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ABSTRACT
In theautomotive industry, the currentdevelopment trendof lightweight and low-emissionvehi-
cles requests for high-performancematerials. Benefiting fromanexcellent balanceofmechanical
properties and production cost, medium-Mn steels have attracted extensive interest by mate-
rials scientists. Austenite-reverted-transformation annealing plays a vital role in stabilisation of
retained austenite and grain refinement, resulting in a considerable amount of retained austen-
ite. Localised deformation phenomenon is usually observed in the ultrafine-grainedmedium-Mn
steels owing to the absence of strain hardening. The occurrence of transformation-induced-
plasticity and/or twinning-induced-plasticity effect in austenite improves strain hardening effec-
tively. In the current review, austenite-reverted-transformation annealing treatment routine,
mechanical properties anddeformationmechanisms andeffect of heat treatment onmicrostruc-
ture and mechanical properties of medium-Mn steels are summarised.
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1. Introduction

Steel is one of the most important industrial produc-
tion materials, widely used in the automotive, man-
ufacturing and construction industry. In the last few
decades, growing demands of weight saving, emis-
sion reduction and passenger safety in the automo-
tive industry have promoted new concepts for mod-
ern steel design to achieve an excellent combina-
tion of high strength and superior ductility [1–3].
First-generation advanced-high-strength steels (AHSS)
have been developed by creating and modifying addi-
tional strengthening phases in the ferritic microstruc-
ture, like dual-phase (DP) steels, complex-phase (CP)
steels, conventional transformation-induced-plasticity
(TRIP) steels and martensitic steels [4]. The second-
generation AHSS have been intensively studied since
the 2000s. The second-generation AHSS are mainly
high-manganese steels with austenitic single-phase
microstructures. Taking advantage of various defor-
mation mechanisms in high-Mn steels, such as dislo-
cation slipping (SLIP) [5, 6], transformation-induced
plasticity (TRIP) [5, 6], twinning-induced plasticity
(TWIP) [3, 5, 6] and microband-induced plasticity
(MBIP) [5, 6], the second-generation AHSS manifest
extreme ductility (total elongation up to 60%)with high
strength (ultimate tensile strength up to 1100MPa).
Although the high strength can be achieved in the first-
generation AHSS, the ductility is limited. The high
amount of alloying content in the second-generation

AHSS has raised production cost and created vari-
ous drawbacks in the production processes [3], for
instance, Al2O3 formation during casting process, seri-
ous macrosegregation and microsegregation due to
high carbon and manganese content [7], challenges to
hot dip galvanisation because of Al2O3 and MnO sur-
face layer formation during continuous annealing [3],
etc. The third-generation AHSS has been developed
in last two decades to fill the gap between the first-
generation AHSS and the second-generation AHSS.
The medium-Mn steel grade processed by austenite-
reverted-transformation (ART) annealing is one of
the most promising candidates in the third-generation
AHSS. Compared with the first-generation AHSS,
the medium-Mn steels possess raised ductility. The
medium-Mn steel additionally takes advantage of low-
ering the production cost over the second-generation
AHSS.

In the 1970s, Miller [8] first developed the medium-
Mn TRIP steel with 5.7 wt-% Mn and 0.11 wt-% C.
Ultrafine-grained (UFG) duplex microstructure con-
sisting of 10–30 vol.-% austenite with optimised stabil-
ity was retained by intercritical annealing in the γ+α

region. The UFG microstructure was a main feature
of the medium-Mn TRIP steel, and it had a signifi-
cantly important effect on the ultra-high strength of
medium-Mn steels [8]. However, the UFG microstruc-
ture displayed localised deformation behaviour due to
the absence of strain hardening [8]. By selection of the
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optimal ART-annealing temperature, certain amount
of austenite phase with desirable stability was success-
fully retained down to room temperature. During the
intercritical annealing, elements such as carbon and
manganese partitioned into austenite and stabilised it.
As a consequence, the strain hardening rate in the steel
was enhanced by the deformation-induced martensite
phase transformation, i.e. TRIP effect [8].

The main alloying elements in medium-Mn steels
are manganese, carbon, aluminium and silicon. Man-
ganese and carbon are strong austenite stabilisers [9].
The carbon content is generally around 0.05–0.4 wt-%
inmedium-Mn steels [10–18]. The high carbon content
possibly leads to cementite precipitation, and cemen-
tite networks could cause intergranular fracture along
austenite boundaries [19]. In addition, the high car-
bon content has a detrimental effect on the weldability
of steels, when martensite could form during cool-
ing after welding. In medium-Mn steels, manganese is
the most important alloying element, which can effec-
tively stabilise the austenite phase [20, 21]. It usually
contains 4–12 wt-% manganese in medium-Mn steels
[10–18, 22]. On the one hand, the addition of man-
ganese can lower the A1 temperature and increase
the process window. On the other hand, manganese
is intended to increase the hardenability and strongly
reduce the critical cooling rate in steels [9]. However,
the addition of manganese may also result in poor
weldability of steels [9]. Moreover, the manganese con-
centration in medium-Mn steels is a crucial parame-
ter controlling the deformation mechanisms. Medium-
Mn steels with manganese content lower than 9 wt-
% were reported to exhibit deformation-induced α′-
martensite phase transformation, which were named
as medium-Mn TRIP steels [11, 23]. More recently,
medium-Mn steels with a higher manganese content

from 6 to 12 wt-% were found to reveal succes-
sive deformation-induced twinning and α′-martensite
transformation during deformation, which are referred
to medium-Mn TWIP+TRIP steels [22, 24–27]. The
addition of aluminium and silicon in medium-Mn
steels is generally around 1.5–3.0 wt-% [10, 22, 25, 26]
and 1.2–2.0 wt-% [14, 18, 22, 25], respectively. Inter-
estingly, an improvement in tensile strength and uni-
form elongation was found in Fe–5Mn–0.1C steel by
alloying with 2 wt-% Si [19, 28]. The authors sug-
gested the reduction of dynamic recovery of ferrite
by the addition of silicon. Thus, the strain harden-
ing rate could be significantly increased. Suh et al.
[18] reported that the addition of up to 3 wt-% Al in
medium-Mn steel might lead to the increase in inter-
critical annealing temperature, but the annealing time
could be reduced. In addition, it was reported that
addition of Al in Fe–0.08C–6Mn–2Al–1.5Si–0.08V
(wt-%) steel resulted in coarse-grained δ-ferrite in
the microstructure [29, 30]. Bimodal grain size dis-
tribution of the coarse-grained δ-ferrite and UFG
ferrite/austenite can effectively eliminate the localised
deformation in medium-Mn steel [29, 30].

According to the enhanced manganese content (>4
wt-%), the classification of steels is listed in Figure 1
[22]. There are two categories, one is the high-Mn steels
group with manganese concentrations above 15 wt-%,
and the other group is medium-Mn steels with man-
ganese content from 4 to 12 wt-%. As it is illustrated
in Figure 1, the microstructure could be tailored by
reducing the manganese content from single austenite
to UFG duplex ferrite and austenite. It can be seen that
the manganese content significantly affects the stack-
ing fault energy (SFE) in austenite and austenite sta-
bility and further has an impact on the deformation
mechanisms in medium-Mn steels.

Figure 1. Classification of the types of steels with enhanced manganese content. Q&P: quench and partitioning; UFG: ultrafine-
grained; SBIP: shear-band inducedplasticity; TWIP: twinning-inducedplasticity; TRIP: transformation-inducedplasticity; SFE: stacking
fault energy [22]. (Reproduced with permission fromWiley-VCH Verlag GmbH & Co. KGaA.).
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Recently, numerous studies have been carried out
to study the deformation mechanisms [18, 24, 25, 31]
in medium-Mn steels and investigate the influence of
heat treatment parameters on the microstructure and
mechanical properties of medium-Mn steels, in terms
of austenitisation temperature [15, 23], annealing tem-
perature [16, 18, 21, 32], annealing time [33–35], heat-
ing rate [36], etc. during ART annealing. In this lit-
erature review, the phenomenological description of
austenite reverted transformation is addressed in the
second chapter. Following, the mechanical properties
and the deformation behaviour of current medium-
Mn TRIP and TWIP+TRIP steels are outlined. In the
last part, the influence of heat treatment parameters
on the microstructure and mechanical properties is
summarised.

2. Austenite-reverted-transformation
annealing and austenite stability

For an excellent balance of strength and ductility in
medium-Mn steels, a large amount of retained austen-
ite is essential. The ART annealing is a novel con-
cept to refine the microstructure and stabilise retained
austenite by carbon and manganese partitioning. The
mechanical properties of medium-Mn steels can be
greatly affected by the heat treatment routines [37–42].

2.1. Austenite-reverted-transformation annealing

The principle of ART-annealing process is illustrated
in Figure 2. First, the steel strip (cold rolled or hot
rolled) is heated above A3 temperature to achieve
a fully austenitic microstructure. Subsequently, the
austenite fully or partially transforms to α′-martensite

by quenching to room temperature, which is closely
dependent on the chemical composition of medium-
Mn steels [10, 17, 26]. In the medium-Mn TRIP steels
with manganese content lower than 9 wt-% athermal
martensite is favoured during quenching [10, 23, 34],
while certain amounts of retained austenite and/or
ferrite might coexist with martensite in as-quenched
medium-Mn TWIP+TRIP steels with higher man-
ganese content (Mn >6 wt-%) [17, 26]. Next, the steel
strip is reheated to the intercritical annealing temper-
ature between A1 and A3 and held isothermally at
this evaluated temperature for some time, followed by
cooling to room temperature. Alternatively, the con-
ventional rolling and ART-annealing process might be
employed to manufacture this steel grade [26]. For
instance, hot rolling is possibly conducted above the
A3 temperature in combination with an austenitisa-
tion treatment, followed by cold rolling. During the
cold rolling process, retained austenite from hot-rolled
medium-Mn steels might transform into martensite
due to the deformation. It was pointed out that the cold
rolling increased the stored energy in steel significantly,
which was reported to result in profound nucleation
of austenite and rapid elemental partitioning during
subsequent intercritical annealing [8]. However, there
might be some difficulties to perform a cold rolling
directly after austenitisation or the hot rolling process
due to the brittle feature of quenched martensite. An
intercritical annealing between the hot rolling and the
cold rolling could be applied to soften the material,
in order to further carry out the cold rolling process.
What’s more, Zhao et al. [16] reported that hot rolling
combined with warm rolling at intercritical tempera-
ture could replace the conventional cold rolling and
ART-annealing processes. The as-warm-rolled sample

Figure 2. Schematic representation of ART-annealing process.
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exhibited comparable mechanical properties with sam-
ples produced by conventional three-stage processes,
including hot rolling, cold rolling and annealing [16].

During ART annealing, the nucleation of austenite
takes place along martensite lath boundaries, marten-
site block boundaries or primary austenite boundaries
[38], leading to a pronounced grain refinement [22].
As a consequence, either UFG duplex microstructures
with austenite and ferrite lamella [23, 34], or equiaxed
microstructures with ferrite and retained austenite
[17, 33], or multi phase microstructures with bimodal
distribution (coarse-grained austenite and ultrafine-
grained austenite + ferrite [25], or coarse-grained
recrystallised ferrite and ultrafine-grained austenite +
ferrite [18]) could form in medium-Mn steels. ART
annealing resulted in ultrafine grain size of ferrite and
austenite, whichwas reported usually smaller than 1 μm
[11, 23, 34]. It was claimed that the ultrafine grain
size could effectively improve austenite stability [21, 31,
32, 43]. Also, elemental partitioning during the ART
annealing plays the most important role in austen-
ite stabilisation. Manganese and carbon enrichment in
austenite during ART annealing lead to a considerable
amount of retained austenite after final cooling [32, 35,
44, 45].

2.2. Enhanced austenite stability by ART
annealing

Miller [8] has pointed out the fraction of austenite
obtained during ART annealing was strongly depen-
dent on the alloying content of the steel and the anneal-
ing temperature. According to thermodynamics, the
intercritical annealing temperature has a noticeable
impact on the amount and stability of austenite. De
Moor et al. [20] have proposed a thermodynamicmodel
to predict the dependence of retained austenite frac-
tion as a function of the ART-annealing temperature,
as shown in Figure 3. The retained austenite fraction
after ART annealingwas predicted based on the austen-
ite stability, which was quantified by the martensite
start (Ms) temperature. The amount of retained austen-
ite was calculated by subtracting the amount of newly
obtained martensite during cooling to room tempera-
ture from the total austenite under the equilibrium con-
ditions. The amount of fresh martensite was estimated
by the Koistinen-Marburger (KM) equation [20]. As
illustrated in Figure 3, a pronounced peak of the
retrained-austenite fraction is obtained, indicating the
largest amount of retained austenite achieved via ART
annealing [20]. The austenite fraction increases with
an increase in annealing temperature in the intercriti-
cal regime, though the amount of manganese decreases
in the austenite phase. The insufficient stabilisation of
the austenite phase due to the lowermanganese content
results in a large amount of newly formed martensite

Figure 3. Schematic diagram of stabilised austenite fraction as
a functionof annealing temperature. The solid line is the fraction
of retained austenite, the dotted line is the fraction of austen-
ite formed at the intercritical annealing temperature and the
dashed line is the fraction of newly formed martensite during
cooling [20]. (Reproduced with permission from Elsevier).

during subsequent cooling. Consequently, the austenite
fraction drops with increasing annealing temperature.

An improved thermodynamic prediction was
reported by Lee et al. [17, 21, 46] in which the
annealing-temperature-dependent grain size was taken
into account as well, as illustrated in Figure 4 [17].
The dependence of retained austenite grain size on the
annealing temperature is shown in Figure 4(a) [17].
The increasing annealing temperature results in coars-
ening of retained austenite grain. Figure 4(b) [17] man-
ifests the dependence of the Ms temperature on the
annealing temperature and grain size. TheMs tempera-
ture decreases with decreasing annealing temperature.
Considering the grain size effect, the Ms temperature
could be further reduced by the reduction of retained
austenite grain size. The volume fraction of austenite,
ferrite and martensite at room temperature as a func-
tion of annealing temperature is shown in Figure 4(c)
[17]. The maximum volume fraction of austenite is
obtained after ART annealing at approximately 730°C
regardless of the grain size effect on austenite stabil-
ity. Further increase of the annealing temperature leads
to the reduction of retained austenite volume fraction,
because α′-martensite forms during the cooling from
intercritical annealing temperature. Considering the
retained austenite grain size, the formation of marten-
site is further retarded during cooling. Consequently,
the largest amount of retain austenite can be obtained at
a higher ART-annealing temperature of 800°C. In com-
parison, rather more austenite can be retained at the
same annealing temperature, if the effect of grain size
is taken into account. The SFE as a function of anneal-
ing temperature and grain size was calculated by the
modified Olson and Cohen model and is displayed in
Figure 4(d) [17]. The SFE in retained austenite strongly
depends on the annealing temperature.Moreover, it can
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Figure 4. (a) Austenite grain size as a function of annealing temperature; thermodynamic prediction on the dependence of (b)
Ms temperature, (c) volume fraction of phase and (d) SFE in retained austenite on the annealing temperature and grain size in
Fe–10Mn–0.3C–3Al–2Si (wt-%) steel [17]. (Reproduced with permission from Springer).

be seen that the decrease in grain size increases SFE. It
has been indicated that regardless of the chemical sta-
bilisation of austenite, the austenite grain size has a great
impact on the austenite stability and SFE in retained
austenite [17].

Lee et al. [32, 45] described three main effects that
controlled the austenite stability:

• Chemical composition: it is related to the elemen-
tal partitioning between austenite and ferrite phases,
resulting in stabilised austenite.

• Grain size effect: reduced grain size results in lower
martensite transformation start temperature and
stabilises austenite.

• Mechanical stabilisation: reversely transformed
austenite inherits the high dislocation density fea-
ture of the parent martensite, resulting in mechan-
ical stabilisation.

3. Mechanical properties and strengthening
mechanisms

The UFG medium-Mn TRIP steel Fe–5.7Mn–0.11C
(wt-%) studied by Miller [8] in 1972 revealed excel-
lent mechanical properties (UTS of 1145MPa and total

elongation of 30.5%) with about 30 vol.-% austen-
ite phase. Recently, the development of medium-Mn
(4–12 wt-% Mn) steels with various chemical com-
positions and processing routes has been reported.
The mechanical properties concerning ultimate ten-
sile strength and total elongation are visualised in
Figure 5. Themechanical properties of themedium-Mn
steels are apparently related to the chemical compo-
sitions and the heat treatment conditions. It can be
seen that the ultimate tensile strength of medium-Mn
steels covers a large spectrum; meanwhile the medium-
Mn steels exhibit adequate ductility. The ultimate ten-
sile strength and the total elongation are reported
in the range of 800–1600MPa and 10–65%, respec-
tively. Moreover, the medium-Mn steels exhibit high
yield/tensile ratio [18, 37, 41], showing a great poten-
tial for anti-intrusion automotive part applications.
Recently, Lee et al. [24] reported an ultimate tensile
strength of 1144MPa with an elongation of 65% in
Fe–10Mn–0.3C–3Al–2Si (wt-%) steel. In comparison
to a high-Mn TWIP steel (Fe–18Mn–0.6C–1.5Al, wt-
%) [24], the reported mechanical properties of the pre-
vious steel grade are superior. It has been claimed that
the excellent combination of high strength and supe-
rior ductility in medium-Mn steels is attributed to the
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Figure 5. Total elongation vs. ultimate tensile strength in medium-Mn steels under different ART-annealing conditions. (The
stress–strain curves showingdiscontinuous yieldingaremarkedwith *; the stress–strain curvesnot given in the references aremarked
with +).

high strain hardening rate resulting from the TRIP
effect [8, 51] or the synergistic effect of TWIP and
TRIP [24–27, 48].

3.1. Lüders deformation behaviour

Typically, UFGmedium-Mn steels display stress–strain
curves with well-defined upper and lower yield points
(discontinuous yielding) followed by yield point elon-
gation, which is referred to as Lüders deformation
behaviour [32, 52]. The occurrence of this type of
localised deformation is undesirable, because it has
negative effects on the surface quality of the material.
Lüders strain was observed in carbon steels [53]. Inter-
stitial elements such as carbon, nitrogen and boron in
steels are proposed to be responsible for this stretch-
ing strain by locking dislocations and the formation of
Cottrell atmosphere during deformation [54].

The previous study of UFG TRIP steels by Miller
[8] claimed that there were three different types of
stress–strain curves in UFG steels, as shown in Figure 6
[8]. Type I stress–strain curve features plasticity insta-
bility in the form of necking in the deformation band
before the band goes through the entire gage of the
sample, which means that necking and fracture occur
during Lüders deformation [8]. Type II stress–strain
curve is characterised by very low strain hardening rate
[8]. In the Type III stress–strain curve, an increased
strain hardening capacity is observed, which results
from the austenite phase transformation into marten-
site during mechanical deformation [8]. The grain size

Figure 6. The three different stress–strain curve types dis-
covered in UFG steels [8]. (Reproduced with permission from
Springer).

was reported to have a significant effect on the localised
deformation. In the UFG steels, when the grain size
was smaller than 0.57 μm, the stress–strain curves were
reported as Type I [8]. However, the deformation of
UFG steel with increased grain size larger than 0.7 μm
resulted in stress–strain curve Type II [8].
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Figure 7. Engineering stress–engineering strain curves of cold-
rolled Fe–6wt-%Mn steel samples annealed at different temper-
atures (1) 700°C, (2) 680°C, (3) 660°C, and (4) 640°C for 180 s [32].
(Reproduced with permission from Springer).

Engineering stress–strain curves of Fe–6wt-%Mn
steel are shown in Figure 7, characterised by the pro-
found localised deformation behaviour, especially in
the sample annealed at 640 and 660°C [32]. Lüders
strain was reported to decrease with the increase of
annealing temperature (from 640 to 700°C) in Fe-6wt-
% Mn steel. Indications for localised deformation were
absent in samples annealed at 700°C. Lee et al. [32]
reported that the observation of Lüders deformation
behaviour was closely related to the localisation of
strains due to the lack of work hardening.

The inverse square root dependence of the Lüders
strain on grain size has been observed in the previ-
ous study [55]. In other words, with decreasing grain
size, more pronounced Lüders strains are expected to
occur [32]. However, in the study of localised deforma-
tion behaviour of Fe–6wt-%Mn steel [32], the average
grain size remained almost constant at 300 nm for all
the investigated samples and the effect of grain size on
the Lüders strain was intended to be negligible in this
case. Interestingly, Lee et al. [32] found that not only
the grain size had a great effect of the Lüders strain, but
the austenite stability also played an essential role in
it. The highly stabilised austenite could not transform
into martensite during deformation, i.e. in the sample
annealed at 640°C. In contrast, the retained austenite
dynamically transformed into martensite in the sam-
ple annealed at 680°C, nucleating numerous mobile
dislocations. As a consequence, the strain hardening
increased substantially, and the Lüders strain was effec-
tively reduced or eliminated by this TRIP effect [32].
Another study [51] suggested that dislocation move-
ment is solely limited in close proximity to grain bound-
aries of the ferrite phase, once a dislocation was gen-
erated from a grain boundary source. The back stress
exerted by former generated dislocations strongly hin-
dered the dislocation generation and gliding across the
grain, leading to grain boundary thickening [51]. The

absence of strain hardening in the sample annealed at
640°Cmight be related to grain boundary thickening in
the ferrite phase and the absence ofmartensite transfor-
mation during deformation in the austenite phase due
to its high stability [51]. On the contrary, the combi-
nation of TRIP effect in the austenite phase and dis-
location interactions in large ferrite grains is supposed
to result in the high strain hardening rate in the sam-
ple annealed at 680°C [51]. Hence, the control of the
austenite stability is of great importance to improve the
mechanical properties of medium-Mn steels.

3.2. TRIP and TWIP effects inmedium-Mn steels

It is known that the austenitic high-Mn steels in the
second-generation AHSS take advantage of both high
strength and superior ductility due to the unique strain
hardening features [3, 5, 56]. The TRIP effect [5, 6],
twinning-induced plasticity (TWIP) effect [6, 56] and
microband-induced plasticity (MBIP) effect [6, 57] on
the strain hardening behaviour in high-Mn steels have
been intensely studied in the last two decades. In order
to enhance the strain hardening rate, TRIP and TWIP
effect have already been introduced into medium-Mn
steels [8, 24].

The strain hardening behaviour of medium-Mn
TRIP steels has been reported in 5% Mn steels [11, 13,
18, 37] and 6.15% Mn steels [29, 32]. Wang et al. [11]
claimed that during deformation there was no appar-
ent change of the ferrite phase in Fe–5Mn–0.2C steel
apart from the slight increase in dislocation density.
However, the α′-martensite phase transformation was
observed in UFG austenite phase during deformation.
Figure 8 displays the engineering stress–strain curve
of UFG Fe–5Mn–0.2C steel and the austenite fraction
variation during the tensile test [11]. XRD measure-
ments reveal a continuous decrease in austenite from 40
to 0.6 vol.-% with progressive straining up to 0.4, indi-
cating the complete phase transformation of austenite
to α′-martensite. Moreover, XRD results confirm the
absence of ε-martensite transformation as a transition
phase [11].

Recently, Lee et al. [24] found that intercriti-
cally annealed 10 wt-% Mn steels exhibited excel-
lent mechanical properties with tensile strength up to
1144MPa and elongation about 65%. The high strain
hardening rate of this steel was reported to be related
to the combination of TWIP and TRIP effect occurring
progressively during the tensile test. The fraction, grain
size, stability and room temperature SFE of austen-
ite were found as critical parameters controlling the
strain hardening rate and further mechanical proper-
ties in 10 wt-% Mn steels [17, 24, 31]. The intercritical
annealing concept and deformation mechanisms in the
cold-rolled 10 wt-%Mn steels are illustrated in Figure 9
[24].Manganese and carbon atoms are supposed to par-
tition into the austenite phase during the intercritical
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Figure 8. (a) Engineering stress–engineering strain curve and (b) austenite volume fraction evolution during tensile deformation in
UFG Fe–5Mn–0.2C (wt-%) medium-Mn steel [11]. (Reproduced with permission from Elsevier).

annealing process to stabilise the retained austenite; on
the contrary, silicon and aluminium diffuse to the fer-
rite phase [24]. Moreover, the room temperature SFE of
austenite phase has been considered in this case, which
determines the deformation mechanisms [24]. Owing
to manganese and carbon partitioning during ART
annealing, the SFE of austenite phase is high enough to
promote deformation twins during the tensile test. As
illustrated in Figure 9 [24], during mechanical defor-
mation primary twins are generated and followed by
secondary twins. The twin intersections are intended
to be nucleation sites for the following deformation-
induced α′-martensite transformation [24].

In the study on the tensile behaviour of medium-
Mn Fe–12Mn–0.3C–(2,3)Al (wt-%)multiphase steel by
Lee et al. [25], it was observed that ferrite had a rather
higher yield strength compared with austenite. How-
ever, the in situ neutron diffraction results indicated
the absence of the strain hardening rate of the fer-
rite phase. The high strain hardening rate in austenite
resulted from deformation-induced twinning and α′-
martensite phase transformation. Neutron diffraction
experiments confirmed the stacking faults, and defor-
mation twins were generated at the low strain level [25].
In contrast, the deformation-induced α′-martensite
transformation occurred at the high strain level. The
critical stress to activate martensite transformation
was determined to be about 887MPa for both 2Al
and 3Al medium-Mn steels. In conclusion, TWIP and
TRIP effects were identified as effective mechanisms to
increase of strain hardening behaviour of medium-Mn
steels.

In medium-Mn steels, the proper control of the
austenite stability is essential to obtain superiormechan-
ical properties [8, 25, 32]. The austenite stability can be
controlled by the appropriate adjustment of its chem-
ical composition and grain size as it is mentioned
before. Moreover, the SFE is another critical parameter
determining deformation mechanisms [17]. The SFE
plays a decisive role in the activation of strain-induced

martensite transformation or twins during deforma-
tion. When the SFE is in the range of 0–20mJm−2,
TRIP is favoured, while TWIP is preferred when the
SFE is in between 20 and 35mJm−2 [17].

4. Effect of heat treatment process on the
microstructure andmechanical properties

As discussed in the previous chapters, stabilisation
of retained austenite by ART annealing plays an
essential role to achieve desirable mechanical prop-
erties. The heat treatment procedure of medium-Mn
steels consists of austenitisation and ART annealing,
as shown in Figure 2. The heat treatment param-
eters such as austenitisation temperature and time,
ART-annealing temperature and time are of great
importance for the microstructure and mechanical
properties of medium-Mn steel. In this chapter, the
effects of main process parameters on the microstruc-
ture, mechanical properties and austenite stability are
reviewed.

4.1. The influence of the austenitisation
temperature

The austenitisation temperature has a strong influence
on the morphology of quenched martensite [15, 23].
This directly affects the austenite reverted transforma-
tion, such as the austenite volume fraction, transforma-
tion rate and grain size. The average size of packets and
widths of blocks increases with increasing austenising
temperature [23], as illustrated in Figure 10.

Figure 11 shows the changes in volume fraction,
transformation rate and grain size of reverted austenite
at different austenising temperatures [23]. The results
indicate that the specimen austenitised at the lower
temperature has a higher volume fraction of retained
austenite. The higher austenitisation temperature leads
to coarsening of prior austenite and reduction in the
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Figure 9. Schematic illustration of intercritical annealing concept and designed deformationmechanisms in 10wt-%Mn steels [24].
(Reproduced with permission from Springer).

Figure 10. Electron backscatter diffraction image quality maps of quenched martensite phases at various austenitisation temper-
atures: (a) 800°C, (b) 900°C and (c) 1000°C in Fe–9Mn–0.05C (wt-%) steel. Solid and dashed lines are packet and block boundaries,
correspondingly [23]. (Reproduced with permission from Elsevier).
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Figure 11. (a) Volume fraction and transformation rate of reverted austenite as a function of annealing time and austenitisation
temperature; (b) ln[ln(Vγ eq/Vγ eq − Vγ )]− lnt plots of specimen austenitised at various temperatures; (c) dependence of the widths
of the martensite blocks and laths, and the interspacing of retained austenite on the austenitisation temperature in Fe–9Mn–0.05C
(wt-%) steel [23]. (Reproduced with permission from Elsevier).

area of martensite block boundaries, which provide
nucleation sites for reverted austenite. The transfor-
mation rate of reverted austenite decreases with the
increase in austenitising temperature, because of the
lower boundary density of the prior austenite grains
and themartensite constituents. The interspacing of the
retained austenite laths becomes wider with increasing
austenitising temperature, and it is similar to the width
of the blocks [23].

4.2. The influence of the ART-annealing
temperature

The annealing temperature has significant effects on the
austenite volume fraction, stability of retained austen-
ite and further the mechanical properties of medium-
Mn steels. The influence of annealing temperature on
the microstructure of Fe–7.9Mn–0.14Si–0.05Al–0.07C
(wt-%) medium-Mn steel has been investigated [16].
Zhao et al. [16] reported that retained austenite volume
fraction decreased with increasing annealing tempera-
ture from 600 to 700°C. The authors stated that the high
annealing temperature results in high austenite frac-
tion with low thermal stability during annealing. The

austenite could transform into martensite during the
cooling process.

Suh et al. [18] also reported that the annealing tem-
perature had a great impact on the volume fraction and
stability of retained austenite. Three alloys with dif-
ferent compositions have been investigated at various
annealing temperatures. The result indicates that the
retained austenite content does not differ significantly
between the different alloys and the volume fraction
increases gradually up to 760°C annealing temperature,
but it dramatically drops for samples annealing at 780°C
[18], as it is illustrated in Figure 12.

The reduced amount of retained austenite at high
annealing temperature might be due to the following
reasons: (1) An increasing annealing temperature can
promote the formation and growth of austenite, result-
ing in an increase in austenite volume fraction during
intercritical annealing. However, the larger the volume
fraction of retained austenite is, the lower the amount
of carbon and manganese in retained austenite is, thus,
the high volume fraction of austenite formed at the
annealing stage should associate with a weak stabil-
ity. Consequently, more austenite might transform into
ferrite or martensite during the subsequently cooling
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Figure 12. Dependence of austenite fraction in medium-
Mn steels on the annealing temperature. The line without
points represents the calculated equilibrium fractions
[18]. Alloy 1: Fe–4.5Mn–2.2Al–0.45Si–0.11C (wt-%);
Alloy 2: Fe–5.1Mn–2.1Al–0.49Si–0.075C (wt-%); Alloy 3:
Fe–5.6Mn–2.2Al–0.49Si–0.055C (wt-%). (Reproduced with
permission from Springer).

process [16, 18]. (2) High dislocation density created
during rolling will remain in retained austenite at low
temperature. The interstitial carbon atoms can easily
segregate to dislocations in retained austenite, because
they act as diffusion pipelines of carbon atoms. The car-
bon segregation results in the carbon content as high as
3––4 wt-% around the dislocations in retained austen-
ite, thereby enhancing the retained austenite stability
[16]. However, the dislocation density decreases at high
annealing temperature, leading to the reduction in the
diffusion channels.

Lee et al. [32] reported that the annealing tempera-
ture had a significant influence on themechanical prop-
erties. With increasing of the annealing temperature in
Fe-6wt-% Mn steel, the total elongation decreased, and
the UTS increased. The highest strain hardening rate
was obtained in the specimen annealed at 680°C. How-
ever, the Lüders deformation behaviour was found in
the sample annealed at 640°C, indicating the absence
of strain hardening. In order to understand the defor-
mation behaviour, the austenite fractions before the
tensile tests and after the tensile tests were measured.
The results showed that no deformation-induced α′-
martensite occurred during the deformation in the
sample annealed at 640°C, however, austenite succes-
sively transformed into martensite during the tensile
test in the sample annealed at 680°C.

The optimal intercritical annealing temperature for
medium-Mn TRIP steel was suggested to be slightly
lower than the TM temperature to avoid the pres-
ence of athermal martensite in the microstructure [21].
TM temperature is defined as the intercritical tem-
perature for which the maximum volume fraction of
austenite can be retained upon cooling to a room
temperature [21].

The variation of yield strength, tensile strength
and total elongation with different annealing tempera-
tures are shown in Figure 13 [18]. The yield strength
decreases with an increase in the annealing temper-
ature, possibly because of the corresponding greater
degree of softening (recovery and recrystallisation) of
the initially cold-deformed ferrite at high temperature
[18]. The tensile strength increases with the annealing
temperature because the work hardening rates might
be greatest for samples annealed at the highest of tem-
perature (760°C) [18]. The largest volume fraction of
retained austenite was obtained at 760°C in the stud-
ied medium-Mn steel [18]. However, the total elon-
gation decreases with the increasing annealing tem-
perature, which could be attributed to changes in the
stability of the retained austenite [18]. Because the
deformation-induced martensite plays a role in induc-
ing more homogeneous deformation, there is an opti-
mal austenite stability which is conducive to the late
onset of necking during tensile tests.

4.3. The influence of the ART-annealing time

The influence of the annealing time on the duplex
microstructure grain size has been studied for the cold-
rolled Fe–5Mn–0.1C (wt-%) medium-Mn TRIP steel
at an austenite-reverted-transformation temperature of
650°C [33]. It was mentioned that the austenite grain
was about 0.4 μm after annealing for 1min and coars-
ened slowly to approximately 1 μm after 6 h. The fer-
rite subgrain size was almost identical to the austenite
grain size under the same annealing condition [33]. In
the hot-rolled Fe–5Mn–0.2C (wt-%) steel annealed at
650°C [34], the thickness of austenite increased slightly
from about 0.2 to 0.33 μm with the increase of anneal-
ing time from 1 to 48 h. The thickness of both austenite
and ferrite laths remained smaller than 0.4 μm even
after ART annealing at 650°C for 144 h, indicating the
high thermal stability of the UFG duplex microstruc-
ture of medium-Mn TRIP steel. As shown in Figure 14
[35], it can be seen that there are two types of austen-
ite grains after 1min ART annealing at 650°C; one is
the austenite lath that nucleated between the marten-
site laths, and the other one is the globular austenite,
which probably formed at the prior austenite grain
boundaries or the martensite packet boundaries [35].
The thickness of austenite lath increases slowly from
about 0.1 μm to around 0.3 μm with increasing anneal-
ing time up to 12 h [35]. The authors concluded this
might be attributed to the slow diffusion rate of Mn in
austenite [35].

The experimental and modelling studies have indi-
cated a logarithm dependence of austenite fraction
on the intercritical annealing time up to 12 h in the
Fe–5Mn–0.2C (wt-%) steel [35]. Then, the saturation
of austenite fraction was reported for a longer anneal-
ing period [35]. However, too long annealing duration
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Figure 13. (a) Tensile and yield strength and (b) total elongation of annealed medium-Mn steels as a function of anneal-
ing temperature [18]. Alloy 1: Fe–4.5Mn–2.2Al–0.45Si–0.11C (wt-%); alloy 2: Fe–5.1Mn–2.1Al–0.49Si–0.075C (wt-%); alloy 3:
Fe–5.6Mn–2.2Al–0.49Si–0.055C (wt-%). (Reproduced with permission from Springer).

Figure 14. Microstructure of Fe–5Mn–0.2C (wt-%) steel after ART annealing at 650°C for different durations: (a) 1min, (b) 5min, (c)
1 h and (d) 12 h [35]. LA, lath austenite, GA, globular austenite. (Reproduced with permission from Springer).

should be avoided, because the austenite mechanical
stability could be deteriorated and the total elongation
and strength of the material could decrease [23].

4.4. The influence of the heating rate during ART
annealing

The austenite reverted transformation was studied
under the rapid heating rate (200°C s−1) and short

annealing time (2 s) condition [32]. It was found that a
considerable amount of austenite was retained, regard-
less of the rapid heating rate and very short annealing
time. It indicated that the austenite reverted transfor-
mation mode might be diffusionless in nature.

The recent study shows that the heating rate
has an important effect on the austenite-reverted-
transformation mechanism in Fe–9Mn–0.05C (wt-
%) steel [36]. It is either diffusive or diffusionless
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Figure 15. TEMbright field images of the Fe–9Mn–0.05C (wt-%) steel specimens annealed at (a) 645°Cwith a heating rate of 3°C s−1

and (b) 677°C with a heating rate of 50°C s−1; both specimens were held for 10 s followed by quenching. γ G is globular austenite, γ L
is lath-shape austenite, α′

T is tempered martensite, α′
F is fresh martensite, which is from the reverted austenite during quenching,

and α′ is untempered martensite [36]. (Reproduced with permission from Springer).

austenite-reverted-transformation mechanism due to
the different heating rates during ART annealing. The
morphologies of microstructures annealed at the low
heating rate (3°C s−1) and high heating rate (50°C s−1)
are shown in Figure 15(a) and (b), respectively [36].

According to the research by Han and Lee [36],
when the specimens were slowly heated at rates below
15°C s−1, cementite formed along various boundaries
and then the reverted transformation from marten-
site to austenite occurred near the cementite particles.
The critical temperatures for both cementite precip-
itation and the reverted transformation increased, as
the heating rate increased up to 15°C s−1 [36]. They
stated that slow heating rates resulted in a diffusive
reversing transformation from quenched martensite to
austenite [36]. During this low heating rate annealing
process, the cementite precipitated at first and then dis-
solved in the matrix. A globular austenite with a low
density of dislocations was formed during ART anneal-
ing. The diffusive reverted transformationmight lead to
pronounced manganese partitioning, which resulted in
more stable retained austenite [36].

On the contrary, when the heating rate was greater
than 15°C s−1, rapid reverted transformation from
martensite to austenite occurred without precipitation
of the coarse and Mn-rich cementite [36]. This was
due to the short time at high temperatures during the
heating process, and the critical temperatures for the
austenite reverted transformationwere not significantly
changed [36]. These results indicated that rapid heating
rates caused the reverted transformation occur without
diffusion. Diffusionless reverted specimens exhibited
lath-shaped austenite grains with a high density of dis-
locations (shear-transformed phases) [36]. There was
no pronounced manganese partitioning phenomenon
at the early stage of the reverted transformation. It
was presumed that further intercritical annealing could
enhance the partition of both Mn and C atoms from
α′ (martensite) to γ L (austenite lath), such that the
thermal stability of γ L gradually increased [36].

5. Conclusions

Medium-Mn steels exhibit an excellent balance of a
cost-efficient alloy composition and mechanical prop-
erties, driving the innovation and development of the
new grade of AHSS for automotive applications. ART
annealing facilitates the enhanced austenite stability
and the UFG austenite grain size in medium-Mn steels,
leading to a considerable amount of retained austenite
in the UFGmicrostructure down to room temperature.
Medium-Mn steels processed by ART annealing mani-
fest a good combination of high strength (UTS) from
800 to 1600MPa and superior ductility from 20% to
65%.

Discontinuous yielding phenomenon characterises
theUFGmedium-Mn steels due to the absence of strain
hardening. This localised deformation behaviour due to
Lüders band propagation should be eliminated, partic-
ularly in the cold-rolled grade medium-Mn steels. The
appearance of Lüders strains is accompanied by a poor
surface quality. A precise control of the austenite stabil-
ity and volume fraction of austenite enables the TRIP
effect and TWIP effect during deformation, resulting
in an improved strain hardening rate and enhanced
mechanical properties.

It is essential to consider both extrinsic parame-
ters, particularly the ART-annealing temperature, and
intrinsic parameters, such as austenite fraction, austen-
ite stability, grain size and SFE of UFG austenite
at room temperature to obtain the desirable prop-
erties in medium-Mn steels. The increase of ART-
annealing temperature in a suitable range results in
the increased austenite fraction without much dete-
rioration of austenite stability; meanwhile, the room
temperature SFE of austenite is increased.

However, the previous studies have mainly focused
on the improvement of tensile properties of this steel
grade by adjustment of chemical composition and heat
treatment parameters. For the industrialisation and
application of medium-Mn steels, there are still lots of
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properties needed to be further evaluated, like weld-
ability, hole expansion ratio, sheet formability (form-
ing limit diagram), dynamic tensile properties, delayed
fracture properties, impact toughness, etc.

The two-step heat treatment process for cold-rolled
medium-Mn steels (austenitisation and ART anneal-
ing) might not be compatible for the present steel man-
ufactures. On the one hand, there exists only single-
furnace continuous annealing line in most of the steel
plants, which is not designed to perform the two-
step annealing. On the other hand, hot-rolled strips
with martensitic microstructure are unfavourable in
the cold rolling process, which requests high load and
power supply on the cold mill. Therefore, an additional
annealing might be requested to soften the material
before cold rolling, which is undesirable for industrial
process. The hot rolling followed by the warm rolling
might be an alternative manufacture process for the
manufacture of medium-Mn steels.
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