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In this work, the phase transformation, microstructure, and mechanical properties of medium manganese
steels containing 1.0 and 2.5% aluminum (mass%) were investigated at different intercritical annealing (IA)
temperatures (670-820 �C) after very short IA times (1 min) using thermodynamic simulations, scanning
electron microscopy, transmission electron microscopy, x-ray diffraction and uniaxial tensile tests. The
results show that with the addition of aluminum, the temperature range between A1 and A3 increases from
338 �C for 1.0% Al to 506 �C for 2.5% Al. The retained austenite (RA) has two different morphologies,
namely polygonal and lath. Most of the RA transformed into martensite during deformation. Two types of
martensite were observed: the a�-martensite and e-martensite. The steel with 2.5% aluminum (mass%),
after IA at 790 �C, shows the best combination of tensile properties, including a tensile strength of
982.5 MPa, an elongation of 42.96%, and tensile strength 3 total elongation greater than 42 GPa%.
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short intercritical annealing time, tensile properties

1. Introduction

With the progress and development of science and technol-
ogy, high-strength metal materials and their advanced process-
ing methods are favored by researchers (Ref 1-4). The first-
generation advanced high-strength steels (AHSS), such as dual-
phase (DP) steel, transformation-induced plasticity (TRIP)
steel, complex phase (CP) steel, and martensitic steel, cannot
meet the increasing demands of the automobile industry due to
their low strength–ductility balance (10-20 GPa%) (Ref 5, 6).
At the same time, the second generation AHSS exhibits
excellent mechanical properties, the product of tensile strength
and elongation reaches 50-70 GPa %, including Hadfield steel
and twin induced plasticity (TWIP) steel (Ref 5, 7). In recent
years, the third generation of advanced high-strength steel
(AHSS), with a good balance of strength and ductility, has been

developed globally, which is the product of the ultimate tensile
strength (TS) and total elongation (TEL), estimated to be ‡
30 GPa% (Ref 2). One of the most promising third-generation

AHSS is the medium manganese steel, which is a steel with a
manganese concentration of between 3.0 and 10.0 mass% (Ref
8, 9). It has attracted significant research attention due to its
excellent mechanical properties, relatively low material cost
and industrial feasibility. Medium manganese steel achieves
excellent mechanical properties as a result of the transforma-
tion-induced plasticity (TRIP) effect of the RA (Ref 10-12).
Therefore, between the a + c / a + c + h region, a brief heat
treatment such as IA, also known as reverted transformation
from martensite to austenite, has been used to produce the
duplex structure of ultrafine ferrite and austenite (Ref 13).

The stability of austenite plays an essential role in max-
imizing elongation through the TRIP effect (i.e., an enhanced
elongation due to the formation of martensite during deforma-
tion, which increases the work-hardening rate and, thus, delays
necking (Ref 14, 15)). As a stable element of RA, the content of
carbon and manganese directly affects the stability of RA.
During intercritical annealing, carbon diffuses rapidly into RA
as an interstitial atom, while the diffusion rate of Mn is
comparatively slow (Ref 16). Aluminum is known to raise the
A3 temperature and enlarge the austenite–ferrite intercritical
range, thus shortening the IA time and expanding the
processing window (Ref 17). Previous studies have found that
excellent mechanical properties can be obtained with a short
annealing duration (Ref 18-21), and producing medium-man-
ganese steels with aluminum addition has great potential for
steel density reduction (Ref 22). Furthermore, aluminum
promotes the formation of inhibiting layers, thereby improving
the coating qualities of steels (Ref 23). However, the addition of
too much aluminum can affect the quality of steel and even
cause it to be scrapped, such as increased aluminum impurities
and decreased continuous casting speed (Ref 24). Therefore,
the content of aluminum needs to be adequately controlled.
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This research has investigated the microstructure and
mechanical properties of two medium manganese steels with
different aluminum contents (1.0 and 2.5 aluminum (mass %))
after a very short IA time of 1 min at different temperatures.
The excellent mechanical properties and the microstructure
evolution during the deformation of 2.5 aluminum steel were
also discussed.

2. Materials and Methods

2.1 Materials

Based on Fe-0.2C-5.0Mn-0.5Si (mass %), 1.0 and 2.5
aluminum (mass %) were added as the nominal composition,
named 1.0 Al and 2.5 Al, respectively. The compositions of 1.0
Al and 2.5 Al cast ingots prepared by vacuum induction
melting are Fe-0.19C-5.35Mn-0.95Al-0.51Si (mass %) and Fe-
0.19C-5.25Mn-2.45Al-0.50Si (mass %), respectively. The
ingots were solution treated at 1200 �C for 60 min, hot-rolled
into 3.5-mm-thick plates at approximately 950 �C, cooled to
and maintained at 600 �C for 1.5 h, and, subsequently, a coiling
process is simulated by furnace cooling to room temperature.
After surface descaling, the plates were further cold-rolled to
1.4-mm-thick sheets (60% reduction) at room temperature. By
FactSage� 8.0 software and FSstel databases, the transforma-
tion temperatures (A1, Acm, A3) were calculated as 467, 644,
and 805 �C for the 1.0 Al, respectively, and 510, 674, and
1016 �C for the 2.5 Al, respectively. The calculation was
performed using the nominal compositions of 1.0 Al and 2.5
Al. The specimens with 25 * 100 mm size were taken from the
cold-rolled sheet and annealed intercritically in a salt bath for
1 min for microstructure observation and mechanical properties
testing. The heat treatment mentioned above is shown in Fig. 1.

2.2 Procedures

The microstructure of the samples before and after fracture
was observed under scanning electron microscope (SEM,
GeminiSEM300) and field-emission transmission electron
microscope (TEM, JEM-2010). Specimens for SEM observa-
tion were electro-etched in a solution of 85 vol.% ethanol and
15 vol.% perchloric acid after mechanically polishing (Ref 25).

Specimens for TEM observation were mechanically ground to a
thickness of 50 lm, punched into 3 mm diameter, and then
electro-polished in a twin-jet polisher with a solution of 95
vol.% acetic acid and 5 vol.% perchloric acid at � 20 �C.

The volume fractions of RA were determined by x-ray
diffraction (XRD, Bruker D8 ADVANDE) using a cobalt target.
Specimens for XRD were electro-polished at 15 V in a solution
of 90 vol.% ethanol and 10 vol.% perchloric acid at room
temperature after mechanically polishing. The integrated inten-
sities (I) of the (200) and (211) peaks of ferrite / martensite
(bcc) and the (200), (220) and (311) peaks of RA (fcc) were
determined by least-square fitting of a Pearson VII type
function. The volume fraction of RA(Vc) was then calculated
by Formula 1 (Ref 26):
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Here, q represents the number of austenite peaks, R
represents the calculated theoretical intensity for a certain
peak, and p represents the number of ferrite/martensite peaks.

The dog-bone-shaped tensile specimens with a width of
6.5 mm and a gauge length of 25 mm along the rolling
direction, were fabricated and heat-treated. The tensile tests
were carried out by a CMT universal tensile machine with an
initial load of 20 N and a stretching speed of 2 mm / min.

3. Results

3.1 Influence of Aluminum on Equilibrium Phase Fractions

Figure 2(a) and (b) shows the calculated phase fractions for
1.0 Al (Ref 21) and 2.5 Al after IA, as well as the
experimentally measured RA contents. Ferrite (F), RA,
Cementite (CEME) and Martensite (M) are abbreviations used
to describe the four phases.

Four intercritical temperatures are shown in Fig. 2, repre-
senting the temperature at which austenite begins to precipitate
(A1), the temperature at which the austenite transformation is
complete (A3), the temperature at which the cementite is
completely dissolved (Acm) and an IA temperature, where the
MS of the reversed austenite equals room temperature of 20 �C

Fig. 1 Process flow diagram of 1.0 Al and 2.5 Al medium manganese steel. Process flow diagram of 1.0 Al and 2.5 Al medium manganese
steel. (a) is rolling process, (b) is 1.0 Al annealing process, (c) is 2.5 Al annealing process
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(M20) (Ref 27, 28). When annealing at temperatures greater
than A3, most of the RA transforms into fresh martensite during
quenching. Cementite remains when annealing at temperatures
lower than Acm. The RA is completely stabilized by solute
partitioning when annealing at temperatures below M20,
whereas no martensite is present at room temperature.

Intercritical temperature increases with increasing aluminum
content. The greatest increase is seen in the A3 temperature,
which raise from 805 �C for 1.0 Al to 1016 �C for 2.5 Al. This
causes the temperature range between A1 and A3 to increases
from 338 �C for 1.0 Al to 506 �C for 2.5 Al; the range shifts to
higher temperatures. Additionally, the difference between the
M20 and Acm temperatures increases from 19 �C for 1.0 Al to
36 �C for 2.5 Al. Predicted RA values reach their maximum at
the M20 temperature, with 36.1% for 1.0 Al and 30.8% for 2.5
Al. However, measured RA values were slightly lower, with the
maximum RA being 22.1% for 1.0 Al and 25.8% for 2.5 Al,
and the corresponding annealing temperatures were 730 and
790 �C, respectively, for 1.0 Al and 2.5 Al. Compared with the
predicted values, the maximum RA values measured are lower,
whereas annealing temperatures are higher.

3.2 Microstructure

Figure 3 depicts the microstructures of the investigated steel
before the tensile test. Microstructures of the 1.0Al and are
shown in (a), (b), (c), (d), and (e), while those of the 2.5 Al are
shown in (f), (g), (h), (i), and (j).

For the 1.0 Al, there is little difference in the microstructure
after IA at temperatures between 670 �C and 700 �C which is
composed of F, RA, and CEME, as shown in Fig. 3(a)–(c),
respectively. With an increase in the annealing temperature,
CEME dissolves and the RA increases gradually. At IA
temperatures of 730 �C (Fig. 3d), the RA increases signifi-
cantly, whereas some CEME particles coarsen, which is
consistent with the phenomenon observed in the previous
modeling (Ref 10). When the IA temperature increases to
760 �C, CEME particles completely disappear and martensite
appears in the microstructure (Fig. 3e).

With the increase in IA temperature, the microstructure of
2.5Al evolves in a similar manner to that of 1.0Al. Note that

delta ferrite (d-Fe) appears in 2.5 Al, which is a high-
temperature phase-genetic structure caused by high aluminum
content that contributes to the stability of delta ferrite. In
comparison to 1.0 Al, 2.5 Al is annealed at a higher
temperature, making it less likely to form CEME phase when
IA temperature reaches 760 �C. At this temperature, the
microstructure includes ferrite, d-Fe, RA, and CEME phases
(Fig. 3f). When the IA temperature further increases to 790 �C-
820 �C, the CEME phase disappears, but the other three phases
unchanged (Fig. 3g and h). Finally, when the IA temperature
increases to 850 �C, martensite appears in the microstructure
(Fig. 3i and j).

An increase in aluminum content leads to an increase in IA
temperature. While the temperature of Acm only increases by
30 �C under equilibrium conditions, the temperature difference
between full dissolution of the CEME phase and formation of
the new martensite phase (i.e., the interval between Acm and
M0) is larger. For 2.5 Al, the CEME phase exists at an IA
temperature of 760 �C, and the fresh martensite phase appears
at 850 �C. At IA temperatures between 790 and 820 �C, neither
the CEME phase nor the martensite phase are present. It is
possible to achieve the best mechanical properties when
annealing temperature between this range. In comparison, for
1.0 Al, the CEME phase exists after IA at 640-730 �C. When
the annealing temperature is increased to 760 �C, the CEME
phase disappears and the fresh martensite phase appears. For
1.0 Al, there is no such nominal interval annealing temperature.

Figure 4(a) shows the XRD diffraction patterns after IA at
different temperatures. The RA contents at different IA
temperatures were calculated using Eq 1, as shown in Fig. 4(b).
With regard to the 1.0Al and 2.5Al, a tendency of the volume
fraction of RA increasing at first and then decreasing as the IA
temperature rises is observed. The maximum volume fraction
of the RA can be obtained when IA occurs at 730 �C and 790
�C for 1.0 Al and 2.5 Al, respectively. It is consistent with the
observation of microstructure shown in Fig. 3(d) and (h),
respectively.

At temperatures of 670 �C and 700 �C, there is little
difference in the microstructure of 1.0% Al. The volume
fraction of RA is below 5% when IA at 670 �C, and increases to
around 10% when IA at 700 �C. This indicates that the CEME

Fig. 2 Calculated phase fractions of ferrite (F), cementite (CEME), and martensite (M) for the (a) 1.0 Al (Ref 21) and (b) 2.5 Al annealed at
different temperatures using the FactSage�8.0 with FSstel databases and an RA prediction model (Ref 28-30)
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Fig. 3 SEM micrographs of the investigated steels before the tensile test. The IA temperatures are (a) 670 �C, (b) 700 �C, (c) 730 �C, and (d)
760 �C for 1.0 Al and (e) 760 �C, (f) 790 �C, (g) 820 �C, and (h) 850 �C for 2.5 Al. F, RA, CEME, and d-F denote ferrite, retained austenite,
cementite, and delta ferrite, respectively
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phase dissolves and RA increases gradually as the IA
temperature increases. However, when the IA temperature
further increases to 760 �C, the fraction of RA decreases,
corresponding to the appearance of the fresh martensite phase.
This is due to the insufficient concentrations of carbon and
manganese to sustain the stability of the reverted austenite as
the IA temperature rises to 760 �C, resulting in the appearance
of fresh martensite in the subsequent cooling process.

For 2.5 Al, it can be seen from the morphological
observation that the maximum austenite fraction may appear
in the samples when IA at 790 �C-820 �C. At this range of
temperature, the CEME disappears, but fresh martensite cannot
be observed. As shown in Fig. 4(b), the maximum RA fraction
obtained after IA at 790 �C was 25.8%, which is reduced when
IA at 820 �C. The fresh martensite phase cannot be observed in
the morphology observation (Fig. 3h). In comparison, the
maximum RA value in the 2.5 Al (Fig. 4) is greater than that in
the 1.0 Al (Fig. 2), which is contrary to the calculation result.
This is likely due to the higher IA temperature accelerating the
diffusion of Mn, resulting in higher RA stability and greater RA
volume fraction in the 2.5 Al at room temperature.

It can be concluded that the 2.5 Al is more suitable for the
continuous annealing process than the 1.0 Al, especially for
short-time annealing conditions.

3.3 Mechanical Properties

Figure 5 displays the engineering stress–strain curves of 1.0
Al and 2.5 Al. It is clear that annealing temperature signif-
icantly affects the tensile deformation. There are three different
characteristics of stress–strain curves depending on the IA
temperature. For 1.0 Al, IA at lower temperatures (670,
700 �C), the stress–strain curve shows a small total TEL and
extremely low strain-hardening behavior. IA at 730 �C, the
stress–strain curve exhibits longer yield point elongation with a
higher TEL. IA at 760 �C, the stress–strain curve shows a
discontinuous yield with high strain-hardening behavior. Sim-
ilar stress–strain curves were also obtained in 2.5 Al.

Figure 6 displays the variation of TEL, TS, yield strength
(YS), and TS 9 TEL with annealing temperature for the 1.0 Al
and 2.5 Al.

As the annealing temperature increased, the TEL of 1.0 Al
and 2.5 Al first increased to peak value of 29.76% at 730 �C

and 42.96% at 790 �C, respectively, and then decreased, as
shown in Fig. 6(a). This is due to the fact that at apposite
annealing temperatures (730 and 790 �C for 1.0 Al and 2.5 Al,
respectively), a large amount of RA exhibits a remarkable TRIP
effect, promoting elongation during deformation. At lower
annealing temperatures, (670-700 and 760 �C for 1.0 Al and
2.5 Al, respectively), the microstructure consists mainly of
tempered martensite, while the RA fraction is low (approxi-
mately less than 10% for the 1.0 Al and less than 15% for the
2.5 Al), leading to an insignificant TRIP effect. At higher
annealing temperatures (760 and 820 -850 �C for 1.0 Al and
2.5 Al, respectively), grain growth, average carbon, and
manganese content decrease, decreasing the stability of the
reverted austenite. This means that most of the reverted
austenite will transform to martensite during cooling, thereby
reducing the elongation of the material.

As the temperatures increases, the TS of 1.0 Al initially
declines, then rises again. The initial decrease is attributed to
the recovery of the ferrite matrix at low annealing temperatures.
However, as the annealing temperature increases, a large
amount of the reversed transformation from austenite to
martensite during cooling, which increases the TS. The same
reason explains the variation in the TS of 2.5 Al. However, in
the case of 2.5 Al, the TS increased continuously with an
increase in temperature, as shown in Fig. 6(b).

As shown in Fig. 6(b), the yield strength (YS) of 1.0A and
2.5A decreased as the temperature increased, with minimum
values of 742.39 MPa at 760 �C and 729.82 MPa at 880 �C,
respectively. It is thought that this decrease in YS with rising IA
temperature is due to grain recovery and/or recrystallization,
martensite formation and RA stability. As the IA temperature
increases, grain growth occurs and dislocation density de-
creases, which can facilitate dislocation slip and reduce YS. As
the temperature further increases, martensite forms during
cooling, leading to volume expansion and creation of com-
pressional stresses in the surrounding regions of martensite
islands. These stresses act as back stresses, further reducing YS.
In addition, as increasing IA temperature, the yielding of the
unstable RA is initiated by stress-induced transformation. The
combination of the internal compressive stresses and the stress-
induced transformation helps to reduce YS significantly.

Compared to 2.5 Al, 1.0 Al had a significant TS of 1116-
364 MPa. However, its TEL was lower than that of 2.5 Al.

Fig. 4 XRD results and the RA fraction after IA, (a) is the diffraction pattern, (b) is the calculated RA contents by XRD patterns
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With the addition of Al, there was an observable change in the
microstructures of the investigated steels; delta ferrite appeared
in the microstructure. Delta ferrite is softer than RA and yields

before RA. The appearance of delta ferrite phase is bound to
increase the plasticity of steel (Ref 31). If the softening effect of
delta ferrite is stronger than that of phase transformation
strengthening, the strength of steel will significantly decrease.
Therefore, the content of delta ferrite should be reasonably
controlled to achieve an optimal combination of strength and
plasticity. In addition, the appropriate content of delta ferrite
also increases the content of RA, which is consistent with the
results of Fig. 4. Among all investigated steels, 2.5 Al IA at
790 �C exhibited optimal mechanical properties, with a TS of
approximately 1000 MPa, a TEL of approximately 43.00%,
and TS 9 TEL greater than 42 GPa%.

Figure 7 displays the work hardening rates and true stress /
true strain plots for 1.0 Al (730 �C) and 2.5 Al (790 �C). It can
be determined that for both samples, there are three distinct
stages of work hardening prior to necking.

Stage I can be identified by a sharp drop in work-hardening
rate and is usually present in almost all steels, independent of
its microstructure (Ref 32). The rapid decrease of hardening
rate is mainly related to the glide of dislocation in a single
system. Stages II and III, on the other hand, demonstrate
different work hardening rates for the two samples. The 1.0Al
(730 �C) sample shows a rapid increase in the work hardening
rate in stage II, followed by a swift decline in stage III. The
emission of dislocations interacts with slip of other dislocations
(Ref 33) and may even lead to cross-slip (Ref 34), which
increases work hardening rate. It must be noted, however, that
this is not the only factor leading to an improved work
hardening. During deformation, the RA is transformed into
martensite, which strengthens the local region and inhibits the
nucleation and growth of microcracks and/or microvoids (Ref
35). Meanwhile, the newly formed martensite also contributes
to improved work hardening. Stage III exhibits a reduction in
the work-hardening rate caused by the dislocation annihilation
rate which is greater than the dislocation multiplication rate
caused by the TRIP effect and / or sliding dislocations.

Fig. 5 Engineering stress–strain curve of the 1.0 Al and 2.5 Al after annealing

Fig. 6 Mechanical properties of the 1.0 Al and 2.5 Al at different
annealing temperatures
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Interestingly, the work hardening of 2.5 Al (790 �C) only
slightly increased in stage II, and work hardening did not
decrease significantly in stage III. The work-hardening behav-
ior in stage II is similar to that of twining-induced plasticity
steel with high SFE and small grain size (Ref 33). Many reports
in the literature describe a dramatic increase in SFE caused by
aluminum addition (Ref 36). In stage III, the TRIP effect of RA
increases works hardening, which can partially offset the
decrease in work hardening caused by dislocation annihilation.

4. Discussion

4.1 Excellent Mechanical Properties of 2.5 Al After Annealed
in a Very Short Time

References for steel and their mechanical properties after IA
from different literature are plotted and briefly compared in
Fig. 8 (Ref 10, 13, 21, 37-42). Compared to the literature, the
studied 2.5 Al can show excellent mechanical properties in a
very short IA time (1 min) due to the addition of aluminum. In
particular, the strength 9 ductility is over 42 GPa % for IA at
790 �C, which meets the requirement of 30 GPa% for the third
generation AHSS used in the automotive industry (Ref 2).
Compared with Hadfield steel, 2.5Al has similar strength and
plasticity, but 2.5Al has a higher yield strength.

4.2 Microstructure Evolution of 2.5 Al After Tensile Test

Figure 9 and 10 shows microstructures and RA of the 2.5 Al
before and after the tensile test, respectively.

After the tensile test, the ratio of martensitic transformation
in the RA of the sample at 760 �C was relatively low (only
70%). This indicates that the RA stability of this sample is high

Fig. 7 Work-hardening rate (dr / de) in the 1.0 Al at 730 �C and 2.5 Al 790 �C

Fig.8 Variation of mechanical properties of 2.5 Al steel with short
IA time (1 min) compared to literature
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Fig. 9 SEM micrographs of the 2.5 Al. The IA temperatures are as follows: (a), (e) 760 �C, (b), (f) 790 �C, (c), (g) 820 �C, and (d), (h)
850 �C. The micrographs in (a), (b), (c), and (d) show the samples after IA; those in (e), (f), (g), and (h) show those after stretching. F, RA, C
and d-F represent ferrite, RA, cementite and delta ferrite respectively
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and the TRIP effect is not reflected, resulting in the low TEL at
760 �C. However, when the sample was heated to between
790 �C and 850 �C, its fractured microstructure experienced
great deformation along the tensile direction, with a large
amount of RA transformed into martensite. Notably, the sample
at 790 �C had not only the largest amount of RA transformed
into martensite, but also had a transformation rate as high as
approximately 83%. This means that the sample had a more
significant TRIP effect and can obtain better mechanical
properties.

TEM was used to investigate the deformation of austenite of
2.5 Al after IA at 790 �C in more detail. Figure 11 shows the
TEM image after IA, and the results of the interrupted tensile
test specimen are shown in Fig. 12 and 13.

As shown in Fig. 11, there are two different morphologies
of RA before the tensile test. The first is the polygonal RAwith
a grain size of approximately 200-800 nm, and most grains
were smaller than 500 nm. The second morphology is the lath
RA with a width of approximately 100 nm. The stability of the
RA was influenced not only by the chemical composition, but

Fig. 10 Volume fraction of the RA of the 2.5 Al steel before and after the tensile test

Fig. 11 RA before the tensile test (790 �C). (a) Bright-field image; (b) diffraction pattern of the green circle region in (a); (c) dark field image
of red rectangle in (b)
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also by the size and morphology of grains (Ref 43, 44). It has
been found that the smaller the RA grain size, the better its
stability (Ref 45). In addition, the lath RA is more stable than
the polygonal morphology (Ref 46). During the tensile test, the
polygonal RA with coarse grains would transform into
martensite at the early stage due to its poor stability. On the

other hand, the polygonal RA with fine grains and the lath RA
transform into martensite at the middle or late tensile defor-
mation stage. Comparing the stabilities of the two different RA
morphologies, the high stabilities of lath RA allow it to be
maintained at higher strains compared to the polygonal
microstructure. That is, at higher strains, there will be some

Fig. 13 RA transformed into martensite (a�-martensite) and e-M (e-martensite) after fracture (790 �C). (a) TEM bright field image; (b)
diffraction pattern of the green circle in (a)

Fig. 12 RA transformed into martensite (a�-martensite) after fracture (790 �C). (a) TEM bright field image; (b) diffraction pattern of green
circle b in (a); (c) diffraction pattern of green circle c in (a); (d) diffraction pattern of green circle d in (a); (e) diffraction pattern of green circle
e in (a)
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lath RA that can be used for martensite transformation to
continuously produce the TRIP effect, whereas the polygonal
RA would have exhausted its TRIP effect. These RA transfor-
mations to martensite during tensile deformation are inferred to
be the main reason for the excellent mechanical properties of
the investigated samples (Ref 47).

For the interrupted tensile test specimen, the RA trans-
formed into martensite, i.e., a strain-induced austenite–marten-
site transformation. As shown in Fig. 12 and 13, the shape of
the RA increased in length after the tensile test. This implies
that most of the RA was deformed first and subsequently
transformed into martensite. From the diffraction pattern of the
martensite shown in Fig. 12 and 13, two different types of
martensite were formed from the deformed RA. The first was
the a�-martensite shown in Fig. 12. The second was epsilon
martensite (e-martensite) shown in Fig. 13. The different
arrangements of the stacking faults form e-martensite or
mechanical twins depending on the stacking fault energy
(SFE) (Ref 48-50). As a metastable phase, e-martensite is
formed at a higher degree of deformation, which is mainly
formed in shear bands. The e-martensite was found to play a
key role in the nucleation of a’-martensite in individual shear
bands, which was believed to reduce the activation energy
needed for a’-martensite nucleation (Ref 51).

5. Conclusion

This study investigates the microstructure and mechanical
properties of medium manganese steel with different aluminum
additions after IA at different temperatures for an exceedingly
brief time of 1 min. The following conclusions can be reached:

1. The addition of aluminum extends the IA temperature
range from 338 �C for 1.0 Al to 506 �C for 2.5 Al,
which shifted the IA range toward higher temperatures.
This has consequently contributed to the excellent
mechanical properties of 2.5Al after a very short IA time
annealing.

2. The final microstructures after IA at 730 �C (for 1.0 Al)
and 790 �C (for 2.5 Al) contained the highest amount of
RA, resulting in better tensile properties than those at
other IA temperatures. The mechanical properties of 2.5
Al after annealing at 790 �C for 1 min were TS of
982.5 MPa, TEL of 42.96%, and strength 9 ductility
greater than 42.00 GPa%.

3. The RA of the 2.5 Al before the tensile test has two mor-
phologies, namely, polygonal and lath. After the tensile
test, the RA transforms into martensite, and there are two
different types of martensite, a’-martensite, and e-marten-
site.

Acknowledgements

This study was funded by the Natural Science Foundation of
Inner Mongolia (2020LH05026), and the National International
Science and Technology Cooperation Base on Railway Vehicle
Operation Engineering of Beijing Jiaotong University
(BMRV21KF02).

References

1. J. Zhao and Z. Jiang, Thermomechanical Processing of Advanced High
Strength Steels, Prog. Mater. Sci. Elsevier Ltd, 2018, 94, p 174–242. h
ttps://doi.org/10.1016/j.pmatsci.2018.01.006

2. Y.K. Lee and J. Han, Current Opinion in Medium Manganese Steel,
Mater. Sci. Technol., 2015, 31(7), p 843–856. https://doi.org/10.1179/
1743284714Y.0000000722

3. Z. Zhang, F. Yang, H. Zhang, T. Zhang, H. Wang, Y. Xu, and Q. Ma,
Influence of CeO2 Addition on Forming Quality and Microstructure of
TiCx-Reinforced CrTi4-Based Laser Cladding Composite Coating,
Mater. Charact., 2021, 171, p 110732. https://doi.org/10.1016/j.matcha
r.2020.110732

4. L. Liang, M. Xu, Y. Chen, T. Zhang, W. Tong, H. Liu, H. Wang, and H.
Li, Effect of Welding Thermal Treatment on the Microstructure and
Mechanical Properties of Nickel-Based Superalloy Fabricated by
Selective Laser Melting, Mater. Sci. Eng. A, 2021, 819, p 141507. h
ttps://doi.org/10.1016/j.msea.2021.141507

5. C.D. Horvath, Chapter 2 - Advanced Steels for Lightweight Automo-
tive Structures, Woodhead Publishing in Materials, P.K.B.T.-M.
Mallick Design and Manufacturing for Lightweight Vehicles (Second
Edition), Ed., Woodhead Publishing, 2021, p 39–95, https://doi.org/10.
1016/B978-0-12-818712-8.00002-1

6. H. Ashrafi, M. Shamanian, R. Emadi, S.E. Aghili, and E. Ghassemali,
Damage Micromechanisms in Friction Stir-Welded DP600 Steel during
Uniaxial Tensile Deformation, J. Mater. Eng. Perform., 2022, 31(12), p
10044–10053. https://doi.org/10.1007/s11665-022-06978-z
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