original positions (hol-
low circles in the figure) to new positions (solid circles).
This process shears (111) layers in the twinned region
toward the slip direction of the leading partial disloca-
tion, with the shear angle of θ . Thus, the shear strain
generated by twinning (γtwin) is calculated as follow:

γtwin = tan θ = |�bLP|
d(111)

(1)

where θ is the shear angle, |�bLP| is the magnitude of
the Burgers vector of the leading partial dislocation, and
d(111) is the interplanar distance of the (111) planes.How-
ever, the shear strain calculated in Equation (1) must be
converted to tensile strain to assess the contribution of
twinning to the macroscopic Lüders strain (εG3xx ), while
also considering the effect of crystallographic orienta-
tion. In the Taylor model for a uniaxial tensile test, the
tensile strain in a unit volume is expressed as:

εxx = 1
M

×
∑

γ (2)

where εxx is tensile strain in a unit volume,
∑

γ is the
sum of shear strain on each slip (or twinning) plane
within a unit volume, and M is the Taylor factor. The
Taylor factor for FCC material with a random texture is
known to be 3.06, and the present material exhibited no
strong texture (Figure S5). Assuming that the primary
twinning system is mostly activated during Lüders defor-
mation (γtwin ≈ ∑

γ ), as shown in Figure 3(c–e) and
Figure 4(c and d), the consequent tensile strain (εtwin)
attributed to twinning is estimated to be 0.231. As shown
in Figure 4(e), the area fraction deformation twins in the
Lüders band (fG3twin) was measured to be 0.0039 (0.39%).
Therefore, out of the macroscopic Lüders strain (εG3xx ),
the contribution of twinning to Lüders strain can be
calculated as follow:

εtwin × fG3twin
εG3xx

= 0.0230(2.3%) (3)

The small contribution of twinning to the macroscopic
Lüders strain suggests that dislocation multiplication,
rather than twinning, is the primary deformation mech-
anism responsible for the Lüders strain in UFG high-
Mn steel, as evidenced by the significant increase in
dislocation density within the propagating Lüders band
(Figure 2(h)). Such Lüders deformation in UFG high-
Mn steel shares a fundamental mechanism with that
in other conventional UFG materials where dislocation
multiplication serves as the principal mechanism. The
role of twinning in enhancing local strain hardening,
which enables the Lüders band to propagate, was beyond
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Figure 4. (a) DIC local strain map of the UFG specimen at unloading point. Observations of deformation microstructures were catego-
rized into three groups, G1, G2, and G3, considering Lüders banding. SEM-ECC images showing representative deformation microstruc-
tures in regions (b) G1, (c) G2, and (d) G3. (e) Area fractions of deformation twins in regions G1, G2, and G3, plotted with the local strain
across the gage part.
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Figure 5. Schematic illustration of shear deformation induced by twinning in an FCC matrix.

the scope of this study, and further research is neces-
sary. Nevertheless, the findings of this study highlight the
need for a careful examination of the TWIP effect, often
accepted without adequate scrutiny as the underlying
mechanism for variousmechanical behaviors in high-Mn
steels.

4. Conclusions

This research thoroughly explored the origins of unusual
Lüders deformation in UFG high-Mn austenitic steel,
connecting macroscopic Lüders banding with micro-
scopic deformationmechanism. Utilizing the in-situDIC
technique and synchrotron XRD measurement during
the tensile test, substantial dislocation multiplication
within the propagating Lüders band was observed, while
stacking fault probability remained low. Nanosized stack-
ing faults were identified through STEM observation,
and the area fraction of deformation twins concerning
Lüders banding was extensively quantified using SEM-
ECCI technique. The tensile strain given by twinning was
theoretically estimated based on the experimental find-
ings, revealing its contribution to macroscopic Lüders
strain to be only 2.3%. All results consistently demon-
strate that dislocation multiplication, not twinning, was
the primary deformationmechanism behind the unusual
Lüders deformation in UFG high-Mn austenitic steel.
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