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Abstract: Detailed studies on microstructure–property relationships of thermomechanically
processed medium-Mn steels with various manganese contents were carried out.
Microscopic techniques of different resolution (LM, SEM, TEM) and X-Ray diffraction methods
were applied. Static tensile tests were performed to characterize mechanical properties of
the investigated steels and to determine the tendency of retained austenite to strain-induced
martensitic transformation. Obtained results allowed to characterize the microstructural aspects of
strain-induced martensitic transformation and its effect on the mechanical properties. It was found
that the mechanical stability of retained austenite depends significantly on the manganese content.
An increase in manganese content from 3.3% to 4.7% has a significant impact on the microstructure,
stability of γ phase and mechanical properties of the investigated steels. The initial amount of
retained austenite was higher for the 3Mn-1.5Al steel in comparison to 5Mn-1.5%Al steel—17%
and 11%, respectively. The mechanical stability of retained austenite is significantly affected by the
morphology of this phase.

Keywords: medium Mn steel; bainitic steel; retained austenite; thermomechanical processing;
strain-induced martensitic transformation

1. Introduction

A microstructure consisting of ferrite, bainite and retained austenite typical for the first
generation AHSSs (Advanced High-Strength Steel) is characterized by a large difference in hardness
between ferrite and martensite formed as a result of strain-induced transformation. The hardness
difference can be reduced by ferrite strengthening, using thermomechanical treatment or precipitation
strengthening [1,2]. An alternative solution is to replace the ferrite matrix by bainite [3]. This can be
done by an increase in steel hardenability. Mn and Mo additions are very effective since they affect the
decomposition of the undercooled austenite significantly [1,4]. The microstructure consisting of bainite
and retained austenite allows to reduce the hardness difference between microstructural components,
which results in much better edge formability, stretch flangeability and mechanical properties [5–7].

Multiphase steels can be obtained as cold-rolled or thermomechnically processed.
The thermomechanical processing (TMP) has the potential in energy saving and high productivity;
thus, it can eliminate the need for further heat treatment. The critical factors of the TMP applied for the
multiphase steels are rolling conditions and controlled cooling profiles. Kaijalainen et al. [1] reported that
an increase in the total reduction in the non-recrystallization region in conjunction with a lowering of the
finishing rolling temperature and microalloying with niobium increased the austenite pancaking. In this
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case, the phase transformation kinetics depends significantly on the austenite deformation degree [5,8,9].
In case of the first generation AHSSs, the main advantage of the TMP is the ability to refine the ferrite
grain size by controlling the austenite pancaking [10,11]. Moreover, the thermomechanical treatment
can increase the amount of retained austenite to obtain the optimal TRIP (TRansformation Induced
Plasticity) effect [12,13]. In case of medium manganese steels (third generation AHSS), the TMP is also a
good alternative for the cold-rolling process [14–16]. However, most publications on medium-Mn steels
concern the cold-rolling process and subsequent inter-critical heat treatment.

Cold-rolled medium-Mn TRIP steels are susceptible to plastic instabilities associated with dynamic
strain aging (DSA) and serrated flow (PLC—Portevin-Le Chatelier) effects due to the heat treatment
required after cold-rolling. From a technological point of view, the PLC and DSA effects must be avoided.
The DSA phenomenon gives rise to non-homogeneous plastic flow during the sheet-forming processes
and may lead to surface defects on formed parts [17–19]. Our previous reports on thermomechanically
processed medium-Mn sheet steels indicate that the problem can be avoided [7].

Newly developed fine-grained ferrite-austenite or bainitie-austenite steels contain manganese
in a range of 3–12%, while carbon content is ca. 0.1–0.2%. These steels contain also aluminum
and silicon (1–3%) additions which delay the carbides formation during the bainitic transformation.
The increased Mn amount leads to obtain the high fraction of retained austenite (~10–30%). The Mn
addition also increases the carbon solubility and lowers the cementite precipitation temperature [20–22].
Al is added to partially replace silicon due to the problems related to galvanizing, hot-rolling and
welding [23–25]. However, Girault et al. [26] reported that the complete removal of silicon from the
chemical composition causes a decrease of strength properties. Kucerova et al. [27] investigated the
effect of the Al addition in thermomechanically processed C-Mn-Si-Nb and C-Mn-Si-Al-Nb TRIP steels.
They reported that the higher amount of retained austenite was formed in aluminum-alloyed steel
compared to the aluminum-free steel for the same processing conditions. The final microstructures
achieved slightly higher elongation at comparable ultimate tensile strength. Al and Mn additions affect
the mechanical stability of retained austenite too. Kaar et al. [28] reported that too high aluminum
and manganese contents deteriorate the plasticity of the TRIP steels. Mo can be also added to increase
strength by its strong solid solution effect. Moreover, this element affects significantly the austenite
decomposition upon cooling and is known as the one, which improves toughness [29,30].

Taking into account the increasing interest in medium manganese steels with retained austenite
related to their potential application in the automotive industry, the present work focuses on the
microstructure–property relationships in thermomechanically processed medium-Mn steels with a
high Al content.

2. Materials and Experimental Methods

2.1. Chemical Composition

The investigations were carried out on two Mn-Al-Mo type steels. Chemical compositions of the
investigated steels are listed in Table 1. Both steels are characterized by the low amount of gases, S and
P. The chemical compositions of both steels are comparable, except of Mn addition. The contents of
this element are ca. 3% and 5%, respectively. In order to prevent carbide precipitation, the concept
with a higher aluminum content (~1.5%) and Mo addition was applied [29]. Mo was added for solid
solution strengthening and to enhance producing bainite-like microstructures [31–33].

In view of weldability [23,24], the carbon content is limited to 0.17%. Lun et al. [34] reported
that the steel 0.15C-10Mn-1.5Al containing similar C and Al contents (as our steels) is weldable.
However, the conventional parameters, which describe steel weldability (like carbon equivalent CE),
have a limited application for medium-Mn steels because they were developed for steels with an
Mn content below ~2% [35]. Manganese is an austenite stabilizer; it also significantly reduces the
Ms temperature. Aluminum addition causes the opposite effect, i.e., it increases the Ms temperature,
which results in lowering the thermodynamic stability of γ phase [20].
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Table 1. Chemical composition of investigated steels in wt.%.

Steel Type C% Mn% Al% Si% Mo% S% P% O% N%

3Mn-1.5 Al 0.17 3.3 1.7 0.22 0.23 0.014 0.010 0.0004 0.0043
5Mn-1.5Al 0.16 4.7 1.6 0.22 0.20 0.004 0.008 0.0004 0.0039

2.2. Processing

The investigated steels were melted in a Balzers VSG-50 vacuum induction furnace
(Balzers, Asslar, Germany) under argon atmosphere. After melting and casting, the ingots were hot
forged in a temperature range between 1200 to 900 ◦C. Then, they were rolled in four passes to a
thickness of 9 mm. The samples 9 × 170 × 500 mm3 were used in a further thermomechanical process.
The TMP included rolling of steel sheets in three passes to a final thickness of 4.5 mm obtained at 850 ◦C.
After the thermomechanical rolling, the steel sheets were subjected to controlled cooling. Figure 1 shows
the cooling route of the investigated steels. In case of 3Mn-1.5Al (Figure 1a), the steel sheets after the
thermomechanical rolling were slowly cooled to 700 ◦C to induce to some extent the austenite-ferrite
transformation. In the next step, the steel sheets were cooled quickly (~27 ◦C/s) to isothermal holding
temperature of 400 ◦C and annealed at this temperature for 300 s. Finally, the sheet specimens were air
cooled to room temperature. 5Mn-1.5Al steel sheets were cooled continuously from the finish rolling
temperature to 400 ◦C (Figure 1b) to realize the bainitic transformation step. The last stage included
cooling in air to room temperature.
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Figure 1. Parameters of thermomechanical processing of (a) 3Mn-1.5Al steel and (b) 5Mn-1.5Al steel
(TKW—finish rolling temperature).

2.3. Static Tensile Tests

Room temperature uniaxial tensile tests were performed on steel samples (4.5 mm thick) machined
from the thermomechanically rolled sheets along the rolling direction. The tensile tests were carried out
using a Zwick Z/100 universal testing machine (Zwick/Roell, Ulm, Germany). Tests were performed
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up to rupture. Mechanical properties were determined based on the average values of 3 tests for each
steel. The tensile tests were performed to determine the mechanical properties of the investigated steels
and also to observe the microstructure changes related to strain-induced martensitic transformation of
the retained austenite.

2.4. Microstructure Examination

The microstructural examinations were carried out using light microscopy (LM), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). Two types of samples were prepared:

• at the initial state (thermomechanically rolled),
• deformed in the static tensile test.

Specimens for optical and SEM observations were prepared according to the direction of
hot-rolling (initial state) and along the direction of tensile load. Both types of the specimens were
mechanically ground with SiC paper up to 1500 grid, then they were polished with a diamond paste.
Steel samples for optical observations were etched in 10% aqueous sodium metabisulfite solution,
whereas specimens for SEM observation were etched in 5% Nital.

The observations were performed using a Leica MEF 4A optical microscope
(Leica, Wetzlar, Germany). Microstructural details were revealed by using Zeiss SUPRA 25
(SEM) microscope operating at 20 kV (Carl Zeiss AG, Jena, Germany), working in a backscattered
electron (BSE) detection mode. Transmission electron microscopy (TEM) studies were conducted
using the Titan 80-300 FEI transmission electron microscope (FEI, Hillsboro, OR, USA). TEM lamellas
were prepared using FIB—Focused Ion Beam method (Quanta 3D 200i, FEI, Hillsboro, OR, USA).
The following observation techniques were applied: bright field (BF), dark field (DF) and selected
area diffraction (SAD). A convergent beam electron diffraction (CBED) was done using the following
parameters: nominal spot size—6 and the divergence angle—12◦. The focus of the beam on a selected
component of the structure was used, which was particularly important for the identification of
retained austenite and TRIP effect.

The X-ray diffraction (XRD) was carried out on the steel specimens at the initial state
(thermomechanically rolled) and after static tensile tests. The measurements were done using the X’ Pert
PRO diffractometer (PANalytical, Malvern, UK) with cobalt radiation operating at 40 kV, 30 mA and
a graphite monochromator on a diffracted beam. The phase identification was performed according
to the data from International Centre for Diffraction Data ICDD (PDF-4+ 2016, International Centre
for Diffraction Data ICDD, Newtown Square, CT, USA). In order to determine the volume fraction of
retained austenite, the methodology proposed by Muruyama [36] was applied. The volume fraction
of retained austenite was calculated based on total intensity of peaks: (200)Feα, (211)Feα, (200)Feγ,
(220)Feγ and (311)Feγ. Based on X-ray diffraction patterns, a lattice parameter of γ phase was specified
(Equation (1)) [37]. It was necessary to determine the carbon content in the austenite.

aγ = 3.556 + 0.0453Cγ + 0.00095Mn + 0.0056Al (1)

where: aγ—lattice parameter of the austenite (Å), Cγ, Mn, Al—carbon, manganese, aluminum contents
in the austenite (wt.%), respectively.

3. Results

3.1. Initial Microstructures

Microstructural observations show that the Mn content affects the microstructure of the investigated
steels (Figure 2). It is interesting since the difference in manganese content between two steels is only
1.4 wt.%. Both steels are characterized by fine lath-type microstructures. However, it can be seen that the
phase transformations upon cooling took place from the austenite with a relatively large grains (a size of
individual austenite grains >20 µm). In 3Mn-1.5Al steel, several bainitic packets are formed as part of
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one grain of the prior austenite (Figure 2a). Etching the samples in the aqueous sodium metabisulfite
solution reveals light grains of retained austenite, which usually are located along the direction of bainitic
lath growth. Retained austenite is uniformly distributed in the bainitic matrix. The fraction of polygonal
ferrite obtained as a result of slow cooling in the γ→α transformation range is incidental. It indicates
that the tested steels are characterized by high hardenability and they show the low tendency to form
polygonal ferrite. Moreover, the areas consisting of blocky-type grains are visible.

The thermal instability of larger blocky grains of γ phase was revealed using SEM observations.
The thermal stability to room temperature is shown only by the layered areas of retained austenite
located between the bainitic ferrite laths (Figure 2b). Blocky-type grains were partially transformed into
martensite during the final cooling of the steel sheets to room temperature. These grains are usually
characterized by a lower carbon content (higher Ms temperature) [11,12] than layers located between
the bainitic ferrite laths. These bainite laths additionally exert a hydrostatic pressure stabilizing
the γ phase [38–40]. The result of the blocky-grains partial transformation is the occurrence of
numerous martensite-austenite (MA) areas in the steel microstructure.

The amount of retained austenite in 5Mn-1.5Al steel is significantly smaller (Figure 2c) than in the
steel containing the lower Mn content. In the present case, only thin layers of the γ phase were stable at
room temperature. Thicker layers and blocky grains located at the boundaries of bainitic packets were
partially transformed to martensite and formed MA constituents (Figure 2d).Metals 2018, 11, x FOR PEER REVIEW  6 of 20 
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Figure 2. Bainitic microstructures with retained austenite and martensitic-austenitic constituents
(a,b) 3Mn-1.5Al steel, (c,d) 5Mn-1.5Al steel; F—ferrite, M—martensite, MA—martensite-austenite
constituents, ASZ—retained austenite.

In case of 5Mn-1.5Al steel, the dual nature of bainitic laths was characteristic. Besides thin bainitic
laths (Figure 2d), elongated bainitic ferrite laths characterized by a high thickness were observed.
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Moreover, small particles (areas) characterized of a various size were located inside the bainitic ferrite
laths. Similar microstructures were observed by Caballero et al. [41] in bainitic steels. According to a
theory presented in their work [40] on bainitic steels with retained austenite, thin laths of bainitic ferrite
were formed in the initial stage of the bainite transformation. Due to diffusion, the excess carbon content
located between the ferrite laths formed austenitic films during the bainitic transformation. It is related to
the inhibitory interaction of Si and/or Al for the cementite precipitation. As the transformation time is
extended, the continuous austenite laths are decomposed forming isolated austenite islands. In the case
of steels characterized by low Si and Al contents, the austenite decomposes into separated carbides.
Next, single bainitic ferrite laths combine into larger areas as shown in Figure 2d. During the final
cooling of the steel to room temperature, austenite areas characterized by the lower stability transformed
partially to martensite. As a result, they form martensitic-austenitic (MA) particles located inside the thick
bainitic ferrite laths. In addition to the MA islands, carbides are also often formed which deteriorate the
impact toughness.

Observations performed using TEM confirmed the presence of retained austenite in the
investigated steels. For the steel with a higher manganese content, the γ phase layers located between
the bainitic ferrite were stable (Figure 3a). The location of retained austenite using the dark field
technique was revealed (Figure 3b). The microdiffraction from the middle of the γ phase lath is shown
in Figure 3c. It is important that laths with a thickness below 0.2 µm were stable, while thicker laths
were subjected to a partial martensitic transformation forming MA constituents.
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The presence of retained austenite and martensitic-austenitic areas was also confirmed in
the steel characterized by the lower Mn content (Figure 4). The location of retained austenite is
shown in Figure 4b. It can be seen that the austenite layers are less regularly oriented and have a
more blocky-type shape. Grains with a size of about 0.5-µm were subjected to partial martensitic
transformation and they occur as MA type islands. Both investigated steels are characterized by a
bainitic ferrite matrix with a high dislocation density (Figures 3 and 4), which is a consequence of the
low finishing rolling temperature.
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field, (b) dark field from (002) Feγ, (c) SAD (Selection Area Diffraction) solution from the lower
austenite lath; αB—bainitic ferrite, MA—martensite-austenite constituent.

3.2. XRD Analysis

In order to identify the phase composition of the tested steels at the initial state and after tensile
tests, qualitative X-ray analysis was performed. Figure 5a,b shows X-ray diffraction patterns for the
thermomechanically rolled 3Mn-1.5Al and 5Mn-1.5Al steels. For both steels, three diffraction peaks
from the Feα phase and four peaks from the Feγ phase were identified. Obtained results confirmed
the presence of retained austenite in the tested steels. Completing the hot-rolling at a relatively low
temperature caused some texture effects in the investigated steels. The peak intensities disturbances in
relation to the standard values occur both for the α phase and the retained austenite. The privileged
crystallographic orientation reveals an increase in the intensity of (220) peaks and (002)Feγ, while the
peak from the planes (111)Feγ almost disappeared.
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(c) 3Mn-1.5Al steel, (d) 5Mn-1.5Al steel after static tensile tests (cold deformed).

The amount of γ phase in the steels at the initial state was calculated. It can be concluded that the
steel containing 3% Mn possessed a lager fraction of retained austenite than the 5Mn steel. It confirms
the results of earlier microstructural observations (Figure 2). The amount of γ phase was 17.3% for
3Mn-1.5Al steel and decreases to 10.7% for the steel with 5% Mn. A similar effect of the increased
volume fraction of retained austenite in the steel with lower Mn content was observed in our previous
studies [42], in which the finish rolling temperature was reduced to 750 ◦C. Based on the Equation
(1), the carbon concentration in the retained austenite was calculated. The carbon content in the
retained austenite was higher in the 3Mn-1.5Al steel (1.11%). As the Mn content increases, the carbon
enrichment of the γ phase decreases to 0.94%.

X-ray diffraction patterns of the samples after static tensile tests are shown in Figure 5c,d. An evident
decrease in the amount of retained austenite for both investigated steels can be observed. On the one
hand, the disappearance of diffraction peaks from (200), (220) and (311)Feγ planes was observed. On the
other hand, the (111)Feγ peaks were identified. It indicates that some fraction of retained austenite did
not transform during cold deformation. The reduction of the peak quantities and their intensity confirm
the occurrence of the TRIP effect.

3.3. Mechanical Properties and Stability of Retained Austenite

3.3.1. Mechanical Properties

Mechanical properties determined in a static tensile test are presented in Figure 6. Tensile tests
showed that the increase in manganese content from 3.3% to 4.7% leads to different mechanical
properties. One can observe a significant difference in strength (UTS, YS) and plastic properties
(TE and UE). With increasing Mn content, yield strength increases from 700 to 882 MPa while the
difference in tensile strength was around 260 MPa. A calculated YS/UTS ratio ca. 0.73 confirmed that
both investigated steels show high work strengthening after yielding.
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A UTS value depends on the ability of steel to strain hardening. The values of uniform elongation,
which are 11.5% and 7.6%, respectively for 3Mn-1.5Al and 5Mn-1.5Al steels (Figure 6) depend also on
the strain hardening rate. Kaar et al. [28] reported that too high aluminum and manganese contents
deteriorate the plasticity of the TRIP steels at increased strengths. Considering the UE/TE ratios which
are 0.74 and 0.66 for the steels of lower and higher Mn contents respectively, it can be concluded that
3Mn-1.5Al steel is more susceptible to uniform straining. Total elongation values were relatively good
(15.5% and 11.5%). The curves showing true stress vs. true strain and work hardening exponent vs.
true strain are presented in Figure 7a,b. Based on the obtained results (Figure 7b), it can be concluded
that the steel with lower Mn content shows a better tendency to more gradual strain hardening.
The shape of the curves indicate that the highest work hardening rate is limited to the initial stage
of strain, i.e., in the range of true strain of up to ~0.04. The value of the work hardening exponent
increases rapidly to ~0.18 and 0.1—for 3Mn-1.5Al and 5Mn-1.5Al steels, respectively. Its increase is
probably related to the occurrence of the strain-induced martensitic transformation. After reaching
the maximum, the n exponent value deteriorates rapidly for both investigated steels. It results in a
smaller contribution of martensitic transformation to further strengthening of the steel. In case of the
steel with a lower manganese content, a slight delay in the decrease of work hardening exponent value
in the true strain range 0.06–0.09 was observed. It may be due to more intense martensite formation,
which delays necking in the 3Mn-1.5Al steel.
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3.3.2. Mechanical Stability of Retained Austenite

A detailed analysis of the samples deformed in the static tensile tests is crucial to determine
the contribution of strain-induced martensitic transformation. The microstructure of 3Mn-1.5Al steel
was characterized by the presence of numerous blocky-type austenitic grains which transformed into
martensite during the tensile test (Figure 8). Only thin layers of the γ phase with a thickness below
0.3 µm remain stable. In case of the steel containing 5% Mn, the transformation also begins at the
blocky grains and thicker layers of γ phase located between the bainitic ferrite (Figure 9). Layers with
a thickness below 0.3 µm do not undergo martensitic transformation.
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Figure 9. Microstructure of 5Mn-1.5Al steel after tensile test αB—bainitic ferrite, M—martensite,
MA—martensite-austenite constituents, ASZ—retained austenite.

The morphological details of the martensite formed as a result of the applied load were revealed
using transmission electron microscopy. Figure 10 shows a typical blocky grain of retained austenite
transformed into martensite in 3Mn-1.5Al steel. It can be observed that in the blocky grains,
the martensitic transformation can be initiated in several places simultaneously (Figure 10), leading to
grain fragmentation. The presence of retained austenite and martensite was confirmed by the dark
field technique (Figure 10c,d). Martensite exhibits fine plate-like morphology. The plate thicknesses
were in a range from 10 nm to 30 nm (Figure 10b,d).

Figure 10b shows the magnified martensitic area, which was confirmed by the microdiffraction
in Figure 10e. Martensite observed in the steel containing 5% Mn had also a thin-plate morphology
(Figure 11). The identification of these structural constituents was done using electron diffraction,
and this was illustrated using the dark field technique (Figure 11c–f). The diffraction patterns in
Figures 10 and 11 show a disk-type diffraction, which is a characteristic of the convergent beam
electron diffraction (CBED). Due to the lower carbon enrichment of the γ phase compared to the
3Mn-1.5Al steel and the disadvantageous effect of the increasing concentration of Mn on the lowering
the Fe3C precipitation temperature [20], fine carbide precipitates were also identified between the
martensite plates (Figure 11g,h).
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Figure 10. Blocky grain of retained austenite partially transformed into martensite in 3Mn-1.5Al steel
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(d) dark field from martensite (132), (e) microdiffraction solution from the martensitic plates area.
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Figure 11. Plate martensite with interlath carbides located next to retained austenite and bainitic ferrite
characterized by high dislocation density in 5Mn-1.5Al steel (a) bright field, (b) magnification of the
fragment from (a), (c) dark field from the austenite reflex (200) (d), microdiffraction solution from
the retained austenite lath, (e) dark filed from martensite (211), (f) microdiffraction solution from
the martensitic plates area, (g) dark field from the cementite (112), (h) microdiffraction solution from
carbides area.

4. Discussion

4.1. Effect of Chemical Composition

The fundamental issue regarding sheet steels for the automotive industry is their weldability.
This was not the aim of the current work. However, the carbon content in our steels was limited to
0.17% to avoid possible joining problems. Welding of medium-Mn steels is a new research problem.
Medium-Mn steels contain some fraction of austenitic phase in a fusion zone. Lun et al. [34] reported
that the laser welded 0.15C-10Mn-1.5Al steel achieved approximately 96% joint efficiency with respect
to the base material. Since our steels have similar contents of C and Al and lower Mn contents, one can
expect that they should be weldable. Steels containing a higher amount of carbon and manganese were
already welded successfully [35]. However, when the manganese content increases, welding problems
such as: hot cracking, coarse columnar grains and brittleness in heat affected zone can occur due to
high amount of austenitic phase.

Since the two investigated steels contain similar amounts of C, Al, Mo and Si, the major difference
in microstructure and mechanical properties should be due to the difference in manganese content.
The results showed that the increase in Mn content from 3.3% to 4.7% significantly affects the
microstructure and strengthening behavior. The high Mn content increased the steel hardenability,
which is further enhanced by a strong Mo effect. That is why the steels do not contain ferrite. It is very
often enough to add only 0.15% Mo to obtain a similar effect [2,4]. In our case, the Mo addition was ~0.2%.
The amount of retained austenite in 5Mn-1.5Al steel was significantly smaller (~11%) when compared to
the steel containing 3% Mn (~17%). It was confirmed by microstructural observations and XRD analysis.
It is interesting due to the fact that manganese is an austenite stabilizer. However, the experimental
results obtained by other authors [43–45] showed that the crucial influence on the stability of austenite
has a C content in this phase.

Some experimental results [46,47] suggested that an increase in a manganese content above 2.5% for
conventional TRIP steels with a ferritic matrix may cause the mechanical overstabilization of retained
austenite. The present study, conducted on bainite-based steels, showed that for the Mn content in a range
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from 3.3% to 4.7%, it was not the case. Actually, the opposite effect took place. It was related to the complex
effects of austenite enrichment in the presence of both Mn and C. When the manganese concentration
increases, the tendency to enrich austenite in carbon decreases [15,22]. In our case, the carbon content in
the retained austenite decreased from 1.11% to 0.94% when the Mn content increased from 3.3% to 4.7%.

This behavior was confirmed by thermodynamic calculations obtained by Kamoutsi et al. [48]
for medium-Mn steels. Sun et al. [49] obtained similar results for 0.2C-(7–10)Mn-3Al steels. They
reported that increasing the Mn amount from 7% to 10% resulted in the reduction of the mechanical
stability of RA (Retained Austenite) due to the lower C concentration partitioned into the austenite
during heat treatment. Considering the same chemical composition of the investigated steels (except
Mn), it can be concluded that the increase in Mn content by 1.4% resulted in carbon depletion of the
austenite by about 0.17%. Similar effect of the manganese addition was also observed by Hojo et
al. [50] in 0.2C-1.5Si-(1.5–5)Mn martensitic-austenitic steels with the TRIP effect. They observed that as
the Mn content increased from 1.5 to 3%, the C content in the austenite decreased from about 1.1%
to 0.7%. A further increase in the Mn content to 5% led to an unfavorable reduction in Cγ even to
0.3%. Such low carbon enrichment is related to the redistribution of carbon taking place at a lower
temperature (between Ms and Mf).

In the current work, the carbon enrichment of the austenite occurred at 400 ◦C as a result
of the diffusion-controlled partitioning of carbon from bainitic ferrite laths. In the 3Mn-1.5%
steel the C content at a level of 1.11% was enough to obtain bainite-austenite mixture at room
temperature. In the 5Mn-1.5Al steel the carbon content below 1% did not decrease the Ms below room
temperature. That is why a relatively high amount of MA constituents was present already at the
initial state. Interlath-retained austenite was only thermodynamically stable at room temperature due
to compressive stresses exerted by bainitic ferrite laths. In fact, this morphology of retained austenite
has lower martensite start temperature [9,30]. The presence of MA constituents is reflected in a higher
strength level whereas the 3Mn-1.5Al steel has better ductility.

4.2. Effect of Thermomechanical Processing

The direct comparison between two steels can be difficult since the applied thermomechanical
processing was slightly different. The 3Mn-1.5Al steel was subjected to a slow cooling step after
finishing rolling at 850 ◦C. This 15 s stage realized at a cooling rate of 10 ◦C/s to 700 ◦C, was intended to
see if the steel has a potential to form any fraction of polygonal ferrite. However, the high hardenability
of the steel maintained the undercooled austenite stable at 700 ◦C. This is due to the high Mn and
Mo additions in the steels, which both significantly delayed ferrite formation [1,14]. As a result,
both steels did not contain polygonal ferrite. Hence, their comparison in terms of the microstructure
and mechanical properties is possible. Some diffusion in the austenite should occur during the slow
cooling step. However, as far as there is no polygonal ferrite, the partitioning of carbon to the austenite
is not allowed. Hence, the comparison of the austenite decomposition in both steels should focus on
the difference in their manganese concentrations.

The formation of retained austenite in cold-rolled medium-Mn steels is relatively well-known.
During intercritical annealing, a mixture of austenite and ferrite is formed. Hence, the austenite
is enriched in carbon already at this stage. A typical carbon content after this annealing step is
0.4–0.5% [17,21]. This carbon enrichment and typical Mn content in a range of 7–9% are enough to
keep the martensite start temperature below room temperature. Hence, the isothermal holding step
is not needed. The formation of retained austenite for thermomechanically processed medium-Mn
steels is completely different. There are three important differences: an initial microstructure is the
deformed austenite instead of low-C martensite (1), partitioning of C is difficult or impossible in
industrial practice due to a lack of ferrite (2), a microstructure prior to cooling (3).

The formation of austenite-ferrite mixture from a lath-type martensite is fast during intercritical
annealing. We proved in the current work that it is difficult to induce some ferrite in the deformed
austenite containing 3–5% Mn. The formation of ferrite should be enhanced under conditions of lower
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finish rolling temperature and higher accumulated strain. However, Grajcar et al. [7] reported that
it is difficult even at 750 ◦C and for total true strain of 1 (~0.75 in the current work). The positive
microstructural aspects of the austenite decomposition in thermomechanically processed steels is that
it takes place under conditions of pancake austenite. Finishing rolling at 850 ◦C is enough for most
low-alloyed steels to be below the non-recrystallization temperature [10,11]. The plastic deformation in the
non-recrystallization region in conjunction with a lowering of the finishing rolling temperature increases
the austenite pancaking and resulting dislocation density [1,13]. In this case, the kinetics of the pancake
austenite—bainite transformation depends significantly on the austenite deformation degree [10,18].

In our case, the obtained microstructures in both steels contain fine lath products of bainite and
martensite, which are isolated by layers of retained austenite. They are formed from the deformed
austenite. The degree of the austenite pancaking can be enhanced by Nb and Mo additions. Cai et al. [30]
reported that the addition of 0.22 wt.% Mo and 0.05 wt.% Nb to a 6.5 wt.% Mn steel improved the
strength-ductility combination due to the increased volume fraction and mechanical stability of retained
austenite. Mo together with Ti and Nb microadditions affected a grain size due to the tendency to form
complex (Ti, Nb, Mo)C precipitates, which cause the grain refinement [31,32]. Mo is also the only element
which limits the cementite precipitation even at 450 ◦C [20]. Since there is no polygonal ferrite in the
investigated steels, the whole C partitioning must proceed during the isothermal holding step at 400 ◦C.
The presence of retained austenite confirmed that its stabilization is possible. Taking into account the
relatively small C enrichment (1.11 and 0.94%) of the gamma phase, one can assume that the increased
dislocation density and small thickness of retained austenite laths are important parameters affecting
thermodynamic and mechanical stabilities of this phase in thermomechanically processed medium-Mn
steels with 1.5% Al content.

5. Conclusions

The work concerned the microstructure–property relationships in thermomechanically processed
medium-Mn steels with 1.5% Al content. It was found that the manganese content in a range from 3.3 to
4.7% had a significant effect on the amount and stability of retained austenite. The initial amount of this
phase was ~17% in the steel with a lower Mn content and ~11% in the 5Mn-1.5Al steel. The medium-Mn
content and 0.2% Mo addition increased steel hardenability significantly. The resulting effects are
bainite-based microstructures without ferrite in both steels. The high amount of MA constituents
was also observed in 5Mn-1.5Al steel. The Mn content determined the C enrichment of the retained
austenite, which had a crucial effect on its mechanical stability. As the Mn content increased from 3.3 to
4.7%, the carbon enrichment of the austenite decreased from 1.11 to 0.94%. Both steels are characterized
by high strength and moderate ductility. The steel with a lower Mn content showed the elongation
15.5% and the UTS ~960 MPa. 5Mn-1.5Al steel showed a very high UTS value—1215 MPa at lower
elongation of 11.5%. The significant contribution to the strain hardening of the 3Mn-1.5Al steel had the
strain-induced martensitic transformation of blocky-retained austenite grains. In the 5Mn-1.5Al steel,
retained austenite layers are characterized by the lower tendency to transformation, which resulted
in the lower work hardening potential. Despite the lower C content, the retained austenite layers
exhibited the relatively high mechanical stability due to the presence of compressive stresses.
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