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Abstract: Plastic instability, including both the discontinuous yielding and stress serrations, has been frequently observed during the
tensile deformation of medium-Mn steels (MMnS) and has been intensively studied in recent years. Unfortunately, research results are
controversial, and no consensus has been achieved regarding the topic. Here, we first summarize all the possible factors that affect the
yielding and flow stress serrations in MMnS, including the morphology and stability of austenite, the feature of the phase interface, and
the deformation parameters. Then, we propose a universal mechanism to explain the conflicting experimental results. We conclude that
the discontinuous yielding can be attributed to the lack of mobile dislocation before deformation and the rapid dislocation multiplication at
the beginning of plastic deformation. Meanwhile, the results show that the stress serrations are formed due to the pinning and depinning
between dislocations and interstitial atoms in austenite. Strain-induced martensitic transformation, influenced by the mechanical stability
of austenite grain and deformation parameters, should not be the intrinsic cause of plastic instability. However, it can intensify or weaken
the discontinuous yielding and the stress serrations by affecting the mobility and density of dislocations, as well as the interaction between

the interstitial atoms and dislocations in austenite grains.

Keywords: medium manganese steel; discontinuous yielding; stress serrations; retained austenite; dislocations

1. Introduction

Medium-Mn (4wt%—12wt%) steels (MMnS), which are
typically composed of ferrite, austenite, martensite, and even
carbides, have attracted increasing attention due to their ex-
cellent comprehensive mechanical properties that benefit
from the transformation-induced martensite transformation
(TRIP) of metastable austenite [1-2]. In recent years, several
processing routes have been proposed to generate some un-
usual microstructures in MMnS, resulting in unprecedented
mechanical performance. For example, ultimate tensile
strength (UTS) of 1.8 GPa and total elongation (TE) of 18%
were achieved when austenite grains were tailored into dif-
ferent sizes and morphologies by a warm rolling process, res-
ulting in enhanced strain hardening capability due to greater
sustainable TRIP effect [3—4]. Moreover, the deformation
and partition process was employed to generate high-density
mobile dislocations in MMnS, leading to an ultrahigh yield
strength (YS) of 2.2 GPa, TE of 16%, and fracture toughness
of 101 MPa-m®’ [5-6]. An ultrafast heating process was used
to form the chemical boundaries in low-carbon medium-Mn
steel, which improved UTS and TE to 2.3 GPa and 17%, re-
spectively [7]. Very recently, multiple strengthening and
plasticizing micro-mechanisms could be activated simultan-
eously in a deliberately designed hierarchical microstructure
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consisting of laminated and twofold topologically aligned
martensite and finely dispersed retained austenite (RA), res-
ulting in UTS of higher than 2.2 GPa and TE of larger than
20% [8].

These ultrastrong MMnSs have promising applications in
automobiles and armored and military instruments. However,
they often exhibit some degree of plastic instability during
tensile deformation, including the nucleation and propaga-
tion of Liiders and Portevin—Le Chatelier (PLC) bands
[9-10], thus causing serious surface problems. The discon-
tinuous yielding followed by three types of PLC bands,
which are distinguished by the different serration patterns in
the tensile flow curves, is schematically shown in Fig. 1 [11].
Type A bands are initiated at a certain location (often at a
specimen extremity) and continuously propagated. Type B
bands propagate by hopping along the longitudinal direction,
whereas Type C bands are static bands that manifest in a spa-
tially noncorrelated manner.

As these bands propagate locally, they lead to problematic
surface roughening and, eventually, to the structural weaken-
ing of the material. Numerous studies have attempted to cla-
rify the mechanisms of the discontinuous yielding and stress
serrations in MMnS. Unfortunately, many of these have yiel-
ded controversial results, and none has been universally ac-
cepted to date. In this work, we systematically review experi-
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Schematic diagram for yield plateau and different types of stress serrations in the stress—strain (6—¢) curve, and the corres-

ponding propagation of the Liiders band and different types of PLC bands.

mental results regarding the influence of discontinuous yield-
ing and flow stress serrations during the tensile deformation
of MMnS, including the metastable RA grains, the phase—in-
terface configuration, and the deformation parameters, after
which we discuss the possible mechanisms behind these in-
fluences. Next, we propose a universal explanation for the
discontinuous yielding and stress serration phenomena of
MMnS. Finally, we present a novel method of suppressing
the plastic instability of MMnS and improving its mechanic-
al properties before providing directions for future studies on
the plastic instability of MMnS.

2. Discontinuous mechanism in
medium-Mn steels

yielding

2.1. Factors that affect yielding

2.1.1. Cottrell atmosphere formed in ferrite

Discontinuous yielding in plain carbon steel is related to
the Cottrell atmosphere, which can lock mobile dislocations
and unlock them under the upper yield point [12]. Therefore,
by assuming that ferrite is relatively soft and determines the
yielding behavior, the Liiders phenomenon in MMnS was
initially believed to be influenced by interactions of intersti-
tial atoms and dislocations in ferrite [13]. This mechanism
can explain why both higher intercritical annealing (IA) tem-
perature and longer IA duration could result in lower yield
drop and shorter yield point elongation (YPE). This is be-
cause they both lead to a smaller fraction of ferrite formed
with lower C concentration due to the enhanced partition of
solute C from ferrite to austenite [14]. However, subsequent
studies have reported that some MMnSs could exhibit dis-
continuous yielding even when austenite was softer than fer-
rite [15]. Moreover, this mechanism is unable to explain why
the completely different yielding behaviors are observed in
the MMnSs having the same fraction of ferrite but different
grain morphologies (e.g., the lamellar or equiaxed austenite
(y) and ferrite (o) grains) [16].
2.1.2. Influence of retained austenite

(1) Mechanical stability of RA grains.

Since the austenite-to-martensite transformation at the
Liders front was first discovered [17], the relationship

between the yielding behavior and austenite stability has re-
ceived increasing attention. Ryu et al. [18] concluded that the
slower austenite transformation kinetics led to larger Liiders
strain due to smaller work-hardening increments resulting
from the TRIP effect. Ma et al. [19] found the Liiders band
could be eliminated via stress-induced martensitic transform-
ation before the initiation of plastic deformation, concluding
that the lower stability of RA should favor the shorter YPE.

However, some contradictory observations have also been
reported. For example, Zhang and Ding [20] proposed that
the austenite-to-martensite transformation at the Liiders front
increased the propagation distance of the Liiders band on the
gauge section, leading to a larger YPE. Li et al. [21] found
that pre-straining led to higher stability among the RA and a
decreased Liiders strain during the tensile test. Using the ad-
vanced technique of high-speed digital image correlation
(DIC), Wang et al. [22-23] monitored the microstructural
evolution during the formation of Liiders bands. They no-
ticed that the local strain increased more rapidly as the Liiders
bands were nucleated. Comparing tensile deformation at 25
to 150°C (Fig. 2), it was found that TRIP could not occur in
the latter case. Thus, it can be concluded that the martensitic
transformation was not the cause of discontinuous yielding,
although it accelerated the formation of the Liiders band by
generating more dislocations. Moreover, the findings re-
vealed that this phenomenon could lead to either the de-
crease of YPE as the high-strain hardening rate resulting
from this transformation accelerates band propagation or to
the increase of YPE when the specimen was fractured before
the completion of propagation [24-27].

(2) Morphology of austenite and ferrite grains.

It has been widely reported that the discontinuous and
continuous yielding of MMnS originated in the equiaxed and
lamellar grain morphologies, respectively [16]. Han et al.
[28] attributed the discontinuous yielding of MMnSs having
equiaxed grains to the preferential yielding in the equiaxed
ferrite, while the deformation of the lamellar austenite and
ferrite grains took place simultaneously and compatibly,
leading to continuous yielding. However, this mechanism
was not supported by recent studies. For example, Dutta et al.
[29] proposed that the lamellar austenite grains that inclined
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Strain field measurement results of MMnS deformed at 25°C (a, b) and 150°C (¢, d): (a, ¢) a succession of axial strain fields
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at the selected moments during the Liiders band formation; (b, d) evolution of the local Liiders strain with time during the Liiders
band formation [22]. Reproduced from Materialia, 6, X.G. Wang, B.B. He, C.H. Liu, C. Jiang, and M.X. Huang, Extraordinary
Liiders strain rate in medium-Mn steels, 100288, Copyright 2019, with permission from Elsevier.

by 45° to the loading axis were easily deformed and trans-
formed to martensite, thus contributing to initial strain
hardening and continuous yielding. Steineder efal. [30]
found that the dislocation multiplication in lamellar micro-
structures was more pronounced than in the equiaxed mor-
phologies. Therefore, they proposed that the higher disloca-
tion interactions and accommodation capability in the lamel-
lar microstructures caused continuous yielding. However,
Sun et al. [31] suggested that stress concentration could eas-
ily build up at the tips of lamellar structures, thus leading to
dislocations emitting effortlessly from the lamellar y/a phase
boundaries. This phenomenon resulted in dislocation multi-
plication at the initial plastic deformation and contributes to
continuous yielding. Although the higher dislocation multi-
plication capacity in the lamellar grains has been reported in
many studies, a widely accepted explanation remains lacking.

Furthermore, the lamellar and equiaxed grain morpholo-
gies usually result from the IA of hot- and cold-rolled micro-
structures, respectively [32]. The two types of microstruc-
tures differ not only in terms of grain morphologies but also
in terms of the initial dislocation density and the extent of
solute partitions between the two phases [33], in which the
two latter factors may influence the yielding of MMnS. In
this case, we have attempted to introduce ferrite and austen-
ite grains with both the lamellar and equiaxed morphologies
in one specimen via the austenitization-quenching IA pro-
cess [34]. The results indicate that the lamellar and equiaxed

ferrite/austenite interfaces exhibit semicoherent and incoher-
ent configurations. As a result, stacking faults and disloca-
tions are easily emitted onto the interfaces of lamellar ferrite
and austenite (Fig. 3(a)-(d)). The increased lamellar grains
lead to larger microplasticity and more significant stress con-
centration on their neighboring equiaxed grains. In turn, this
can result in dislocations emitted from the equiaxed
ferrite/austenite interfaces, a phenomenon that occurs simul-
taneously with the equiaxed austenite-to-martensite trans-
formation. Therefore, the increase in the volume fraction of
lamellar grains results in a lower yield drop and shorter YPE.
2.1.3. Phase-interface configuration

To confirm the above-stated influences of austenite grains
on yielding, Sun ef al. [31] used advanced in situ techniques
to characterize the microstructural evolution of MMnS dur-
ing deformation from the macro-down to nanoscopic scale
(i.e., from ~1 mm to below 100 nm). They concluded that the
submicron grain size results in a comparatively large total o/y
interface area, providing a high density of dislocation
sources. In turn, this leads to a rapid dislocation multiplica-
tion at the upper yield point, which is considered the main
cause of the discontinuous yielding in MMnS. Furthermore,
they proposed that the segregation of carbon to the o/y inter-
faces might increase the energy barrier for dislocation emis-
sion, thereby providing a favorable condition for plastic flow
avalanches and discontinuous yielding.

Furthermore, we studied the influence of the cooling rate
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Fig. 3. Transmission electron microscope (TEM) examina-
tion on microstructures of one specimen having both equiaxed
and lamellar microstructural morphologies after undergoing
interrupted tensile tests at the end of yield plateau. As dis-
played, the density of emitted dislocations from the interface of
equiaxed grains (a, b) is much lower than that for the semico-
herent interface of lamellar grains (c, d). (b) and (d) present the
magnified view of areas marked by the white rectangles in (a)
and (c); the corresponding fast fourier transformation (FFT)
patterns is on the lower right corner of (d) [34]. Reprinted from
Materialia, 20, B. Hu, F.L. Ding, X. Tu, etal., Influence of
lamellar and equiaxed microstructural morphologies on yield-
ing behavior of a medium-Mn steel, 101252, Copyright 2021,
with permission from Elsevier.

on the resulting phase-interface configuration and yielding
behaviors of triplex MMnS. We also proposed that the high
cooling rate during quenching favors geometry necessary
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dislocations (GNDs) generated along the o'/ interface due to
the more significant austenite-to-martensite transformation,
which, in turn, contributes to continuous yielding (Fig. 4(a)
and (b)). In comparison, lower cooling rates during air cool-
ing from the same IA temperature allow for more C or Mn
atoms to segregate to the o'/ a interface (Fig. 4(c) and (d)),
thereby leading to discontinuous yielding. At this point, the
yield drops and YPE increases when the initial mobile dislo-
cation density prior to deformation decreases due to either the
reduced quantity of o'/o interfaces or the pinning of GNDs by
the segregated C/Mn atoms along the interfaces [35-36].
2.1.4. Deformation temperature

Tensile deformation temperature also significantly influ-
ences the yielding behavior of MMnSs [37]. Zhang et al. [38]
found that the YPE of a Fe—0.1%C-10%Mn—-2%Al steel in-
creased with the deformation temperature from —50 to 25°C
but decreased from 25 to 100°C. Meanwhile, Wang and
Huang [39] observed that the YPE had a nonmonotonic rela-
tionship with the deformation temperature when the MMnS
was deformed in the range of 25-300°C, although few aus-
tenite grains transformed at the Liiders front at a higher tem-
perature. Therefore, they attributed the increase of YPE to the
longer dislocation slip distance during deformation. Discon-
tinuous yielding even appeared in the stress—strain curves of
cold-rolled MMnS during the deformation at 500°C because
the grain size was still ultrafine (Fig. 5), but the further in-
crease of deformation temperature led to grain coarsening
and the transition to continuous yielding [40]. Therefore, the
discontinuous yielding of MMnS appeared in a wide temper-
ature range, but the YPE changed irregularly with deforma-
tion temperature.

2.2. Discontinuous yielding mechanism in MMnS

Among all the above-stated factors affecting the yielding

Air cooling
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(a, ¢) Manganese maps obtained by three-dimensional (3D) atom probe tomography in a 0.1C-5Mn-2Al steel that was wa-

ter-cooled (a) and air-cooled (c) to room temperature after the same IA treatment; (b, d) concentration profiles across the phase and
grain boundaries for C, Mn, and Al, which were taken from the selected regions of interest (ROI #1 and ROI #2) in (a) and (c) [36].
Reprinted from J. Mater. Sci. Technol., 126, B. Hu, X. Shen, Q.Y. Guo, et al. Yielding behavior of triplex medium-Mn steel altern-
ated with cooling strategies altering martensite/ferrite interfacial feature, 60—70, Copyright 2022, with permission from Elsevier.
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V.A. Yardley, ef al., Investigation of deformation behavior with yield point phenomenon in cold-rolled medium-Mn steel under hot
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of MMnSs, the classical theory of the Cottrell atmosphere
has failed to describe the influences of microstructural mor-
phologies and deformation temperature on the yielding beha-
vior. Thus, we proposed that the influence of all factors on
yielding occurs by affecting the mobility and density of dis-
locations. In summary, discontinuous yielding results from
several mobile dislocations available before deformation, but
they can be rapidly multiplied with the plastic deformation,
which represents the classical theory documented in the text-
book [41] and is still applicable to date. For example, the in-
fluence of the phase-interface configuration on the yielding
of MMnS is illustrated in Fig. 6(a)—(c). As can be seen, the
lack of mobile dislocations along the y/o interfaces before de-
formation and the rapid dislocation multiplication at the up-
per yield point led to discontinuous yielding of ferrite plus
austenite duplex MMnS (Fig. 6(a)) [31]. The austenite-to-
martensite transformation during quenching led to the GNDs
generated along the o'/ interface in a triplex MMnS. This in-
creased the mobile dislocation density before deformation
and resulted in continuous yielding (Fig. 6(b)) [36]. In com-
parison, when the C/Mn solutes were segregated along the
interfaces, the GNDs along the o/ o interface were locked,
leading to discontinuous yielding (Fig. 6(c)) [31-36].

The influence of grain morphologies on the yielding of
MMnS can be unified based on our previous study [34]. This
phenomenon can be attributed to their different phase-inter-
face configurations responsible for the different dislocation
emission abilities and resultant yielding behaviors. The rela-
tionships among dislocation emission, the lamellar/equiaxed
phase interface, and the mechanic response during the nucle-
ation of Liiders bands in MMnS having both lamellar and
equiaxed grains are schematically shown in Fig. 7(a)—(c), re-
spectively. Many more dislocations are generated and multi-
plied in the lamellar grains at the initiation of plastic deform-
ation because the stacking faults or dislocations are more eas-
ily emitted on the semicoherent lamellar ferrite/austenite in-
terfaces than those on the incoherent equiaxed ferrite/austen-
ite interfaces. This results in larger microplasticity and more
significant stress concentration on their neighboring equiaxed

grains, in which some mobile dislocations are generated
along the equiaxed ferrite/austenite interface as the mechan-
ical response, along with the equiaxed austenite-to-martens-
ite transformation and macro-yielding. Here, the values of
yield drop and YPE gradually decreases with the increase in
the fraction of lamellar grains because more mobile disloca-
tions are generated along the lamellar ferrite/austenite grains
with the semicoherent phase interface before macro-yielding.

This theory also has the potential to explain current con-
troversial findings about the influences of austenite stability
and deformation parameters on yielding behaviors, as dis-
cussed below. The Liiders band is formed at the limited over-
all plastic strain, but the local strain in the band can be large,
and the one in front depends on the austenite fraction trans-
formed, which can vary within the range of 5%—66% [4,42].
Therefore, austenite stability can also influence the yielding
behaviors of MMnS [18-20]. Ma et al. [43] found that the
austenite-to-martensite transformation at the Liiders front can
be divided into two stages. Most transformations occur in the
first half range, and almost no transformation occurs after-
ward. However, the Liiders band propagates continuously
without interruption, indicating that the austenite-to-martens-
ite transformation does not directly provide strain hardening
for Liiders band propagation.

Recently, a hybrid measurement with in situ neutron dif-
fraction and DIC was performed to evaluate the individual
contribution of the austenite matrix and the deformation-in-
duced martensite transformation to strain hardening during
the Liiders band propagation [44]. This quantitative analysis
revealed that the strain hardening required for the Liiders
band to propagate is mostly provided by the formation of
martensite [45-46]. The austenite-to-martensite transforma-
tion is accompanied by about 2%—4% volume change, gener-
ating residual stresses and producing GNDs in ferrite close to
the ferrite/martensite interface [47—48].

Kadkhodapour ef al. [49] calculated GND densities using
the electron backscattered diffraction (EBSD) kernel average
misorientation method and found that GND densities close to
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Fig. 6.

Schematic illustrations showing the influence of the generation of GNDs and C/Mn segregation along the interface on the

yielding behaviors of MMnS [36]. Reprinted from J. Mater. Sci. Technol., 126, B. Hu, X. Shen, Q.Y. Guo, et al. Yielding behavior of
triplex medium-Mn steel alternated with cooling strategies altering martensite/ferrite interfacial feature, 60—70, Copyright 2022, with

permission from Elsevier.

(a) Before deformation (b)

Fig. 7.

Microplasticity

(¢)  Nucleation of Liiders band

Schematic illustrations of the Liiders bands’ nucleation in MMnS comprising equiaxed plus lamellar microstructures, the

corresponding microstructure evolution, and the changes in stress—strain curve [34]. Reprinted from Materialia, 20, B. Hu, F.L. Ding,
X. Tu, et al., Influence of lamellar and equiaxed microstructural morphologies on yielding behavior of a medium-Mn steel, 101252,

Copyright 2021, with permission from Elsevier.

the ferrite—martensite interface is about 2.5 x 10" m™>, which
is one order higher than that away from the interface. Anoth-
er study reported that austenite-to-martensite transformation
should indirectly influence the stain hardening at the Liiders
front by generating GNDs near the interface [43]. Con-
sequently, the influence of austenite stability on the yielding
behaviors can be explained as follows. The lower stability of
austenite promotes more martensite formation with the in-
creasing quantity of mobile GNDs. The slip of these mobile
dislocations contributes to the initial strain hardening at low
stresses. Thus, the stress-induced martensitic transformation
contributes to continuous yielding [17]. However, when the
RA grains are too fine to transform during the Liiders band
propagation, the lack of mobile dislocation at the Liiders
front may lead to premature fracture before the end of the
yield plateau. For this reason, the lower stability of austenite

sometimes leads to a larger YPE value [20]. The prestrain
leads to the RA with higher stability remaining, while the in-
crease of dislocation density before the tensile test contrib-
utes to higher initial strain hardening and continuous yield-
ing [21]. Therefore, these controversial experimental results
on the influence of RA stability on discontinuous yielding
behavior can be explained satisfactorily by the dislocation
theory summarized above.

The YPE value of MMnS varies with deformation tem-
peratures and can be attributed to grain size, dynamic recov-
ery, and recrystallization [37-42,50-51]. However, these are
also due to their influences on the density and mobility of dis-
locations. The ultrafine grain size remaining during deforma-
tion at 500°C may provide sufficient dislocation sources that,
in turn, accelerate the dislocation multiplication at the upper
yield point due to the large a/y interface area, thus leading to
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a significant yield drop [41]. Nevertheless, the deformation
temperature influences the dislocations in many aspects, in-
cluding the critical stress for dislocation slip, dislocation mul-
tiplication and annihilation due to the dynamic recovery, and
the extent of solute segregation on dislocations. Con-
sequently, the values of yield drop and YPE change irregu-
larly with the deformation temperature [38—39].

3. PLC bands and flow stress serrations phe-
nomenon

3.1. Factors influencing stress serrations

3.1.1. TRIP effect resulting from RA grains

The deformation-induced martensitic transformation is
generally regarded as the cause of stress serrations in MMnSs
due to the competition of the strengthening and softening ef-
fects of austenite-to-martensite transformation [52].
However, stress serrations often appear in high-Mn austenit-
ic steels, even when there is no austenite transformed during
the tensile test [53]. Sun et al. [54] observed the discontinu-
ous strain-induced martensitic transformation (SIMT) at the
PLC front in the MMnS by in situ magnetic induction meas-
urements along with ex situ X-ray diffraction (XRD) examin-
ation. They found that the stress serrations only appeared in
MMnS when the mechanical stability of austenite was mod-

erate. The decrease of austenite stability initially leads to a re-
duction of the critical strain necessary for activating PLC,
such that the critical strain increases again if the austenite sta-
bility is further reduced [55]. However, Wang et al. [56] ob-
served the presence of intensive stress serrations even though
no austenite was transformed. Therefore, the austenite-to-
martensite transformation should not be the intrinsic cause of
stress serrations but can influence the nucleation and
propagation of PLC bands. For instance, Yang ef al. [57] in-
vestigated the deformation behavior of a 0.3C-7Mn-2Al
MMnS. They demonstrated that PLC bands were subjected
to a dynamic hindrance caused by the inside-band trans-
formed martensite during propagation. In this case, the RA
stability affected the dynamical formation of martensite and
the properties of the PLC bands. Moderate austenite stabilit-
ies led to a rather small fraction of in-band transformed
martensite, blocking the continuous movement of PLC
bands. In turn, this resulted in Type A PLC bands, as illus-
trated in Fig. 8(a)—(c). On the contrary, RA with low stabilit-
ies can lead to large fractions of in-band transformed
martensite, which means that the PLC band cannot easily
overcome the resistance. Therefore, it might nucleate on oth-
er regions that have not been swept by the band, leading to
the formation of Type A+B PLC bands, as schematically
shown in Fig. 8(d)—(f).
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Fig. 8. Schematic diagram of how the influence of RA stability affects the types of PLC bands.

3.1.2. Tensile deformation parameters

The occurrence of the PLC band takes place in a specific
temperature range, as the deformation temperature drastic-
ally influences the critical strain for activating the PLC effect.
In particular, Min et al. [58] reported that the critical strain
for activating the PLC effect increased with the decreasing
deformation temperature. However, Grzegorczyk et al. [59]
concluded that the critical strains of 0.16C—4.7Mn-
1.6A1-0.22Si-0.20Mo steel during deformation at 100 and
140°C were higher than that at 60°C. Moreover, it was found

that PLC serration occurred at larger strains or disappeared
when deformed at higher temperatures, which can be attrib-
uted to the high temperatures facilitating carbon diffusion
[60].

Recently, we found that stress serrations in a cold-rolled
and annealed steel (0.29C-9Mn-2.4Al) could be fully re-
moved when the deformation temperatures increased to 100
and 200°C (Fig. 9(a)). This can be attributed to more signi-
ficant dynamic recoveries and SIMT being suppressed dur-
ing deformation at high temperatures, which lead to signific-
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ant decreases in the strain hardening rate (Fig. 9(a)—(e)).
Moreover, the disappearance of PLC bands during deforma-
tion at temperatures higher than 200°C may be due to carbide
precipitation. For example, Kipelova et al. [61] found that
serrations disappeared due to the carbide precipitation at the
deformation temperature of 350°C, thus reducing the con-
centrations of interstitial solutes.

Aside from the high deformation temperature, the occur-
rence of PLC bands can be suppressed by the increase in
strain rate due to the generated adiabatic heat, leading to the
increased diffusivity of interstitial atoms in turn [62].
However, the slower austenite-to-martensite transformation
speed at the high-strain rate decreases the strain hardening
rate, thus leading to negative strain hardening rate sensitivity
and lower UTS [63].

3.2. Mechanism on flow stress serrations

Stress serrations that appear on the stress—strain curves of
metallic materials are a thermal activation process, which is
known to be caused by dynamic strain aging (DSA) [64]. The
DSA phenomenon is usually observed in the 1st-generation
advanced high strength steel in the high deformation temper-
ature range of 150—650°C [65—67]. Strain aging in mild steel
has been linked to the migration of carbon in solution toward
dislocation cores, thus forming Cottrell atmospheres [68].
Zhou et al. [69] proposed that DSA in high-Cr alloyed ferrit-
ic steel was also caused by the diffusion of C atoms and by
the pinning between C and moving dislocation, whereas the
solute Cr had minimal influence on stress serrations. Choud-
hary et al. [70] studied the serrated yielding in a 9Cr—1Mo
ferritic steel and found that the carbide precipitation reduced
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the solute C concentration, resulting in the decrease in the
serrations magnitude and an increase in the critical strain for
the onset of serrations. Aside from ferritic steel, the stress
serrations also appeared in the ferrite plus martensite double
phased (DP) steel in the temperature range of 150-350°C and
at low strain rates [71]. Queiroz ef al. [72] reported that the
calculated activation energy values for the beginning of the
PLC effect and the maximum flow stress at 5% strain in DP
steel corresponded to the activation energy for the carbon dif-
fusion in ferrite and the energy for the carbon-dislocation in-
teraction. This finding suggests that the DSA in DP steel oc-
curs solely through the locking of dislocations by C atoms in
ferrite, whereas the formation of carbide precipitation in
martensite does not interfere with the DSA process. The high
deformation temperature promotes the C diffusion toward
dislocations, thus leading to dislocations inner ferrite easily
move dragging their solute atmospheres. As a result, the DSA
in DP steel and ferritic steels both appear at temperatures
higher than 150°C.

Nevertheless, the nucleation and propagation of PLC
bands are often observed at the beginning of plastic deforma-
tion in high-Mn (17wt%-30wt% Mn) twinning-induced
plasticity (TWIP) steels and MMnSs at room temperature
[73=74]. Our previous study on a 0.1C—5Mn steel consisting
of ferrite and austenite showed that the strain localization in
austenite led to the apparent stress serrations at the beginning
of plastic deformation, which eventually disappeared after all
RA grains transformed to martensite [75]. This indicates that
the nucleation of PLC bands should be related to the plastic
deformation of austenite, like in high-Mn steels.

Moreover, as shown in Fig. 9, the stress serrations in
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Fig. 9.

Tensile properties and microstructures of a cold-rolled 0.29C-9Mn-2.4Al steel when deformed at different temperatures:

(a) stress—strain curves of studied steel at different temperatures; (b—e) EBSD band contrast phase distribution map before deforma-
tion (b) and after tensile fracture at (c) room temperature, (d) 100°C, and (e) 200°C.
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MMnS were significantly suppressed as the deformation
temperatures increased from room temperature to 100 and
200°C. This result is highly different from that in ferritic and
DP steel, although there are also some ultrafine ferrite grains
in the MMnS similar to that in DP steel. The high deforma-
tion temperature in MMnS promotes the partition of C from
the ferrite to the austenite phase, which then leads to the de-
creased C concentration in ferrite. Furthermore, the high de-
formation temperature promotes dynamic recovery and sup-
presses SIMT despite the fact that the C content in austenite
is high. Both decrease the dislocation multiplication rate in
austenite, leading to the disappearance of stress serrations.

The PLC band formation mechanism in high-Mn steel can
be explained by the interaction between the solute atoms and
dislocations, which is influenced by the stacking fault energy
(SFE) of austenite. Lee et al. [76] proposed that DSA in high-
Mn steels occurred due to the single diffusive jump of the in-
terstitial C atoms of the C—Mn complex in the stacking faults
region. Furthermore, they reported that the DSA only ap-
peared when the residence time of the stacking fault at the
location of the point defect complex was larger than the C re-
orientation time. This can explain why the addition of Al and
N can suppress the DSA effect because it increases the SFE
[77-78]. In addition, the decrease of C content in high-Mn
steel can reduce the number of C—Mn complexes, resulting in
the disappearance of stress serrations [79]. However, MMnSs
are less prone to the occurrence of PLC than high-Mn steels
because the lower Mn content leads to higher SFE [80], while
the much finer grain size in MMnS suppresses the disloca-
tion multiplication within grains [81].

Dislocations are multiplied slowly in fine-grained austen-
ite, which means that their quantity may be insufficient to in-
duce the PLC band formation [82]. Furthermore, due to
lower Mn concentration, the austenite grains in MMnSs are
more likely to transform to martensite than those in high-Mn
steels. The influence of SIMT on stress serrations should also
be attributed to its influence on dislocations. Recently, Sun
et al. [83] have suggested that the martensite formed within
the operating slip bands during deformation can locally block
mobile dislocations and simultaneously change the status of
C atoms to a more mobile and super-saturated state. In turn,
this could make them rapidly move to the martensite—austen-
ite interface. As a result, such C segregation can pin the dis-
location sources at the hetero-interfaces, thereby increasing
the critical stress required to emit new dislocations. The pin-
ning effect of C atoms on the mobile dislocations along the
interface has been observed by atom probe tomography
(APT) examination in Fig. 4 [36].

In summary, the flow stress serrations in MMnS are
caused by the pinning and depinning interaction between dis-
location and the interstitial atoms in austenite, regardless of
whether there is SIMT. The influence of SIMT and deforma-
tion parameters on the stress serrations is due to their varying
impacts on the mobility and density of dislocation as well as
the concentration and diffusion of solute C in austenite
grains, all of which can influence the interaction between the

solute C atoms and dislocations.

Notably, Nam ef al. [84] has indicated that the formation
mechanism of Type A PLC serration in MMnS is related to
the long-range pipe diffusion of C atoms instead of the reori-
entation of C—-Mn complexes. This is different from the C
diffusion mechanism in high-Mn TWIP steel and requires
further investigation in the future.

4. Methods of suppressing the plastic instability
of MMnS

The available studies on suppressing the plastic instability
of MMnS mainly focus on regulating the thermomechanical
processes and the tensile deformation parameters [85-87].
Here, the mechanical properties are often sacrificed simul-
taneously, although discontinuous yielding and stress serra-
tions might be suppressed by decreasing the mechanical sta-
bility of RA or by raising the deformation temperature. In this
case, it is necessary to find a novel pathway that could simul-
taneously suppress the plastic instability and enhance mech-
anical performance.

The electrical pulse process has been widely used to im-
prove the tensile properties of metallic materials as an in-
stantaneous high-energy input method. Furthermore, it was
reported that electric pulse loading could suppress the PLC
phenomenon in Al-Mg alloys due to its influence on disloca-
tion movement and atom diffusion [88]. In comparison, Yi
et al. [89] found that the pulsed electric current (PEC) sup-
pressed the PLC effect as expected but with a significant
strain hardening rate and UTS due to Joule heat generation.
Nevertheless, we found that the PEC treatment before the
tensile deformation strongly promoted martensite transform-
ation, thus influencing the microstructures obtained by the
quenching and partitioning process when the generated Joule
heat was insufficient to facilitate reverse transformation dur-
ing the PEC treatment [90]. The resulting microstructure is
greatly refined, enhancing the mechanical stability and in-
creasing GND generation near the o/a’ and o/a interfaces.
Consequently, the resulting specimens yielded lower stress
and achieved higher work-hardening rates as well as UTS,
whereas the plastic strain localization, including the Liiders
and PLC bands, were both strongly suppressed [91], as seen
in Fig. 10(a)—(c).

5. Summarize and prospective

MMnS represents an emerging steel class currently being
tapped for large-scale industrial implementation. While the
combination of high strength and high ductility allows light-
weight construction that increases the circularity of the pro-
duced components [92-94], the complex processes during
plastic deformation must be fully understood to prevent prob-
lems during production or applications.

After conducting a systematic review of the factors gov-
erning the plastic instability of MMnS and analyzing the ex-
isting relevant mechanisms, we summarize that the discon-
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Fig. 10. Influence of electric pulse treatment on the tensile properties and microstructures of a 0.35C-9Mn—-2Al cold-rolled and an-
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and H.W. Luo, A novel electric pulse pathway to suppress plastic localization and enhance strain hardening of medium-Mn steel,

114991, Copyright 2022, with permission from Elsevier.

tinuous yielding in MMnS can be attributed to the low dens-
ity of mobile dislocations available before deformation, fol-
lowed by the rapid multiplication at the upper yield point.
Therefore, the discontinuous yielding of MMnS can be ef-
fectively suppressed by increasing mobile dislocations,
which can be achieved by decreasing the austenite stability,
pre-staining, and raising the cooling rate. Discontinuous
yielding can also be achieved by inducing slower dislocation
multiplication via the reduction of the total interface area.
The stress serrations in MMnS can be attributed to the pin-
ning and depinning interactions between dislocations and the
interstitial atoms in austenite grains and can also be influ-
enced by the RA stability. Therefore, the refinement of aus-
tenite grain and the lower C/Mn contents of austenite both
suppress the occurrence of stress serrations in MMnS.
However, the diffusive mechanism of C atoms in austenite
during the tensile test remains unclear, thus requiring further
investigations.

The current studies on discontinuous yielding and PLC
stress serration formation mechanisms provide significant
guidance in microstructure design that can suppress plastic
instability. In particular, it has been demonstrated that the
electric pulse-induced quenching and partitioning treatment
can effectively suppress plastic instability and enhance the
tensile properties of MMnS simultaneously. However, the
mechanism of pulsed current-induced martensitic transform-
ation is not yet well understood and requires further research.
In addition, other thermomechanical processes that can assist
the austenite-to-martensite transformation and refine RA
grains must be explored because they are expected to have
the same influence as the PEC treatment.

Future studies on the exact mechanisms of plastic instabil-
ity can be extended to other research topics on MMnS. For
example, hydrogen embrittlement of MMnSs has also been
shown to be related to the emission, slip, and multiplication
of dislocations similar to plastic instability [95]. However,
the hydrogen embrittlement mechanism has not yet been well
understood [96]. At the same time, although the increase of
hydrogen content in MMnS has been found to decrease YS,

the scientific mechanism behind this remains clear [97].
Moreover, the measured dependence of yielding behaviors
on charged hydrogen content can help reveal the hydrogen
embrittlement mechanism in MMnS, which deserves more
research in the future.
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