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Abstract: Medium Mn lightweight steels with a relatively higher Mn content of 9–12 wt% have
been actively developed recently to meet the demands of crashworthiness and lightweight vehicles.
In this study, a combined intensive quenching (IQ) and deep cryogenic treatment (DCT) was first
proposed to achieve the microstructural homogeneity as well as the final strength–ductility synergy
of medium Mn lightweight steels with Mn segregation bands, together with a comparison with the
conventional intercritical annealing. The proposed IQ and DCT process induced the formation of
finer large fractioned plate-like martensite in the austenite matrix and thereby contributed to finer
and uniform austenite grains after subsequent intercritical annealing. The martensitic transformation
rate (dVγ/dε) and transformation kinetics (k value) were used to evaluate the mechanical stability
of retained austenite, showing that the D700&750 sample exhibited a similar dVγ/dε value and
extremely low k value when compared to the conventional IA650–850 samples, implying that the
former had the higher mechanical stability of austenite. The higher mechanical stability of austenite
enabled the TRIP effect to occur in a larger strain range, leading to continuous strain hardening
behavior. Thus, the highest yield strength (728 MPa) and the largest total elongation of 61.6% were
achieved in the D700&750 sample, where the ductility was more than three times higher than that of
the conventional IA samples. The grain size and morphologies of retained austenite were believed to
be the main factors influencing the strain-hardening behavior of this type of ultrafine lamellar and
equiaxed ferrite and austenite duplex structure.

Keywords: medium Mn lightweight steel; Mn segregation bands; Al addition; intensive quenching;
deep cryogenic treatment; mechanical behavior

1. Introduction

Automotive lightweight materials are more and more widely used in vehicles, es-
pecially in the new energy vehicle industry to decrease weight, increase speed, and im-
prove fuel economy. As a low-cost solution, lightweight elements such as Al and Si
(3–6 wt%) have been proposed to utilize in medium Mn steels to achieve a high strength-to-
density ratio in comparison with the conventional high-strength steels [1–5]. The overall
mechanical properties of medium Mn lightweight mainly depend on the stacking fault
energy (SFE) and stability of retained austenite, because they play a critical role in the
transformation/twinning-induced plasticity (TRIP/TWIP) effects [6–9].

It should be noted that the relatively higher Mn content (9–12 wt%) has been suggested
in these medium Mn lightweight steels, so both TRIP and TWIP effects may contribute
to work hardening during plastic deformation [10,11]. However, the higher Mn content
inevitably induces dramatic Mn segregation bands during solidification and hot rolling
processes [12,13], which cannot be fully eliminated by conventional heat treatment, thereby
causing the coarse and inhomogeneous microstructures and finally deteriorating the ductil-
ity of medium Mn lightweight steels. As a common processing method, cold rolling was
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widely applied to induce the fragments of coarse microstructure, which allowed nearly
complete recrystallization of the deformed microstructure at the intercritical annealing
region. While for the hot rolled Mn segregated lightweight steels, the main challenge was
the relatively small deformation stored energy, which was not enough to activate the contin-
uous austenite to ferrite transformation. Alternatively, intensive quenching (IQ) and deep
cryogenic treatment (DCT) have been recently reported as effective approaches for refining
the microstructure and controlling carbide precipitates prior to intercritical annealing by
providing more nucleation sites for ultrafine austenite grains [14–17]. For example, our
preliminary study demonstrated that the IQ process facilitated the formation of nano-sized
intragranular carbides, which significantly varied from the coarse intergranular carbides
obtained by conventional air cooling or water quenching after solid solution treatment [14].
Yan et al. [16] reported that carbon segregation caused by the DCT process promoted the
formation of austenite nucleation sites and enhanced the mechanical stability of retained
austenite after intercritical annealing. Thus, outstanding mechanical properties, such as
high yield and tensile strength as well as large ductility can be achieved. However, no sys-
tematic studies on how to adjust the austenite mechanical stability and its transformation
kinetics of the Mn segregated medium Mn lightweight steels by combining the IQ and DCT
processes have been reported yet so far.

Therefore, in the present study, a 10Mn lightweight steel was subjected to hot rolling,
and IQ and DCT processes were applied prior to intercritical annealing to improve the
microstructural homogeneity and the ductility of the Mn-segregated 10Mn lightweight
steel, together with a comparison with the conventional intercritical annealing. The effects
of IQ and DCT processes on the mechanical stability of retained austenite, especially
the relationship between microstructure tensile properties were compared and analyzed
in detail through scanning electron microscopy, electron backscattering diffraction, X-
ray diffraction, and tensile tests. The role of IQ and DCT processes in controlling the
microstructural homogeneity and improving the ductility of 10Mn lightweight steel was
further clarified. The underlying deformation behavior upon tensile loading will be also
discussed by combining martensitic transformation rate, and transformation kinetics with
strain hardening behavior. The present results will provide a theoretical and experimental
basis for developing high ductile medium Mn lightweight alloys.

2. Materials and Experimental Procedures

The nominal chemical composition of experimental steel is Fe–10Mn–4Al–0.3C–0.5Si
(wt%), and the actual chemical composition is presented in Table 1. The addition of
4% Al content is to suppress cementite precipitation and largely increase the stacking
fault energy (SFE) of austenite for introducing TWIP effect. According to the Thermo-
Calc software in conjunction with TCFE 9 database, the detailed phase fraction, Mn, Al,
and C concentrations in austenite, and the fraction of retained austenite are plotted in
Figure 1. The C content reached climax at 645 ◦C while the cementite disappeared. The
Al content increased, and Mn/C contents decreased with an increment of temperature,
and all reached constant at 985 ◦C. Thus, both Ae1 and Ae3 temperatures of this steel
were determined to be approximately 608 ◦C and 985 ◦C, respectively. According to the
Koistinen–Marburger (KM) equation and the Ms temperature proposed by Andrews [18,19],
the volume fraction of retained austenite that can be stabilized at room temperature was
predicted (Figure 1c). A critical annealing temperature was found to be approximately
750 ◦C and the predicted maximum austenite fraction, in this case, was close to 70%. The
detail of the thermodynamics-based predictions of intercritical annealing temperature can
be available in our preliminary work [20]. Further, in terms of the calculated value of SFE
between 10 and 18 mJ/m2, the present experiment was expected to possess the possibility
to make the TRIP and TWIP effects occur during tensile plastic deformation.
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Table 1. The exact element contents of the experimental steel.

Element C Mn Al Si Fe

Content/wt% 0.31 10.12 3.81 0.56 Bal.
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Figure 1. Simulation calculation diagram of experimental steel at different temperatures. (a) Phase
fraction; (b) Mn, Al, and C concentrations in austenite and (c) the fraction of retained austenite
with temperature.

A 50 kg ingot was prepared using a vacuum induction furnace. After solid solution at
1200 ◦C for 2 h, the ingot was forged into the plates of approximately 32 mm in thickness,
and then hot-rolled into the plates of 3.5 mm in thickness, followed by air cooling to room
temperature. In order to investigate the role of intensive quenching in medium Mn steels,
the steel samples were reheated at 650–850 ◦C for 1 h, intensive quenching, i.e., quenching
in a 10% CaCl2 solution for 1 s, followed by liquid nitrogen for 30 s, prior to intercritical
annealing at 750 ◦C for 10 min. For comparison, conventional intercritical annealing plus
water quenching was also applied in this study. The rolling and heat treatment process pa-
rameters were determined based on thermodynamic analysis and our previous works [10],
as illustrated in Figure 2. The samples obtained by hot rolling, conventional intercriti-
cal annealing, deep cryogenic treatment, and deep cryogenic treatment plus intercritical
annealing are referred to as “HR”, “IA650–850”, “D700”, and “D700&750”, respectively,
for convenience.

The sub-sized tensile specimens, whose gauge section is 25 mm × 6 mm, were ma-
chined parallel to the hot rolling direction. Uniaxial tensile testing was performed at room
temperature using a SANSCMT-5000 universal testing machine. A constant strain rate of
5 × 10−3 s−1 was employed for this study.
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Figure 2. Schematic illustration of two heat treatments for the 10Mn lightweight steel. RT, AC, HR,
IQ, WQ, and DCT represent room temperature, air cooling, hot rolling, intensive quenching, water
quenching, and deep cryogenic treatment, respectively.

The microstructural characterization was performed using a scanning electron mi-
croscope (SEM) with an electron backscattering diffractometer (EBSD Oxford). These
specimens were prepared using an electropolishing machine in a mixed solution of 6.25%
perchloric acid and 93.75% alcohol after mechanical polishing. The SEM samples were
etched in a 15% NaHSO3 water solution for SEM analyses. The accelerating voltage for
EBSD examination was 20 kV, and the step size was 100 nm. Data acquisition and post-
processing were performed using the HKL Channel 5 software. The fracture morphologies
after tensile tests were observed using SEM after surface cleaning using acetone and al-
cohol. X-ray diffraction (XRD, Rigaku, D/Max2250/PC) with a Cu–Kα radiation source
(λ = 1.5405 Å) was performed to determine the fraction of retained austenite. The scanning
range, speed and step size were 40–100◦, 2◦ min−1 and 0.02◦, respectively. The volume
fraction of retained austenite (Vγ) was determined by the following equation, based on a
direct comparison of the integrated intensities of all diffraction peaks.

Vγ =

1
N

N
∑

i=1

Iγ,i
Rγ,i

1
N

N
∑

i=1

Iγ,i
Rγ,i

+ 1
M

M
∑

i=1

Iα,i
Rα,i

(1)

where Vγ is the volume fraction of retained austenite, Iγ, and Iα are the integrated intensity
of retained austenite and ferrite peaks, respectively. N and M are the numbers of RA and
ferrite diffraction peaks, respectively. Rγ and Rα are normalization factors.

3. Experimental Results and Analyses
3.1. Initial Microstructure after Hot Rolling

The as-hot-rolled microstructure of the 10Mn lightweight Mn steel is presented in
Figure 3. As indicated by arrows in Figure 3a, the SEM observation shows that the mi-
crostructure consists of lath-like α’ martensite, coarsely banded retained austenite (γ), and
long strip-like δ-ferrite with a length of hundreds of microns. In the present 10Mn steel,
only a small amount of 0.56 wt% of Si was utilized to retard the precipitation of cementite,
while the relatively high Al addition of 3.81% was responsible for the presence of a small
amount of δ-ferrite. The existence of δ-ferrite in the initial microstructure was considered
to be crucial because it was formed during cooling by a solid-state transformation without
the required partitioning of substitutional solutes [21]. From the X-ray diffraction pattern
in Figure 3b, the volume fraction of retained austenite was measured to be approximately
59 ± 2%. In general, the austenite fraction of the conventional medium Mn steel (e.g.,
5 wt%Mn) was negligible due to the poor thermal stability after hot rolling at high tem-
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peratures [1,2,5]. In contrast, the present hot-rolled microstructure exhibited significantly
a higher fraction of retained austenite, which was mainly attributed to the high thermal
stability of austenite arising from the relatively higher C and Mn content. This was verified
by the calculated fraction of retained austenite in Figure 1c.
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Figure 3. (a) SEM micrograph and (b) XRD pattern of the material after hot rolling.

3.2. Microstructural Evolution after Conventional Intercritical Annealing

Figure 4 presents the SEM micrographs of the hot-rolled samples annealed at different
IA temperatures for 1 h. The light grey phase of the microstructure was retained austenite
and the dark grey was α ferrite. In addition, the retained austenite was characterized by
the coarse-banded and plate-like morphologies. One can clearly see that there also existed
two types of morphologies of ferrite grains, i.e., plate-like and equiaxed. By comparison
of Figure 4a–d, all IA650, IA700, IA750, and IA800 samples mainly consisted of austenite
and ferrite plus a limited amount of δ-ferrite, in which the δ-ferrite was retained from the
hot rolling stage and almost no change during intercritical annealing. With increasing
intercritical annealing, the coarse-banded austenite structure was gradually divided by
equiaxed ferrite (αE) by the austenite to ferrite transformation, and the width of the layering
microstructure (ferrite αL and austenite γL) increased slightly. As the IA temperature was
further increased to 850 ◦C, the blocky martensite was observed in the coarse-banded
austenite due to the decreased thermal stability of austenite, as displayed in Figure 4e,f.
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Figure 5 exhibits the XRD results of the IA samples prior to tensile deformation. The
volume fraction of retained austenite was found to first rise and then drop with increasing
the IA temperature, and a peak value of about 76.1 ± 2% was obtained at 750 ◦C. It is
noted that the minimal retained austenite fraction was even more than 50% at 850 ◦C,
indicating that the high-temperature austenite still had good thermal stability even during
water quenching.
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Figure 5. XRD profiles of IA650–850 samples before tensile failure.

3.3. Microstructural Evolution during Intensive Quenching and Deep Cryogenic Treatment

In view of the microstructural evolution of the 10Mn lightweight steel after conven-
tional intercritical annealing at various temperatures, the IA700 and IA750 samples were
used to compare the difference in microstructural features with the D700 and D700&750
samples, which were processed by IQ + DCT and subsequent IA treatment, respectively. As
displayed in Figure 4b, the IA700 sample exhibited the coarse-banded austenite and the lay-
ering ferrite αL and austenite γL, and the fraction of austenite reached as high as 75.4 ± 2%.
However, after the IQ and DCT treatment, the D700 sample had a decreased fraction of
retained austenite (68.1 ± 2%), as confirmed by the XRD results in Figure 6c,d. This implied
that martensitic transformation occurred in the D700 sample due to the thermal stability of
retained austenite during the IQ and DCT treatment, as shown in Figure 6a.

The formation of plate-like martensite in the austenite matrix induced the fragments
of coarse-banded microstructure and thereby facilitated the reverse transformation and
recrystallization at the intercritical region [22,23]. By further comparing Figures 4c and 6b,
two different aspects were found between IA750 and D700&750 samples: (1) the IA750
sample exhibited a larger fraction of coarse-banded austenite, while it almost disappeared
in the D700 and 750 samples; (2) the D700 and 750 sample had a larger fraction of ferrite
through the transformation and recrystallization of the thermal martensite at intercritical
region. Therefore, the IQ and DCT treatment refined the final microstructure and improved
the microstructural homogeneity, indicating higher austenite stability and better strain
compatibility between different phases during tensile deformation.
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(b) D700&750 sample; (c) XRD patterns, and (d) the austenite fraction.

To further reveal the difference in microstructural evolution between the conventional
IA and IQ–DCT samples, several EBSD maps are displayed in Figure 7. Similarly, both
IA700 and IA750 samples exhibited coarse austenite grains with a limited fraction of
ferrite, see Figure 7a,b. Interestingly, the coarse austenite was divided into the layering
microstructure consisting of ferrite and austenite after imposing IQ and DCT (Figure 7c)
due to the formation of thermal martensite upon cooling. Further, the thermal martensite
underwent the well-known reverse transformation and recrystallization at the intercritical
annealing, thereby resulting in the formation of ultrafine-grained ferrite and austenite
(Figure 7d).
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As clearly displayed in Figure 7d, both ferrite and austenite phases were characterized
by mixed lamellar and equiaxed morphologies. The quantitative analysis on the grain size
of retained austenite (Figure 8) indicated that the peak of austenite grain size dramatically
shifted, i.e., from 3–4 µm in the IA750 sample to 0.5–1 µm in the D700 and 750 samples,
implying that the IQ and DCT treatment was responsible for the significant grain size reduction
of the 10Mn lightweight steel. The additional IQ and DCT process significantly refined
the initial martensite microstructure and promoted the precipitation of fine carbides, which
further provided more nucleation and refinement of reversed austenite grains [15–17]. Lee and
Cooman [24] also proved that the cementite particles nucleated preferentially on the low-angle
sub-grain boundaries or lath boundaries in martensite.
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Figure 8. The size distribution (a) and average grain diameter (b) of austenite grains in the IA750
and D700&750 specimens, respectively.

3.4. Tensile Deformation and Fracture Behaviors

Figure 9 illustrated the variations of tensile properties of the IA 650–850 and D700&7450
samples. For the conventional IA650–850 samples (Figure 9a), the yield strength (YS) no-
tably decreased with increasing the IA temperature, e.g., from 620 MPa at 650 to below
400 MPa at 850 ◦C, which was mainly due to the larger grain size at higher annealing
temperatures. The ultimate tensile strength (UTS) and total elongation to fracture (TEL)
first increased and then decreased, which was attributed to the combined effects of phase
constituents, phase fraction and grain size, etc. More importantly, these conventional IA
samples displayed lower yield strength (YS < 620 MPa) and extremely limited ductility
(TEL < 25%).
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(a) Engineering stress–strain curves; (b) strain-hardening rate (θ = dσ/dε) curves.

It is known that there was a direct relationship between the strain hardening rate and
the martensitic transformation rate in metastable austenitic steels [25,26]. The higher the
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martensitic transformation rate, the higher the strain hardening rate. Thus, the evolution
of the α’ martensite transformation rate (Figure 10b) was determined from the difference
between the fraction of initial austenite and the remaining austenite during straining
(Figure 10a). With increasing the IA temperature, the martensitic transformation rate first
increased and then decreased, implying the difference in the mechanical stability of retained
austenite. In contrast, the D700&750 sample had a similar martensitic transformation rate
to the IA 750 sample. However, the k parameter, which was used to quantify the mechanical
stability of retained austenite is based on the following equation: fr = fr0exp(−kε). The fr0
and fr were the initial austenite fraction before tensile tests, and the austenite fraction at
strain ε, respectively. A higher value of k corresponded to the lower mechanical stability of
retained austenite. In comparison, the quite lower value of k (1.65) was obtained for the
D700&750 sample than that value (4.39) obtained for the IA 750 sample. This indicated
that the mechanical stability of austenite in the D700&750 sample was much higher than
the IA 750 sample, which was mainly attributed to the large grain refinement by the DCT
process. The average grain size of austenite in the D700&750 sample (1.65 µm) was much
smaller than the coarse-grained austenite in the IA750 sample (4.2 µm) (Figures 7 and 8). A
reduction in austenite grain size, especially refining to ultrafine grain scale, significantly
increases the elastic strain energy of martensitic transformation, and as a result, improved
the stability of retained austenite again martensitic transformation [27]. Meanwhile, the
higher mechanical stability of retained austenite enabled the TRIP effect to occur in the
larger strain range, which may facilitate the coupled TRIP/TWIP effect [10].
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Figure 10. (a) The changes in volume fraction of austenite determined by X-ray diffraction patterns
prior to and after tensile tests; (b) variation in the martensitic transformation rate and the k value for
IA 650–850 and D700&750 samples.

In order to study the fracture behavior of the present 10Mn lightweight steel samples
processed by the conventional IA and IQ + DCT, the macroscopic fracture morphologies
after tensile fracture were compared and analyzed using SEM, see Figure 11. As observed
from the macroscopic fracture, the fracture morphologies are characterized by evenly
distributed small equiaxed dimples. It can be judged that the fracture mode of both IA 750
and D700&750 samples was a ductile fracture and only obvious fracture cracks appeared at
the fracture of samples under quasi-static tensile conditions. In comparison, the dimples of
the IA 750 sample became relatively coarse and non-uniform (Figure 11a,b), whereas the
D700&750 sample exhibited highly uniform and fine dimples (Figure 11c,d).
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tensile tests.

4. Discussion

The above-mentioned results demonstrate that the additional IQ and DCT process
prior to intercritical annealing significantly improved the tensile properties of the 10Mn
lightweight steel when compared to the conventional IA samples. From Figures 7 and 9a, a
significant increase in yield strength and TEL and UEL of the D700 and 750 samples was
mainly attributed to grain refinement and the enhanced mechanical stability of retained
austenite. On one hand, after imposing the additional IQ and DCT process prior to
intercritical annealing, the fine plate-like martensite was formed in the D700 sample due
to the extremely high cooling rate and extremely low temperature. During subsequent
intercritical annealing, the newly formed martensitic plates contributed to the formation of
more and finer austenite grains in the D700&750 sample. The finer austenite grains led to the
higher mechanical stability of austenite due to the high degree of Mn enrichment [23,25].
Therefore, grain size is one of the most important factors in governing the mechanical
stability of retained austenite against martensitic transformation upon loading. In addition,
the mechanical stability of retained austenite was also controlled by the morphology of
austenite [17]. As displayed in Figure 7d, a mixed microstructure of equiaxed and lamellar
austenite was clearly observed. Chiang et al. insisted that when the morphology of
retained austenite was thin film or plate-like, the mechanical stability was extremely high.
The stabilization mechanism was mainly attributed to the decreased size and increased
interfacial area of the fresh martensite laths which formed in the elongated austenite.
Accordingly, the lamellar austenite exhibited a relatively constant work hardening rate
sustained up to the point of necking, whereas the equiaxed austenite exhibited a maximum
work hardening rate at low strain, followed by a monotonic decrease to the necking
point (Figure 9b). It should be noted that although both IA750 and D700&750 samples
had similar values of martensitic transformation rate (dVγ/dε), the difference in the
martensitic transformation kinetics parameter, k value was significant. In contrast, the
D700&750 sample showed an extremely low k value, implying the higher mechanical
stability of austenite.

Briefly, the rather different mechanical stability of the retained austenite was ascribed
to the different grain size and morphology of austenite in the IQ–DCT samples. In other
words, the present proposed IQ and DCT process can adjust the grain size and mechanical
stability of austenite to achieve the excellent overall mechanical properties of the Mn-
segregated medium Mn lightweight steels. As demonstrated in Figure 9b, the higher
mechanical stability of retained austenite enabled the TRIP effect to occur in the larger
strain range, causing continuous strain hardening behavior. This could effectively postpone
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the earlier formation of cracks and their further propagation upon tensile loading. However,
further work on the influence of IQ and DCT process on the elemental partitioning of C, Mn,
and Al as well as the detailed deformation mechanism and strain compatibility between
different phases still needs to be further studied in the future.

5. Conclusions

In view of the Mn-segregation bands formed in the medium Mn lightweight steel, a
combined intensive quenching (IQ) and deep cryogenic treatment (DCT) was proposed for
the 10Mn lightweight steel to study the effect of IQ + DCT process on the microstructural
homogeneity and strength–ductility synergy, together with a comparison with the con-
ventional intercritical annealing after hot rolling. Several main conclusions were obtained
as follows:

(1) The proposed IQ and DCT process significantly improved the Mn segregation of
the 10Mn lightweight steel by the martensitic transformation and its reverse transformation,
resulting in the formation of a heterogeneous duplex structure consisting of lamellar and
equiaxed ferrite and austenite.

(2) The proposed IQ and DCT process significantly improved the overall tensile
properties of the 10Mn lightweight steel. The D700&750 samples exhibited the highest yield
strength (728 MPa) while maintaining the largest total elongation of 61.6%. The ductility
was more than three times higher than that of the conventional IA samples.

(3) The significantly improved yield strength and ductility of the D700&750 samples
were verified to stem from apparent grain refinement and the enhanced mechanical stability
of retained austenite. The higher mechanical stability of austenite enabled the TRIP effect
to occur in the larger strain range, leading to continuous strain hardening behavior.

(4) The grain size and morphologies of retained austenite were believed to be the
main factors influencing the strain-hardening behavior of this type of ultrafine lamellar
and equiaxed ferrite and austenite duplex structure.
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