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Plastic instability (e.g., Lüders band and PLC band) is a phenomenon frequently observed in
cold-rolled medium Mn steels. In this study, through a number of quasi-static uniaxial tensile
tests with digital image correlation (DIC) measurement of the strain rate field, we found the
medium Mn steel (Fe-0.14C-7.14Mn-0.23Si wt. pct with approximately 33 vol pct of retained
austenite and 67 vol pct of ferrite) exhibited distinct competition/coordination between the
Lüders band and the PLC band at different deformation temperatures: (1) at 25 �C and 55 �C, a
Lüders band was followed by several PLC bands; (2) at 100 �C, fracture occurred right after the
Lüders band formation, without the presence of a PLC band; (3) at 250 �C, only PLC bands
were observed. We propose that these macroscopic behaviors can be explained by the
temperature-dependent conditions for the formation/appearance and propagation of Lüders
bands and PLC bands. The propagation of Lüders bands becomes difficult when the
temperature increases as less hardening is provided by martensitic transformation. In contrast,
the appearance and propagation of PLC bands become easier when the temperature increases
and/or the plastic strain becomes large (16.5 and 18.9 pct in this material at the deformation
temperatures of 25 �C and 55 �C, respectively), as the difference in the average velocities of
solute atom diffusion and dislocation gliding is reduced. Either condition for Lüders bands or
for PLC bands will be satisfied at different deformation temperatures or plastic strains, thus
leading to the competition/coordination between them.
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I. INTRODUCTION

IN recent years, medium Mn steels, as promising
candidates for the third-generation advanced high
strength steels with excellent combinations of high
strength and large elongation (compared to common
TRIP steels[1]), have been investigated extensively.[1–5]

Their excellent mechanical properties mainly originate
from the large volume fraction of metastable austenite,
typically ranging from 20 to 40 pct, which will transform
into martensite during deformation and provide extra
work hardening ability to improve the elongation by
delaying the necking stage. However, some plastic
instability phenomena, such as Lüders bands and/or

Portevin-Le Châtelier (PLC) bands, have been reported
in cold-rolled medium Mn steels when deformed at
different temperatures.[6–10] These phenomena, unfortu-
nately, may give rise to stretcher-strain marks on steel
surfaces and influence sheet forming performance.[11] In
order to suppress or even eliminate these undesirable
phenomena, it is imperative to investigate the different
macroscopic mechanical behaviors involved at various
deformation temperatures and the underlying micro-
scopic explanations.
When cold-rolled medium Mn steels are deformed at

various temperatures during quasi-static uniaxial tensile
tests, the competition/coordination between the Lüders
band and the PLC band has been frequently
observed.[6–8] At certain temperatures, both types of
bands may co-exist, while at some other temperatures,
one type of bands will take the dominant role. For
example, when Wang et al.[7] examined the tensile
behaviors of a Fe-7Mn-0.14C-0.23Si (wt. pct) steel at
room temperature (RT), 100 �C and 300 �C, respec-
tively, they found a Lüders band at each of these
temperatures, yet only PLC bands (corresponding to the
remarkable stress serrations on the tensile curve) at RT
after the propagation of the Lüders band. Also, when
investigating the tensile behaviors of a
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Fe-7Mn-0.3C-2Al (wt. pct) steel and a Fe-10Mn-0.1-
C-2Al (wt. pct) steel at -50 �C, RT and 100 �C,
respectively, Yang et al.[6] and Zhang et al.[8] reported
similar findings.

To better understand these plastic instability phe-
nomena, some microscopic explanations have been
proposed. So far it has been generally accepted that
Lüders bands are formed due to the lack of mobile
dislocations, and the amount of mobile dislocations
might be reduced after the intercritical annealing process
in cold-rolled medium Mn steels.[4,12,13] To maintain the
propagation of Lüders bands, sufficient strain hardening
ability is needed, which can be provided by martensitic
transformation during deformation.[8,14–16] However,
martensitic transformation seems not to be a necessary
condition for the appearance of PLC bands. Sun et al.[17]

and Abu-Farha et al.[18] observed localized martensitic
transformation within the PLC band fronts in a
Fe-0.2C-10.3Mn-2.9Al (wt. pct) steel and a
Fe-0.15C-10.0Mn-1.5Al-0.2Si (wt. pct) steel, respec-
tively. By contrast, Wang et al.[19] reported that there
was almost no martensitic transformation during the
propagation of the PLC bands in a
Fe-7Mn-0.14C-0.23Si (wt. pct) steel. Still, after examin-
ing a Fe-7Mn-0.3C-2Al (wt. pct) steel, Yang et al.[6]

suggested that the PLC bands in this steel might
originate from the interaction between C atoms/C-Mn
pairs and mobile dislocations in austenite.

Nevertheless, the studies above focused either on
Lüders bands or PLC bands. A unified microscopic
explanation for the competition/coordination between
them, was rarely reported. Therefore, in this study, we
conducted quasi-static uniaxial tensile tests with DIC
measurement of the strain rate field in a cold-rolled
medium Mn steel (Fe-0.14C-7.14Mn-0.23Si wt. pct) at
different deformation temperatures (25 �C, 55 �C, 100
�C and 250 �C, respectively) to investigate the macro-
scopic behaviors of the Lüders band and the PLC band.
Then, we proposed a unified microscopic explanation
for these distinct temperature-dependent macroscopic
behaviors, including the competition/coordination
between the bands.

II. EXPERIMENTAL PROCEDURE

The medium Mn steel (provided by Baosteel)
employed in our experiments has a chemical composi-
tion of Fe-0.14C-7.14Mn-0.23Si (wt. pct). It was pro-
duced by intercritical annealing at a temperature around
620 �C for 3 minutes after cold rolling. Its microstruc-
ture was characterized by Electron Backscatter Diffrac-
tion (EBSD) and Transmission Electron Microscopy
(TEM). EBSD maps were captured in a Zeiss� Auriga
SEM equipped with an Oxford� EBSD detector at an
accelerating voltage of 20 kV and a step size of 50 nm.
TEM images were taken in a Joel� 2100F transmission
electron microscope at 200 kV, and the specimen was
prepared by twin-jet electropolishing at a temperature of
� 20 �C with a solution of 10 vol pct perchloric acid and
90 vol pct ethanol. Quasi-static uniaxial tensile tests
were conducted at various deformation temperatures,

ranging from 25 �C to 250 �C, in an Instron�
mechanical testing machine equipped with an environ-
mental chamber at an applied cross-head speed of 0.6
mm/min (corresponding to a nominal strain rate of 2 9
10�4/s). Dog-bone-shaped tensile specimens were cut
along the rolling direction, with a gauge length of 50 mm
(according to the AS� E8 standards). These specimens
were held for 20 minutes to reach the target temperature
and maintain a homogeneous temperature distribution.
The digital image correlation (DIC) method was utilized
to characterize these plastic instability phenomena
during the tensile tests. Two digital cameras (in a stereo
DIC system) with 35 mm lenses were set to focus on all
areas of interest (50 mm 9 10 mm, denoted by the red
dashed box in Figures 3 through 6), to capture the
evolution of the randomly distributed black-white pat-
terns on the surface of each specimen. Furthermore, all
the patterns were produced with an airbrush. The frame
rate and the exposure time of the camera were set at 0.8
frame/s and 25 ms, respectively. Post-processing was
conducted with the Vic-3D software of Correlated
Solutions�, Inc. The subset size and the grid point
spacing were set at 15 9 15 pixel2 and 5 pixel,
respectively. The engineering strains on the tensile
curves were measured by a 50mm virtual extensometer
in this software. The effect of the deformation temper-
ature on the accuracy of the DIC measurement was
evaluated in the Appendix A. In addition, some tensile
tests were interrupted to obtain the specimens for
measuring the volume fraction of retained austenite by
XRD after the propagation of the Lüders band or the
PLC band. These XRD tests were conducted in a
Bruker� D8 ADVANCE X-Ray diffractometer with Co
Ka radiation. The volume fraction of retained austenite
was determined by Eq. [1][20] as follows, in which, Ic is
the average integrated intensity of (200)c, (220)c and
(311)c, and Ia is the average integrated intensity of
(200)a and (211)a.

Vc ¼
1:4Ic

Ia þ 1:4Ic
½1�

III. RESULTS

As shown in Figure 1(a), the microstructure of the
medium Mn steel employed in our experiments is
composed of an ultrafine ferritic matrix and ultrafine
retained austenite grains (approximately 33.0 vol pct
measured by XRD). The EBSD analysis indicates that
the grain size of ferrite and retained austenite is,
respectively, 0.57 and 0.38 lm. In addition, as demon-
strated in the TEM bright-field image (Figure 1(b)), the
initial dislocation density is quite low in both phases
after the intercritical annealing process.
Tensile curves obtained at different deformation

temperatures are plotted in Figure 2, and the corre-
sponding DIC-measured evolution of the equivalent
strain rate distribution in the tensile specimens are
illustrated in Figures 3 through 6. According to these
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figures, plastic instability phenomena (e.g., Lüders band
and PLC band) existed at different temperatures and
presented unique temperature-dependent features, espe-
cially the distinct competition/coordination between the
Lüders band and the PLC band, which is quite different
from the previous results.[6–8]

Specifically, at the deformation temperatures of 25 �C
and 55 �C, a Lüders band was followed by several PLC
bands. As shown in Figure 2, a long stress plateau
appeared right after the sharp yield point drop, which
indicated the nearly steady-state propagation of the
Lüders band (Figures 3 and 4). The Lüders strain at

Fig. 1—(a) EBSD phase map (ferrite in blue and austenite in red), and (b) bright-field TEM image of the microstructure of our medium Mn
steel.

Fig. 2—(a) The temperature-dependent engineering stress-strain curves of the medium Mn steel with an applied cross-head speed of 0.6 mm/min
(corresponding to a nominal strain rate of 2 9 10�4/s), (b) and (c) are the magnifications of some parts in (a).
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these two temperatures were 16.5 and 18.9 pct, respec-
tively. Once the Lüders band passed through the whole
gauge length, type A PLC bands emerged, which were
displayed as step-like behaviors on the tensile curves
(Figure 2). They all nucleated at one end of the gauge
length and propagated continuously to the other in
sequence, exhibiting the characteristics of the type A
PLC band.[21,22]

At the deformation temperature of 100 �C, however,
fracture occurred right after the Lüders band formation,
without the presence of a PLC band. As shown in
Figure 5, early necking initiated rapidly after the Lüders
band formation. Accordingly, there existed a quite low
elongation of 6.5 pct and no detectable Lüders strain,
which was quite different from those at 25 �C and 55 �C.

Then at the deformation temperature of 250 �C, only
PLC bands were observed (without the presence of a
Lüders band) during the whole plastic deformation. The
tensile curve exhibited several distinct stress serrations
(with an amplitude of approximately 5 MPa), which
initiated right after yielding and disappeared at approx-
imately 16.0 pct engineering strain. As illustrated in
Figure 6, a band with inclined front nucleated at one
end of the specimen, whose orientation switched sym-
metrically during its propagation. Each switch

corresponded to a stress serration on the tensile curve.
After the band arrived at the other end of the gauge
length, no more bands appeared, but necking developed
rapidly. Given these features, this propagative band was
believed to be the PLC band.
Moreover, to explore the effect of the martensitic

transformation on these bands, we compared the
volume fraction of retained austenite before and after
the propagation of the Lüders band (25 �C, 55 �C and
100 �C) or the PLC band (250 �C) in these specimens. As
summarized in Figure 7, the volume fraction of retained
austenite after the propagation of these propagative
bands was obviously temperature dependent. While
large amounts of retained austenite transformed into
martensite when deformed at 25 �C and 55 �C, there was
less martensitic transformation at 100 �C and 250 �C.

IV. DISCUSSION

To interpret these distinct temperature-dependent
macroscopic features in our medium Mn steel, here we
propose a unified microscopic explanation.
As is well accepted, the Lüders band formation

originates from the insufficient mobile dislocations in
the initial microstructure for carrying out plastic defor-
mation.[23] When the upper yielding stress is reached,
large amounts of mobile dislocations will be generated,
thus leading to local strain localization and formation of
a Lüders band. This mechanism can well explain the

Fig. 3—The DIC-measured evolution of the equivalent strain rate
distribution in the region denoted by the red dashed box with time
when the specimen is deformed at 25 �C (Color figure online).

Fig. 4—The DIC-measured evolution of the equivalent strain rate
distribution in the region denoted by the red dashed box with time
when the specimen is deformed at 55 �C (Color figure online).

Fig. 5—The DIC-measured evolution of the equivalent strain rate
distribution in the region denoted by the red dashed box with time
when the specimen is deformed at 100 �C (Color figure online).

Fig. 6—The DIC-measured evolution of the equivalent strain rate
distribution in the region denoted by the red dashed box with time
when the specimen is deformed at 250 �C (Color figure online).

Fig. 7—The volume fraction of retained austenite in the as-received
specimen, in the specimens right after the propagation of the Lüders
band (25 �C, 55 �C, 100 �C), and in the specimen after the
propagation of the PLC band (250 �C).
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Lüders band formation in our medium Mn steel, since
the initial dislocation density is quite low in both phases
after the intercritical annealing process, as demonstrated
in the TEM bright-field image (Figure 1(b)).

Moreover, enough local strain hardening ability is
generally believed to be the condition for suppressing
the further growth of the local plastic instability and
maintaining the Lüders band propagation. Although
strain hardening ability could be provided by the ferritic
matrix, it is not enough on many occasions, especially in
materials with ultrafine grains. Instead, we propose that
martensitic transformation can also provide extra strain
hardening. As martensitic transformation is generally
believed to introduce: (1) hard martensite with high
dislocation density, (2) high density of geometrically
necessary dislocations (GNDs) in adjacent ferrite grains
to accommodate the volume expansion brought by
martensitic transformation,[24,25] it could be inferred
from the dislocation theory that martensitic transfor-
mation could provide extra strain hardening by two
ways[14]: firstly, these high-density GNDs which are
difficult to be eliminated by mutual annihilation, would
work as obstacles to hinder the glide of mobile dislo-
cations in ferrite grains, thus providing extra strain
hardening ability. Secondly, the plastic deformation of
these hard martensite with high dislocation density
could also contribute to that by dislocation
strengthening.

Therefore, the stability of retained austenite is a
critical factor for interpreting these temperature-depen-
dent Lüders band behaviors in our medium Mn steel. At
25 �C and 55 �C, the stability of retained austenite at 55
�C was a bit higher than that at 25 �C, and thus enough
GND hardening was accumulated till a larger strain.
This then resulted in a slight increase of Lüders strain
along with the increase of the deformation temperature
(from 16.5 pct at 55 �C to 18.9 pct at 25 �C, as shown in
Figure 2). At 100 �C, given the much higher stability of
retained austenite (Figure 7), only little martensitic
transformation occurred. Thus, the hardening from
martensitic transformation was undoubtedly not enough
to support the propagation of the Lüders band. Hence,
early fracture appeared. However, at 250 �C, even
though very little martensitic transformations occurred,
owing to the high diffusion velocity of solute atoms at
this temperature, the Lüders band was replaced by the
PLC band, which would be discussed below.

The temperature-dependent PLC band behaviors
could be interpreted in the framework of classic dynamic
strain aging (DSA) theory.[26–29] It depicts a microscopic
scenario in which gliding dislocations repetitively inter-
act with solute atoms (repeated pinning and depinning).
The condition for this mechanism to work is to have
comparable average velocities of solute atom diffusion

and dislocation gliding. The velocity of solute atom
diffusion is strongly controlled by temperature. The
velocity of dislocation gliding, according to the Orowan
equation (_e ¼ qmbt), however, is affected by the mobile
dislocation density when the strain rate is set.
Then, the distinct competition/coordination between

the Lüders band and the PLC band at various defor-
mation temperatures could be well explained by exam-
ining which condition is satisfied at a specific
deformation temperature. Specifically, at 25 �C and 55
�C, due to the low diffusion velocity of solute atom
(lower than that of dislocation gliding), the PLC bands
could not initiate at the early stage of plastic deforma-
tion. However, a Lüders band appeared because of the
low initial mobile dislocation density and the extra
strain hardening ability provided by martensitic trans-
formation. During the Lüders band propagation, the
resulting large amounts of martensitic transformation
and the significant increase of plastic strain introduced a
much higher mobile dislocation density. Based on the
Orowan equation, the average velocity of mobile dislo-
cations would decrease since the applied strain rate was
set. Then, the average velocities of dislocation gliding
and solute atom diffusion became comparable, leading
to the development of the PLC bands after the prop-
agation of a Lüders band. At 100 �C, with little
martensitic transformation, neither the fast diffusion
velocity of solute atoms nor the above significantly
decreased gliding velocity of mobile dislocations, was
satisfied. Consequently, the significant difference in
velocity between them hindered the appearance of
PLC bands at the early stage of plastic deformation.
In addition, though the Lüders band could initiate, it
could not propagate, due to the lack of hardening
provided by martensitic transformation. Therefore, the
material fractured early. At 250 �C, the velocity of solute
atom diffusion was significantly increased, thus being
capable of interacting with gliding dislocations repeti-
tively. In this case, only PLC bands were observed
(without the presence of a Lüders band) during the
whole plastic deformation.
Additionally, the experimental results also indicate

that martensitic transformation might not be the neces-
sary condition for PLC bands, which echoes the findings
of some previous studies.[19,30] For the medium Mn steel
employed in this study, although martensitic transfor-
mation would contribute to the development of PLC
bands at the deformation temperatures of 25 �C and 55
�C (by introducing high mobile dislocation density to
lower the average velocity of these mobile dislocations),
PLC bands were still observed at 250 �C when little
austenite transformed into martensite. This indicates
that martensitic transformation is not necessary for PLC
bands at this deformation temperature.
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V. CONCLUSIONS AND SUMMARY REMARKS

In summary, we have found that the macroscopic
mechanical behaviors in a cold-rolled medium Mn steel
are uniquely temperature-dependent, and attempted a
consistent microscopic explanation for such behaviors.
Our explanation highlights two controlling factors: (1)
martensitic transformation provides straining hardening
for the Lüders band, (2) the difference in the average
velocities of solute atom diffusion and dislocation
gliding determines the appearance/propagation of the
PLC band. At different deformation temperatures or
plastic strains, either controlling factor for the Lüders
band or for the PLC band, will take the dominant role,
thus leading to the distinct competition/coordination
between the Lüders band and the PLC band.

Besides the deformation temperature, some previous
studies[31,32] revealed that the strain rate and the
deformation mode would also affect the macroscopic
behaviors (e.g., the band shape and the band propaga-
tion behaviors) and the microscopic behaviors (e.g.,
martensitic transformation kinetics) in medium Mn
steels. Although our microscopic mechanistic frame-
work is proposed to explain the effect brought by the
different deformation temperatures, we believe that it
could also be applied to interpret these behaviors at
different strain rates, because the effect brought by
higher strain rates is similar to that brought by lower
deformation temperatures and vice versa. However,
when interpreting the effect brought by the different
deformation modes, we think that the current frame-
work should be extended to consider the macroscopic

mechanical characteristics of band propagation under
each deformation mode. Further research is needed to
clarify these effects, since they are important for medium
Mn steel’s practical application.
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APPENDIX A: EVALUATING THE EFFECT
OF THE DEFORMATION TEMPERATURE

ON THE DIC MEASUREMENT

The procedure conducted in this study is similar to
that proposed in Min et al.’s paper.[33] Firstly, the tensile
specimen was held for 20 minutes to reach the target
temperature and maintain a homogeneous temperature
distribution. Secondly, 10 images of each specimen were
captured by the DIC cameras. In theory, the equivalent
strain of the specimen should be zero, since no load was
applied to the specimen during this time. However, the
accuracy of DIC strain measurement might be affected
by the deformation temperature. Therefore, to evaluate
its accuracy, the errors in equivalent strain in those

Fig. A1—The DIC-measured equivalent strain distribution in the region denoted by the red dashed box, indicating the errors in equivalent strain
at the deformation temperatures of (a) 25 �C, (b) 55 �C, (c) 100 �C and (d) 250 �C (Color figure online).

Table A1. The Maximum Errors in Equivalent Stain at Each Deformation Temperature

25 �C 55 �C 100 �C 250 �C

Maximum error in Equivalent Strain 0.5 9 10�3 1.1 9 10�3 1.3 9 10�3 2.0 9 10�3
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images captured at each deformation temperature (25
�C, 55 �C, 100 �C, and 250 �C) are illustrated separately
in Figure A1 and the maximum errors are summarized
in Table A1. The results indicate that the deformation
temperature only has little effect (less than 2.0 9 10�3/s)
on the DIC measurements.
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