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Abstract: Medium-Mn steels are characterized by ultrafine-grained (UFG) duplex microstructure
consisting of ferrite and a large amount of retained austenite. Intercritical annealing is of great
importance to achieving the UFG duplex microstructure and adjusting amount as well as stability
of retained austenite. In the present work, the influence of intercritical annealing temperature on
the microstructure and mechanical properties was investigated in a cold-rolled medium-Mn steel
Fe-12Mn-3Al-0.05C. Particularly, the dependence of microstructural morphology on intercritical
annealing temperature was emphasized to reveal the genesis of the microstructural morphology in
medium-Mn steels. The ferrite-austenite duplex microstructure manifested an elongated morphology
in the specimen annealed at 555 ◦ C, which inherited the lath structure of the cold-rolled state.
The medium-Mn steel exhibited a continuous yielding behavior and a relatively low strain-hardening
rate. With an increase in intercritical annealing temperature up to 650 ◦ C, the amount of retained
austenite increased and microstructure was partially recrystallized, showing a mixture of elongated
and equiaxed grain morphologies. When the intercritical annealing was applied at 700 ◦ C,
the medium-Mn steel mainly exhibited recrystallized microstructure with equiaxed morphology.
The optimal balance between the amount and the stability of retained austenite led to an enhancement
of strain hardening and ductility. With a further increase in the intercritical annealing temperature to
750 ◦ C, the medium-Mn steel possessed pronounced strain-hardening behavior at the beginning of
the tensile deformation with deteriorated ductility.
Keywords: medium-Mn steels; intercritical annealing; austenite reverse transformation; retained
austenite; transformation-induced plasticity; recrystallization; strain-hardening behavior

1. Introduction
The lightweight concept in the automotive industry promotes the progressive development of
advanced high strength steels (AHSS) [1]. The first-generation AHSS with ferritic matrix possess
limited combination of strength and ductility, yielding in a product of ultimate tensile strength
(UTS) and total elongation (TEL) of about 20 GPa% [2,3], while the second-generation AHSS with
austenitic matrix offer extraordinary high strength (UTS > 800 MPa) and superior ductility (TEL up
to ~80%) [4–6]. However, the high alloying concentration and sophisticated metallurgy processes
hinder the industrial production of the second-generation AHSS [6,7]. Recently, the third-generation
AHSS have drawn a considerable amount of attention because of the convenient combination of
production cost and mechanical properties [4,7]. Medium-Mn steels containing 3–12 wt % Mn become
one of the most promising candidates in the third-generation AHSS, showing great potential for
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future automotive applications. The most common alloy systems of medium-Mn steels include
Fe-Mn-C system [8–11], Fe-Mn-Al-C system [12,13] and Fe-Mn-Al-Si-C system [14–16]. In contrast
to the microstructure of the first-generation and second-generation AHSS, medium-Mn steels are
characterized by ultrafine-grained (UFG) duplex microstructure containing ferrite and a large amount
of retained austenite [7,9,11,17–19]. In literature, the ferrite-austenite duplex microstructure has
been intensively studied in duplex stainless steels [20–23]. The retained austenite transforms into
α’-martensite or/and twins during deformation. The transformation-induced-plasticity (TRIP) effect
and the twinning-induced-plasticity (TWIP) effect promote a high strain-hardening rate and enhance
ductility of medium-Mn steels [3,7,24].
The previous studies pointed out that the intercritical annealing, which is also known as austenitereverted-transformation (ART) annealing [17], plays an essential role in achieving desirable microstructure
and excellent mechanical properties of medium-Mn steels. Extensive research has focused on the influence
of intercritical annealing parameters (intercritical annealing temperature [9,25–28], intercritical annealing
time [11,29], austenitization temperature [30,31], and heating rate in intercritical annealing [32] etc.)
on microstructure and mechanical properties of medium-Mn steels. It was reported that the
intercritical annealing temperature is of significant importance for the amount and stability of retained
austenite [9,27,28,33]. An increase in intercritical annealing temperature in a certain range results
in an increase in austenite fraction without much deterioration of austenite stability; meanwhile,
the stacking fault energy (SFE) of austenite is increased [9,26]. In the previous research, it was stated
that intercritical annealing time has a slight effect on microstructure, with respect to the grain size,
during austenite reversion [34,35]. The thickness of the austenite lath increased slowly with an increase
in intercritical annealing time [29]. Besides, it was found that the austenitization temperature has
a strong influence on the morphology of quenched martensite [30,31]. This directly affected the
austenite reverted transformation, such as the austenite volume fraction, transformation rate and grain
size [30,31].
In general, the morphology of medium-Mn steels is controlled by the initial microstructure.
It was reported that the hot-rolled or austenitized medium-Mn steels exhibit an elongated
morphology after intercritical annealing [8,36–41], inheriting the morphology of martensite. In contrast,
the cold-rolled medium-Mn steels usually manifest an equiaxed grain morphology after intercritical
annealing [8,37,40–43]. It seems that the cold rolling prior to the intercritical annealing provides
a driving force for recrystallization, which significantly affects the microstructural morphology of
medium-Mn steels. However, the genesis of microstructural morphology in medium-Mn steel is
still not well understood. Moreover, the influence of the intercritical annealing temperature on the
recrystallization behavior of cold-rolled medium-Mn steels is rarely reported. In the present study,
the microstructure and mechanical properties were investigated in a cold-rolled medium-Mn steel
intercritically annealed at different temperatures. In particular, the intercritical annealing was applied
in a large temperature range from 555 ◦ C to 750 ◦ C, in order to reveal the recrystallization behavior
and elucidate the genesis of the microstructural morphology of the medium-Mn steels.
2. Material and Methods
The chemical composition of the investigated medium-Mn steel Fe-12Mn-3Al-0.05C is presented
in Table 1. The laboratory-melt alloy was cast into an ingot, followed by hot rolling at 1150 ◦ C.
During the hot rolling process, the thickness of the ingot was progressively reduced from 40 mm to
2.5 mm. Subsequently, the steel sheets were homogenized at 1100 ◦ C for two hours, followed by water
quenching. Then the steel was austenitized at 850 ◦ C for 10 min, followed by water quenching. Cold
rolling was conducted subsequently with a reduction in thickness of about 50%. Bone-shaped tensile
test specimens were cut from 1.25 mm thick cold-rolled steel sheet. The A1 and A3 temperatures of
the medium-Mn steel were predicted by Thermo-Calc package with the database TCFE9. The A1 and
A3 temperatures are approx. 500 ◦ C and 760 ◦ C, respectively. The tensile specimens were subject to
intercritical annealing in a salt bath at different temperatures, namely 555 ◦ C, 600 ◦ C, 650 ◦ C, 700 ◦ C,
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in fields of 75 µm × 75 µm with a step size of 50 nm. After the measurements, the data were evaluated
using OIM Analysis V8.0 by AMETEK-EDAX.
A power diffractometer Stadi MP (STOE, Darmstadt, Germany) with Mo Kα1 radiation source
(λ Mo, Kα1 = 0.70930 Å) was used to evaluate the amount of austenite in the annealed and deformed
specimens. The experiments were performed on flat pieces of steel in reflection geometry according to
Bragg-Brentano. A position-sensitive microstrip X-ray detector Mythen 1 K (450 µm, Dectris) with
steps of 0.015◦ (2-Theta) recorded the scattered intensities. The volume percentage of retained austenite
was calculated by the following equation [44]:
Vγ =

Iγ220 + Iγ311
311
R220
γ + Rγ

/

Iγ220 + Iγ311
311
R220
γ + Rγ

I 200 + Iα211
+ α200
Rα + R211
α

!

× 100

(1)

where, I hkl is the integrated intensity of austenite (γ) or ferrite (α) peaks according to the
crystallographic planes {hkl}, while Rhkl is the corresponding material specific factor. The R value is
determined by the crystal structure, composition and the diffraction planes {hkl} [44]. The R values for
311
200
211
Mo radiation source were R220
γ = 376.7, Rγ = 390, Rα = 288.6, and Rα = 530 [44].
3. Results
3.1. Microstructure Analysis of the Intercritically Annealed Specimens
Figure 3 displays the microstructure images of the medium-Mn steel Fe-12Mn-3Al-0.05C in
cold-rolled and intercritically annealed states. The cold-rolled specimen (Figure 3a) contained mainly
deformed martensite, revealing an elongated morphology. When the cold-rolled medium-Mn steel
was subject to intercritical annealing, austenite reversion took place. The specimen annealed at 555 ◦ C
manifested duplex microstructure consisting of ferrite (grey flat regions) and austenite (dark crevices).
The microstructure showed an elongated morphology (Figure 3b), which inherited the morphology of
deformed martensite. With an increase in intercritical annealing temperature to 600 ◦ C and 650 ◦ C,
the microstructure of the medium-Mn steel revealed a mixture of elongated and equiaxed morphologies
(Figure 3c,d), indicating the microstructure was partially recrystallized in this temperature range.
When intercritical annealing temperature further increased to 700 ◦ C and 750 ◦ C, the elongated
microstructure vanished. The microstructure was fully recrystallized at those temperatures, resulting
in equiaxed ferrite and retained austenite (Figure 3e,f). Some martensite was distinguished within the
austenite grains when the material was annealed at 700 ◦ C and 750 ◦ C. Thus, the high intercritical
annealing temperature led to a large amount of austenite with poor thermal stability. This austenite
might transform into fresh α’-martensite during quenching. In addition, the microstructure of the
investigated steel was coarsened by an increase in intercritical annealing temperature.
In order to characterize the microstructure in the medium-Mn steel annealed at 555 ◦ C and 700 ◦ C
in detail, EBSD was employed with respect to the phase distribution, kernel average misorientation
(KAM) and texture analyses. Figure 4a,e illustrate the phase distribution in the specimens annealed at
555 ◦ C and 700 ◦ C, respectively. Both specimens contained UFG ferrite and austenite. The average
grain size of ferrite and austenite is about 589 nm and 358 nm in the specimen annealed at 555 ◦ C,
and approx. 1.19 µm and 1.28 µm in the specimens annealed at 700 ◦ C. In addition, the microstructure
of both specimens showed different morphologies and the amount of austenite. In the steel annealed
at 555 ◦ C, there existed an elongated morphology of the ferrite-austenite duplex microstructure and
approx. 17% austenite was indexed in the phase map (Figure 4a). Nevertheless, a considerable number
of tiny regions were not properly indexed by EBSD, which are displayed by black color in the phase
map (Figure 4a). The phase in these regions most probably is reverted austenite between ferrite
laths. The retained austenite might be extremely fine and its size was even within the step size of
EBSD measurement. Moreover, the sample was electropolished, and the shadowing effect from the
topography of specimen surface might generate some difficulties for the identification of tiny austenitic
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phase nucleated in between of ferrite laths. The loss of the tiny austenite during phase indexing by
EBSD might result in an underestimation of the austenite fraction. In contrast, the ferrite-austenite
duplex microstructure with an equiaxed morphology was obtained with a large amount of retained
austenite (around 61%) in the steel annealed at 700 ◦ C (Figure 4e).
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Figure 4. Electron backscattered diffraction (EBSD) maps of the medium-Mn steel annealed at 555 °C
Figure 4. Electron backscattered diffraction (EBSD) maps of the medium-Mn steel annealed at 555 ◦ C
and 700 °C. (a,e) phase map; (b,f) kernel average misorientation (KAM) map with respect to a radius
and 700 ◦ C. (a,e) phase map; (b,f) kernel average misorientation (KAM) map with respect to a radius
of 100 nm; (c,g) inverse pole figure (IPF) maps of austenite; (d,h) IPF maps of ferrite.
of 100 nm; (c,g) inverse pole figure (IPF) maps of austenite; (d,h) IPF maps of ferrite.
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4. Discussion
4.1. Influence of Intercritical Annealing Temperature
Temperature on
on the
the Thermal
Thermal Stability
Stability of
of Austenite
Austeniteand
and Deformation
Deformation
Mechanisms Mechanisms
In the
it was
annealing has
has aa great
great effect
In
the previous
previous studies,
studies, it
was stated
stated that
that intercritical
intercritical annealing
effect on
on austenite
austenite
stability
and
deformation
mechanisms
in
medium-Mn
steels.
The
SFE
seems
to
be
one
of
the
parameters
stability and deformation mechanisms in medium-Mn steels. The SFE seems to be one of the
in medium-Mn
steels controlling
deformation
mechanisms.mechanisms.
On the one hand,
can hand,
be adjusted
parameters
in medium-Mn
steels the
controlling
the deformation
On theitone
it can
by adjusted
the chemical
composition
as it is in high-Mn
steels;
on the
otheron
hand,
it is strongly
by
be
by the
chemical composition
as it is in
high-Mn
steels;
the other
hand, it affected
is strongly
intercritical
annealing
temperature.
Different
intercritical
annealing
temperature
results
in
the
different
affected by intercritical annealing temperature. Different intercritical annealing temperature results
chemical
composition
of austenite
due of
to elemental
partitioning
between
austenitebetween
and ferrite.
in
the different
chemical
composition
austenite due
to elemental
partitioning
austenite
In order to elucidate the thermal stability of austenite and deformation mechanisms in
and ferrite.
the medium-Mn
steel, a thermodynamic
approach
was employed.
The chemical
composition
In order to elucidate
the thermal stability
of austenite
and deformation
mechanisms
in the
Fe-11.7Mn-2.9Al-0.064C
(wt %) wasapproach
used for was
the employed.
thermodynamic
calculations.
The amount
and
medium-Mn
steel, a thermodynamic
The chemical
composition
Fe-11.7Mnchemical
composition
of
austenite
under
equilibrium
condition
were
calculated
using
the
Thermo-Calc
2.9Al-0.064C (wt %) was used for the thermodynamic calculations. The amount and chemical
package
with TCFE9
database,
as listed
in Table 2.condition
The martensite
(Ms ) temperature
calculated
composition
of austenite
under
equilibrium
were start
calculated
using thewas
Thermo-Calc
by the following
equation
[45]: as listed in Table 2. The martensite start (Ms) temperature was
package
with TCFE9
database,

calculated by the following equation [45]:
Ms = 547.58 − 596.914C − 28.389Mn + 8.827Al − 60.5Vγ−1/3

(2)
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where, C, Mn, and Al is in weight percentage in austenite, Vγ is the volume of the austenite grains.
In the present work, the grain size of the austenite was assumed as 1 µm in diameter for the calculation.
According to the prediction, the Ms temperature was below room temperature when the
intercritical annealing was carried out below 650 ◦ C. A further increase in intercritical annealing
temperature led to an increase in the Ms temperature above room temperature. When the Ms
temperature was higher than room temperature, the austenite with poor thermal stability might
transform into α’-martensite upon quenching after intercritical annealing. Its fraction was predicted
by the Koistinen-Marburger (KM) equation [45], as follows:
f α0 = 1 − exp[−0.011( Ms − T )]

(3)

The amount of retained austenite was calculated by subtracting the amount of fresh martensite
from the amount of austenite under equilibrium condition, which is listed in Table 2. It can be seen
that predicted amount of retained austenite increased with an increase in the intercritical annealing
temperature from 555 ◦ C to 650 ◦ C. It showed the same tendency as the amount of retained austenite
measured by XRD (Figure 5b). Then the predicted amount of retained austenite dropped dramatically,
when intercritical annealing temperature increased to 700 ◦ C and 750 ◦ C, because of the improvised
thermal stability of retained austenite. Although the predicted (Table 2) and measured (Figure 5b)
amount of retained austenite showed the same tendency as a function of intercritical annealing
temperature, there is some difference between them, especially at 700 ◦ C. In that case, it seems that the
actual thermal stability of the retained austenite is higher than the predicted stability. This might be
due to the effective stabilization of the austenite by UFG.
The SFE of retained austenite was calculated using the equilibrium chemical composition in
austenite. The calculation was performed by an SFE calculator developed at the Steel Institute (IEHK)
of RWTH Aachen University [46,47]. According to previous work, SFE = 20 mJ/m2 is considered as
the borderline between the TRIP and TWIP effects. When the SFE is below 20 mJ/m2 , the TRIP effect is
dominant; whereas, the TWIP effect is the main deformation mechanism when SFE is above 20 mJ/m2 .
Both the TRIP and TWIP effects are possible when the value of SFE is around the borderline. At a
relatively low intercritical annealing temperature (555 ◦ C and 600 ◦ C), the value of SFE was about
20 mJ/m2 of retained austenite due to the strong partitioning of Mn and C into austenite. This value
indicated a mixture of the TWIP and TRIP effects upon deformation [46,47]. With an increase in the
intercritical annealing, the SFE decreased, indicating that only the TRIP effect might be the dominant
mechanism during deformation. As shown by the XRD evaluation (Figure 9), the TRIP effect became
more pronounced with an increase in intercritical annealing temperature.
Table 2. Thermodynamic prediction of the austenite chemical composition, the Ms temperature,
the microstructural constituents, the stacking fault energy (SFE) and the deformation mechanisms in
retained austenite of the medium-Mn steel with chemical composition Fe-11.7Mn-2.9Al-0.064C (in wt
%). IA: intercritical annealing, Ms : martensite start, MF : fresh martensite, RA: retained austenite, TWIP:
twinning-induced plasticity, TRIP: transformation-induced plasticity.
Austenite under Equilibrium
IA Temp.
(◦ C)
555
600
650
700
750

Amount
(vol %)
43
52
64
79
97

Chemistry, Fe Bal. (wt %)
C

Mn

Al

0.150
0.123
0.099
0.081
0.066

21.8
18.5
15.3
13.2
11.9

2.1
2.3
2.5
2.7
2.9

Ms Temp.
(◦ C)

Amount of
MF (vol %)

Amount of
RA (vol %)

SFE
(mJ/m2 )

Deformation
Mechanisms

−218
−106
−2
72
121

0
0
0
40
65

43
52
64
39
32

24
18
13
11
10

TWIP/TRIP
TWIP/TRIP
TRIP
TRIP
TRIP
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4.2. Influence of Intercritical Annealing Temperature on Microstructure and Mechanical Properties of the
Medium-Mn Steel
During the intercritical annealing of the medium-Mn steel Fe-12Mn-3Al-0.05C, not only does the
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to the UFG ferrite grain size and the lack of the strain hardening [7,8,27]. Besides, the amount of
austenite increased and austenite stability declined with an increase in the annealing temperature.
A decrease in the mechanical stability of austenite resulted in improved strain-hardening behavior and
ductility [8,27].
When the intercritical annealing temperature was further increased, ferrite and austenite were
fully recrystallized, showing equiaxed morphology (Figure 10d), which was generally obtained
in cold-rolled medium-Mn steels in the literature [8,15,37,40,41,53]. This equiaxed morphology in
cold-rolled medium-Mn steels was explained by the recrystallization. Due to an increase in the
recrystallization degree at a higher temperature, the yield strength of the material further dropped.
However, a relatively high intercritical annealing temperature might lead to some fresh martensite
formation during quenching in the thermally unstable austenite. The formation of the fresh martensite
islands brought mobile dislocations in the microstructure, which might be responsible for the
continuous yielding behavior [27]. In addition, the optimal mechanical stability of austenite promoted
a large amount of retained austenite to progressively transform into martensite, namely the TRIP effect,
which effectively enhanced the strain-hardening behavior and ductility [3].
A further increase in the intercritical annealing temperature led to the formation of a considerable
amount of fresh martensite in the microstructure during quenching (Figure 10e). Apart from the poor
thermal stability, the austenite possessed deteriorated mechanical stability as well. The stress-induced
martensite transformation might take place during elastic deformation and austenite transforms into
martensite rapidly during plastic deformation [27,54], which was indicated by the extremely high
strain-hardening rate.
5. Conclusions
In the present study, the influence of intercritical annealing temperature on the microstructure
and mechanical properties of a cold-rolled medium-Mn steel Fe-12Mn-3Al-0.05C was investigated.
The following conclusions have been drawn:
1.

2.

3.
4.

5.

The intercritical annealing temperature has a great influence on the microstructure of the
cold-rolled medium-Mn steel, in terms of amount and stability of retained austenite, as well as
the microstructural morphology. As a consequence, the mechanical properties exhibit a strong
dependence on the intercritical annealing temperature.
The intercritical annealing at 555 ◦ C below recrystallization temperature results in the duplex
microstructure of ferrite and austenite both with an elongated morphology, which inherits the
lath structure of the cold-rolled steels.
An increase in intercritical annealing temperature leads to the activation of recrystallization,
indicated by the duplex microstructure with an equiaxed morphology.
The relatively high austenite stability obtained at low intercritical annealing temperature
(555 ◦ C) results in a low strain-hardening rate, whereas an increase in the intercritical annealing
temperature up to 700 ◦ C leads to an increase in strain-hardening rate and ductility in the
medium-Mn steel, which is due to the effective TRIP effect.
Intercritical annealing at the very high temperature (750 ◦ C) leads to a decrease in both thermal
and mechanical stability of austenite and a deterioration of the mechanical properties.
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