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Abstract: The elemental distribution and microstructure near the surface of high-Mn/Al austenitic low-density steel were investigated
after isothermal holding at temperatures of 900—-1200°C in different atmospheres, including air, N,, and N, + CO,. No ferrite was formed
near the surface of the experimental steel during isothermal holding at 900 and 1000°C in air, while ferrite was formed near the steel sur-
face at holding temperatures of 1100 and 1200°C. The ferrite fraction was larger at 1200°C because more C and Mn diffused to the sur-
face, exuded from the steel, and then reacted with N and O to form oxidation products. The thickness of the compound scale increased
owing to the higher diffusion rate at higher temperatures. In addition, after isothermal holding at 1100°C in N,, the Al content near the
surface slightly decreased, while the C and Mn contents did not change. Therefore, no ferrite was formed near the surface. However, the
near-surface C and Al contents decreased after holding at 1100°C in the N, + CO, mixed atmosphere, resulting in the formation of a small
amount of ferrite. The compound scale was thickest in N,, followed by the N, + CO, mixed atmosphere, and thinnest in air. Overall, the
element loss and ferrite fraction were largest after holding in air at the same temperature. The differences in element loss and ferrite frac-
tion between in N, and N, + CO, atmospheres were small, but the compound scale formed in N, was significantly thicker. According to

these results, N, + CO, is the ideal heating atmosphere for the industrial production of high-Mn/Al austenitic low-density steel.

Keywords: low-density steel; oxidation; microstructure; element distribution; compound scale

1. Introduction

In the 1950s, Fe-Mn—-Al-C steels were developed as a
substitute for Fe—Cr—Ni stainless steels [1-2]. These steels
have garnered significant attention for their potential applica-
tions in the automotive industry, owing to their lightweight
nature, aligning with the global low-carbon economy and
emission reduction requirements [3—4]. Fe-Mn—Al-C low-
density steels can be classified into four categories: ferritic
steel, ferrite-based duplex steel, austenite-based duplex steel,
and austenitic steel [5]. Among these, the austenitic steels
show the most promise in terms of performance and pro-
cessing [6—7]. The tensile properties of austenitic steels sub-
jected to solution treatment are similar to those of high-Mn
twinning-induced plasticity (TWIP) steels [6]. The impact
toughness of these steels is slightly lower than those of Cr—Ni
stainless steels but higher than those of conventional high-
strength steels such as quenching & partitioning (Q&P) and
transformation-induced plasticity (TRIP) steels [8—9]. Solu-
tion treatments are typically conducted at temperatures of
800—1200°C [10]. During solution treatments, decarburiza-
tion and demanganization result in phase transitions on the
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steel surface [11-13].

During heat treatment at high temperatures, the steel sur-
face is oxidized by oxidizing gases such as O,, CO,, and H,0
[14]. This leads to decarburization reactions, resulting in a re-
duction in carbon content or even the absence of carbon near
the surface [15-18]. Surface decarburization is a common
defect in the industrial production of medium- and high-car-
bon steels, and it can cause various quality problems such as
insufficient surface hardness, reduced fatigue life [19], and
poor wear resistance [20]. Studies have shown that decarbur-
ization is influenced by factors such as heating temperature
and time [21], atmosphere [22], and alloying composition
[23]. Among these factors, the atmosphere in the heating fur-
nace significantly influences decarburization. The stronger
the oxidizing atmosphere, the more intense the decarburiza-
tion of steel [22]. Therefore, controlling the atmosphere is
critical for managing the decarburization reaction on the sur-
face of steel [24].

Manganese (Mn) volatilization usually occurs during the
smelting process of Mn steels [25-26]. The Mn volatiliza-
tion rate increases with temperature and time [27]. Mn volat-
ilization can occur not only during smelting but also during
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heat treatment [28]. Wild [12] conducted vacuum annealing
treatment on Fe—18Cr-9Ni—1.2Mn—0.05C-0.45Mo (concen-
trations in wt% unless otherwise specified) austenitic stain-
less steel and observed the escape of Mn from the experi-
mental steel within the temperature range of 497-747°C.
Catteau et al. [29] performed thermal expansion experiments
on Fe—0.4C—1Mn-1Cr—0.25Mo steel in a vacuum and repor-
ted that Mn and Cr near the surface evaporated during hold-
ing at 875°C for 20 min, which affected the thermal stability
of austenite and resulted in microstructural heterogeneities.
Kumar and Mahobia [30] reported that Mn atoms diffused
from the center to the surface and reacted with O atoms in
Fe—-8Cr—21Mn—-0.65C austenitic stainless steel while holding
at 500-700°C, leading to a less stable austenite.

Studies have investigated the effects of decarburization or
demanganization during high-temperature heat treatment.
However, the elemental distributions near the surface and
their impacts on microstructure evolution have not been
quantitatively and systematically analyzed. Additionally, the
loss of elements during heat treatment may vary with the at-
mosphere. However, studies have not compared the effects of
different atmospheres on decarburization and demanganiza-
tion. Therefore, the present study investigates the elemental
distribution and microstructural evolution in high-Mn/Al
austenitic low-density steel after heat treatment at high tem-
peratures in three atmospheres: air, N,, and CO, + N,. The
goal of this study is to provide theoretical guidance for con-
trolling the surface quality of high-Mn/Al austenitic low-
density steel in industrial production.

2. Experimental

The austenitic low-density steel with the chemical com-
position of Fe-20Mn—6AI-0.6C—0.15Si was melted and cast
in a 50 kg-vacuum induction furnace and then cooled to room
temperature. The ingots were reheated to 1250°C and held
for 2 h for homogenization. The ingots were then forged into
round bars with a diameter of 60 mm, followed by cooling to
room temperature in a furnace. The starting and finishing for-
ging temperatures were 1100 and 950°C, respectively. To
study the influence of temperature on the element distribu-
tion and microstructure, the experimental steel was heated to
900-1200°C and isothermally held for 1 h, followed by
quenching to room temperature. The heat treatments were
performed in air. To compare the impact of the atmosphere,
the steel was isothermally held at 1100°C in 100%N, and
75%N, + 25%CO, (All gas percentages below are volume
fractions). N, is usually used as a protective gas. The mixed
atmosphere of 75%N, + 25%CO, was used to simulate the
atmosphere after full combustion of the blast furnace gas in
air, which consists of 72%N,, 23%CO,, and 5%H,0(g). Con-
sidering the small proportion of H,O(g), the atmosphere was
set to 75%N, + 25%CO, to simulate the atmosphere in the
heating furnace.

The microstructure of as-forged steel was observed via
electron channeling contrast imaging (ECCI) and electron

backscatter diffraction (EBSD) on an Apreo S HiVac field-
emission scanning electron microscope. The initial micro-
structure was analyzed using a SmartLab SE X-ray diffracto-
meter with Cu K|, radiation. Additionally, the microstructure
beneath the compound scale of the specimen held at 1200°C
in air was analyzed via X-ray diffraction (XRD) after the
grinding and polishing of the compound scale. After heat
treatment, the microstructure of the cross section was mech-
anically ground and polished for microstructure analyses via
scanning electron microscopy (SEM) and EBSD. The distri-
bution of elements near the surface was quantitatively ana-
lyzed using an EPMA-8050G field-emission electron probe
microanalyzer equipped with wavelength dispersive spectro-
meters. The equilibrium phase diagrams were calculated us-
ing Thermo-Calc 2023b. The adopted database was TCFE
12: Steels/Fe-Alloys v12.0.

3. Results and discussion
3.1. Effect of temperature in air

The ECCI micrograph and XRD pattern of the initial mi-
crostructure of the experimental steel (Fig. 1(a) and (b)) in-
dicated that the initial microstructure was fully austenitic.
However, after heat treatment at 1200°C for 1 h in air, ferrite
occurred near the surface, as shown in the EBSD phase map
(Fig. 1(c)). The XRD pattern (Fig. 1(d)) further confirmed the
presence of significant ferrite under the oxidized layer of the
specimen. This unexpected ferrite formation is attributable to
the reduced stability of austenite, which was caused by the
loss of alloying elements during heat treatment [31-33]. The
fraction of ferrite was influenced by several factors, includ-
ing isothermal temperature, isothermal time, and atmosphere.

To further investigate the impact of isothermal temperat-
ure on the ferrite fraction, the experimental steel was iso-
thermally held at temperatures of 900—1200°C for 1 h in air,
and their microstructure was analyzed via EBSD. The micro-
graphs are shown in Fig. 2. After isothermal holding at 900°C
and 1000°C, the microstructure remained fully austenitic
(Fig. 2(a)). Different fractions of ferrite were formed near the
surface after isothermal holding at 1100 and 1200°C (Fig.
2(b)~(d)).

For each condition, the ferrite occurrence depth was meas-
ured according to five micrographs (Fig. 3(a)). The ferrite
farthest from the surface was used as a standard point. A rect-
angle region (dashed line) was obtained by drawing a line
parallel to the surface from the standard point (Fig. 2). The
area of the rectangle was measured and recorded as S. The
area of the ferrite region (S)) was determined using Image-
Pro Plus software. The ratio of S; to S represents the arca
fraction of ferrite, which can be considered the volume frac-
tion of ferrite near the surface. The fractions of ferrite after
heat treatment at different temperatures are plotted in
Fig. 3(b). Both the ferrite occurrence depth and the ferrite
fraction significantly increased with increasing holding tem-
perature.

The distributions of C, Mn, and Al near the surface after
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Fig. 1. (a) ECCI micrograph and (b) XRD pattern of the initial microstructure; (c) EBSD phase map of the microstructure after
isothermal holding at 1200°C for 1 h in air; (d) XRD analysis of the microstructure with a removal of the surface compound scale
after isothermal holding at 1200°C.
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Fig. 2. EBSD analyses of samples after isothermal holding at different temperatures for 1 h in air: (a) 900°C; (b) 1000°C; (c) 1100°C;
(d) 1200°C. Ferrite is highlighted in orange.
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Fig. 3. (a) Ferrite occurrence depth and (b) ferrite fraction of sample after isothermal holding at 900-1200°C in air. The shadow
represents the standard deviation.
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heat treatment were quantitatively analyzed through electron trometry (WDS) line scanning (Fig. 4). The C, Al, and Mn
probe microanalysis (EPMA)-wavelength dispersive spec- contents significantly fluctuated, attributable to the ferritic
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Fig. 4. SEM micrographs and corresponding EPMA—WDS line scanning results after heat treatments at different temperatures in
air: (a) 900°C; (b) 1000°C; (c) 1100°C; (d) 1200°C.
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solidification mode of the experimental steel. During solidi-
fication, the liquid first transformed into d-ferrite. At high
temperatures, alloying elements such as C, Mn, and Al were
rapidly partitioned between the liquid and é-ferrite phases,
leading to significant differences in alloying content. Sub-
sequently, both the liquid and §-ferrite transformed into aus-
tenite during the cooling process. According to Fig. 5(a),
the newly formed austenite inherited the alloying elements
from the parent liquid and d-ferrite, thereby resulting in local
segregation. The fluctuations in C, Mn, and Al contents
are attributable to the local segregation of elements during
peritectic solidification, despite the experimental steel under-

1500
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1450 L

1400 L+ fec + bccE

L+ bce

1350

1300

Temperature / °C
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1250

1 200 1 1 ; 1
0
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Fig. 5.
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going thermomechanical treatments such as forging and ho-
mogenization (1250°C for 2 h) [34-36]. To confirm this
possibility, additional EPMA—WDS analysis was conducted
to investigate the element distribution in a region away from
the specimen surface (Fig. 5(b)), where no element loss oc-
curred during the heating treatment. However, the Mn
content largely fluctuated (Fig. 5(c)). Therefore, the fluctu-
ation in alloying elements is attributable to the local segrega-
tion induced by peritectic solidification. Additionally, alloy-
ing elements tend to accumulate at grain boundaries [37].
This also possibly contributed to the fluctuation in element
contents.

13000
©
12500

12000
11500

11000

Intensity / counts

10500

10000

0 50 100 150 200 250 300 350
Distance / pm

(a) Equilibrium phase diagrams; (b) EPMA-WDS analysis region away from the surface of the specimen held at 900°C in

air; (c) distribution of Mn intensity. L: liquid; bee: body centred cube; fec: face centre cube.

The concentrations of alloying elements almost remained
relatively constant at the isothermal holding temperatures of
900 and 1000°C (Fig. 4(a) and (b)). The fluctuation was
likely due to peritectic segregation and grain boundary se-
gregation. However, at higher holding temperatures of 1100
and 1200°C, the Al and Mn contents notably decreased, with
a slight decrease in the C content near the surface, disregard-
ing segregation and element partition between ferrite and
austenite. According to the EPMA—~WDS line scanning res-
ults, the percentage of element loss can be approximately us-
ing Eq. (1):

P=S/(S+S51)x100% 1)

where P represents the percentage of element loss, and S and
S, are the areas of the corresponding regions illustrated in
Fig. 4(d). The estimation results (Fig. 6) indicate that the loss
of Mn, C, and Al near the surface became more pronounced
at higher temperatures.

Mn, C, and Al atoms diffused to the surface and reacted
with the gas in the environment, resulting in a reduction in
the Mn, C, and Al contents near the surface. The loss of al-
loying elements is primarily influenced by their initial con-
tents and diffusion rates [12,28—29]. Fig. 7 shows the diffu-
sion rates of Mn, C, and Al in austenitic lattice simulated us-
ing Thermo-Calc software. As the temperature increased, the
diffusion rates of the elements also increased, leading to a
more significant exudation of Mn, C, and Al at higher tem-
peratures.

According to Huang et al. [38], Al, as the primary oxygen-
getter, underwent initial oxidation to form a loose Al,O; film,
which facilitated the diffusion of Mn and C atoms. Owing to

the high content of Mn (20wt%) in the experimental steel, the
relative percentage of Mn loss was significantly higher than
those of Al and C. However, the diffusion rate of C was
much higher than those of Mn and Al, which contradicts the
observation that C loss was the smallest (Fig. 7). Duh and
Wang [39] reported that decarburization played a major role
in the initial oxidation stage in Fe-30Mn—9Al-0.87C low-
density steel. However, as oxidation progressed, it was
primarily controlled by metal elements such as Mn and Al
once decarburization reached a steady state. As a result, the
losses of Mn and Al were larger than that of C.

The exudation of C and Mn, commonly accepted as aus-
tenite stabilizers, resulted in a decrease in the thermal stabil-
ity of austenite near the surface. The depletion of C and Mn

14
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Fig. 6. Percentages of Mn, C, and Al loss after isothermal

holding at different temperatures in air.
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Fig.7. Diffusion rates of (a) Mn/Al and (b) C, as simulated using Thermo-Calc software.

may explain the presence of ferrite near the surface after iso-
thermal holding at high temperatures. The Thermo-Calc
equilibrium phase diagrams (Fig. 8) indicated that the ferrite
fraction increased with the decrease in the Mn and C con-
tents. Therefore, the decrease in Mn and C contents near the
surface, which became more pronounced at higher temperat-
ures, explains the formation of ferrite near the surface, with
additional ferrite forming after isothermal holding at higher
temperatures (Fig. 3). Despite the loss of some Al at the sur-
face, which would normally inhibits ferritic transformation
(Fig. 8(c)), ferrite was still formed. Additionally, Si was pos-
sibly lost during heating treatments. The effect of the Si con-
tent on the transformation of the experimental steel is illus-
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trated in Fig. 8(d). The variation in the Si content had little in-
fluence on the transformation. However, Si combined with O
and Fe during heating treatment and formed oxidation
products such as SiO, and Fe,SiO, [40]. Given the low Si
content and its minimal impact, the effect of Si loss on the
transformation and compound scale can be disregarded.
After oxidization, a compound scale layer occurred on the
surface of the experimental steel (Fig. 9(a)—~(d)). The mean
thickness of this scale was estimated and plotted (Fig. 9(¢)).
Fig. 9(e) shows an increase in thickness with increasing iso-
thermal temperature. The composition of the compound scale
after holding at 1100°C was analyzed via EPMA-WDS line
scanning (Fig. 10). The compound scale primarily consisted
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Fig. 8. Equilibrium phase diagrams corresponding to different Mn (a), C (b), Al (¢), and Si (d) contents.
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of chemical components originating from the experimental
steel, including C, Al, Mn, and Fe, along with N and O from
the atmosphere. According to the literatures [38-39,41], the
compound scale of Fe-Mn—-Al-C steels likely contained
Mn,0;, Fe,0;, Mn;0,, MnFe,0,4, (Mn,Fe)O, and MnAlLO,.
During the initial oxidation stages, Al was the first element to
be oxidized, forming discontinuous ALO; structures [42].
This allowed for the infiltration of N, and O, into the matrix.
AIN may form before the oxidation by O, because the forma-
tion rate of Al,O; was low, and N, could easily permeate into
the matrix [43]. Other elements, such as C, Mn, and Fe, re-
acted with O, to form oxidation products [44]. Additionally,
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at higher temperatures, the diffusion rate increased, allowing
for more alloying elements to reach the surface and undergo
oxidation. This explains the thicker compound scale at high-
er temperatures.

3.2. Effect of atmosphere at 1100°C

Fig. 11 presents the EBSD analysis near the surface after
isothermal holding at 1100°C in N, and N, + CO,. As dis-
cussed earlier, the formation of ferrite after holding in air
(Fig. 2(c)) was due to the exudation of Mn and C. The near-
surface microstructure (Fig. 11(a)) indicated the absence of
ferrite after isothermal holding in N,. However, a small
amount of ferrite was formed near the surface of the experi-
mental steel after holding in a N, + CO, atmosphere (Fig.
11(b)). The depth and fraction of ferrite in different atmo-
spheres are plotted in Fig. 12. The degree of ferritic trans-
formation after isothermal holding was highest in air but low-
est in the N, atmosphere.

The distributions of C, Al, and Mn near the surface of the
samples treated in N, and in N, + CO, were analyzed via
EPMA-WDS line scanning (Fig. 13). Similar to the samples
treated in air (Fig. 4(c)), the contents of alloying elements C,
Mn, and Al in the samples treated in N, still fluctuated. As
explained in Section 3.1, the fluctuations in element content
were caused by local segregation due to peritectic solidifica-
tion and accumulation at grain boundaries. These fluctu-
ations were not affected by the heating atmosphere. The
samples treated in air exhibited a decrease in the C, Mn, and
Al contents near the surface (Fig. 4(c)). However, for the
sample treated in N,, the C, Mn, and Al contents near the sur-
face were similar to those at the inner part (Fig. 13(a)). Ac-
cordingly, ferrite was absent from the surface after holding in
N,. Only a small amount of ferrite was formed near the sur-
face after isothermal holding in the N, + CO, mixed atmo-
sphere (Fig. 13(b)). The ferrite fraction was significantly less
than that in the specimen treated in air. According to the
EPMA-WDS line scanning results (Fig. 13(b)), the C con-
tent decreased near the surface. This indicates that decarbur-
ization occurred on the surface during isothermal holding in
N, + CO,, but no demanganization reaction was observed.
According to the EPMA-WDS line scanning results for the
specimens subjected to isothermal holding in different atmo-
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EPMA-WDS line scanning results for the compound scale after isothermal holding at 1100°C in air: (a) micrograph of
compound scale and matrix; (b) EPMA—WDS line scanning results.
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(b)
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Fig. 11. EBSD analysis after isothermal holding at 1100°C in
different atmospheres: (a) N,; (b) N, + CO,. Ferrite is high-
lighted in orange.

spheres (Figs. 4(c) and 13), the degree of decarburization re-
action in different atmospheres was in the following order: air
>N, + CO, > N,, and the demanganization degree was in the
order: air > N, =N, + CO,.

The ferritic transformation degree after isothermal hold-
ing in air, N,, and N, + CO, was in the following order: air >
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N, + CO, > N,. This trend was due to the simultaneous oc-
currence of decarburization and demanganization, which res-
ulted in isothermal holding in air, yielding the highest degree
of ferritic transformation. Only considerable decarburization
occurred during holding in N, + CO,; therefore, the ferritic
transformation degree was lower than that in air. Addition-
ally, no ferrite was formed during isothermal holding in N,
as neither decarburization nor demanganization reactions oc-
curred.

After the samples were held at a constant temperature in
N, or N, + CO, mixed atmosphere, the compound scales
were more likely to have a uniform thickness compared with
those formed in air. The thickness of the compound scale
formed in air was ~24 um, while the thickness of that formed
in N, reached 144 um. With heat treatment in N, + CO,, the
estimated thickness was ~93 um. Fig. 14 shows the SEM mi-
crographs and corresponding EPMA-WDS line scanning
results of compound scales after isothermal holding in N,,
and N, + CO, atmospheres.
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Fig. 14. SEM micrographs of the compound scale and corresponding WDS line scanning results after isothermal holding at 1100°C

in (2) N3 (b) N, + CO,.

As discussed previously, during isothermal holding in air,
(Fig. 10) the alloying elements such as Mn, Al, and Fe re-
acted with N, and O, to form products of oxidation. During
isothermal holding in N,, nitrogen easily dissolved into the
matrix and formed lamellar AIN (Fig. 14(a)). This phe-
nomenon is similar to the findings of Park et al. [41]. In addi-
tion, according to morphology analysis and the EPMA-WDS
line scanning results (Fig. 14(b)), the compound scale formed
in the N, + CO, atmosphere consisted of two layers. The in-
ner layer was mainly composed of nitrides such as AIN and
the outer layer contained oxides (M,0,). Initially, Al reacted
with N to form AIN [43], and then some AIN was oxidized
by CO,. Other alloying elements in the matrix, such as Fe,
Mn, and C, were also oxidized by CO, to form correspond-
ing oxidation products. The formation of AIN explains the
slight reduction in Al content near the surface (Fig. 13(a) and
(b))

The compound scale formed in N, was the thickest, while
the loss of Al was not very significant. The loss of elements
mainly depended on the oxidation properties of the atmo-
sphere rather than the thickness of the compound scale. Air
exhibited the strongest oxidation capability owing to the
presence of O,. CO, had a weaker oxidation capability. The
oxidation capability of N, was weaker than those of O, and
CO,. Therefore, air had the strongest oxidation capability,
while N, had the weakest. The oxidation capability of N, +
CO, mixed atmosphere was intermediate. Consequently, the
dealuminification degree was as follows: air >> N, + CO, >
N,. Moreover, the compound scale formed in N, was AIN,
with a density of only 3.26 g/cm® The oxidation products
formed in air and N, + CO, consisted of AIN and oxides of
Fe, Mn, and Al. Among these, AIN had the lowest density,
which explains the formation of a thicker compound scale
in N,.

4. Conclusions

The austenitic low-density steel with the composition of
Fe-20Mn—6A1-0.6C-0.15Si was isothermally held at tem-
peratures ranging from 900 to 1200°C in air, N,, and N, +
CO, atmospheres. The elemental distribution and micro-
structure near the surface were analyzed via SEM, XRD,
EBSD, and EPMA. The following conclusions can be drawn.

(1) No ferrite was formed near the surface of the experi-
mental steel during isothermal holding at 900°C and 1000°C
in air. However, when the isothermal temperature reached
1100°C, some ferrite was formed near the surface, and more
ferrite was formed as the temperature was further increased
to 1200°C. This is attributed to the exudation of austenite sta-
bilizers C and Mn during holding at higher temperatures.

(2) During isothermal holding in air, the alloying ele-
ments diffused to the surface and reacted with N and O from
the air, forming products of oxidation on the surface. The
thickness of the compound scale increased with the iso-
thermal temperature owing to the increased diffusion rate of
the alloying elements.

(3) After isothermal holding at 1100°C in N,, the near-sur-
face Al content slightly decreased, while the C and Mn con-
tents remained unchanged. Therefore, no ferrite was formed
near the surface. However, after holding in the N, + CO,
mixed atmosphere, the C and Al contents near the surface de-
creased, leading to the formation of a small amount of ferrite.

(4) A comparison of isothermal holding in the three atmo-
spheres at the same temperature revealed that holding in air
yielded both the highest element loss and ferrite fraction. The
differences in element loss and ferrite fraction between N,
and N, + CO, mixed atmospheres were small, but the com-
pound scale formed in N, + CO, was much thinner. There-
fore, N, + CO, is the ideal heating atmosphere for the indus-
trial production of high-Mn/Al austenitic low-density steel.



0. Zhang et al., Effects of heating temperature and atmosphere on element distribution and microstructure in ... 2679

Acknowledgements

The authors gratefully acknowledge the financial support
from the National Natural Science Foundation of China (No.
U20A20270) and China Postdoctoral Science Foundation
(No. 2022M722486). We would like to thank Dr. Wei Yuan
at the Analytical & Testing Center of Wuhan University of
Science and Technology for the help on EPMA analyses.

Conflict of Interest

All authors state that there is no conflict of interest.

References

[11 S.F.Hu, Z.B. Zheng, W.P. Yang, and H.K. Yang, Fe-Mn—-C-Al
low-density steel for structural materials: A review of alloying,
heat treatment, microstructure, and mechanical properties, Steel
Res. Int., 93(2022), No. 9, art. No. 2200191.

[2] H. Ding, D.G. Liu, M.H. Cai, and Y. Zhang, Austenite-based
Fe-Mn-Al-C lightweight steels: Research and prospective,
Metals, 12(2022), No. 10, art. No. 1572.

[3] C.M. Tang, Z.Q. Guo, J. Pan, et al., Current situation of carbon
emissions and countermeasures in China’s ironmaking industry,
Int. J. Miner. Metall. Mater., 30(2023), No. 9, p. 1633.

[4] X. Lu, W.J. Tian, H. Li, X.J. Li, K. Quan, and H. Bai, Decar-
bonization options of the iron and steelmaking industry based
on a three-dimensional analysis, Int. J. Miner. Metall. Mater.,
30(2023), No. 2, p. 388.

[5] I Gutierrez-Urrutia, Low density Fe-Mn—Al-C steels: Phase
structures, mechanisms and properties, ISLJ Int., 61(2021), No.
1, p. 16.

[6] S.P. Chen, R. Rana, A. Haldar, and R.K. Ray, Current state of
Fe-Mn—AI-C low density steels, Prog. Mater. Sci., 89(2017), p.
345.

[71 H.T. Lu, D.Z. Li, S.Y. Li, and Y.A. Chen, Hot deformation be-
havior of Fe-27.34Mn-8.63A1-1.03C lightweight steel, Int. J.
Miner. Metall. Mater., 30(2023), No. 4, p. 734.

[8] N.I. Ramos-Fabian, 1. Mejia, M. Garcia-Dominguez, and A.
Bedolla-Jacuinde, Metallographic, structural and mechanical
characterization of a low-density austenitic Fe-Mn—-Al-C steel
microalloyed with Nb in hot-rolling condition, MRS Adv.,
8(2023), No. 22, p. 1291.

[91 Y.X. Liu, M.X. Liu, J.L. Zhang, et al., Microstructure and
mechanical properties of a Fe-28Mn—-9A1-1.2C—(0, 3, 6, 9)Cr
austenitic low-density steel, Mater. Sci. Eng. A, 821(2021), art.
No. 141583.

[10] K.T. Park, S.W. Hwang, C.Y. Son, and J.K. Lee, Effects of heat
treatment on microstructure and tensile properties of a Fe—
27Mn-12A1-0.8C low-density steel, JOM, 66(2014), No. 9, p.
1828.

[11] S. Li, Z.N. Yang, H.S. Zurob, H. Chen, C. Zhang, and Z.G.
Yang, On the decarburization of surface pearlite, Metall. Mater.
Trans. A, 52(2021), No. 8, p. 3198.

[12] R.K. Wild, Vacuum annealing of stainless steel at temperatures
between 770 and 1470K, Corros. Sci., 14(1974), No. 10, p. 575.

[13] Q. Zhang, G.H. Chen, Y.P. Shen, Z.L. Xue, and G. Xu, Micro-
structure evolution on the surface of Fe-20Mn-6Al-0.6C—
0.15Si austenitic low-density steel during heat treatment, J. Ma-
ter. Eng. Perform., (2023). DOI: 10.1007/s11665-023-08803-7

[14] M.X. Zhou, H.X. Wang, M. Zhu, et al., New insights to the me-
tallurgical mechanism of niobium in high-carbon pearlitic
steels, J. Mater. Res. Technol., 26(2023), p. 1609.

[15] H.D. Alvarenga, T. van de Putte, N. van Steenberge, J. Sietsma,

and H. Terryn, Influence of carbide morphology and micro-
structure on the kinetics of superficial decarburization of C—-Mn
steels, Metall. Mater. Trans. A, 46(2015), No. 1, p. 123.

[16] Y. Guo, F.Q. Dai, S.T. Hu, and G. Xu, Effect of surface oxida-
tion on decarburization of a Fe-3%Si steel during annealing,
IS1J Int., 58(2018), No. 9, p. 1727.

[17] M. Hajduga and J. Kucera, Decarburization of Fe—Cr—C steels
during high-temperature oxidation, Oxid. Met., 29(1988), No. 5,
p. 419.

[18] X.N. Duan, H. Yu, J. Lu, and Z. Huang, Temperature depend-
ence and formation mechanism of surface decarburization beha-
vior in 35CrMo steel, Steel Res. Int., 90(2019), No. 9, art. No.
1900188.

[19] M.J. Gildersleeve, Relationship between decarburisation and fa-
tigue strength of through hardened and carburising steels, Ma-
ter. Sci. Technol., 7(1991), No. 4, p. 307.

[20] R.I. Carroll and J.H. Beynon, Decarburisation and rolling con-
tact fatigue of a rail steel, Wear, 260(2006), No. 4-5, p. 523.

[21] A. Rafiei, G.A. Irons, and K.S. Coley, Argon-oxygen decarbur-
ization of high manganese steels: Effect of temperature, alloy
composition, and submergence depth, Metall. Mater. Trans. B,
52(2021), No. 4, p. 2509.

[22] Y.R. Chen, X.X. Xu, and Y. Liu, Decarburization of 60Si,MnA
in atmospheres containing different levels of oxygen, water va-
pour and carbon dioxide at 700—1000°C, Oxid. Met., 93(2020),
No. 1, p. 105.

[23] Y.B. Liu, W. Zhang, Q. Tong, and Q.S. Sun, Effects of Si and
Cr on complete decarburization behavior of high carbon steels
in atmosphere of 2 vol.% O,, J. Iron Steel Res. Int., 23(2016),
No. 12, p. 1316.

[24] M. Nomura, H. Morimoto, and M. Toyama, Calculation of fer-
rite decarburizing depth, considering chemical composition of
steel and heating condition, /SLJ Int., 40(2000), No. 6, p. 619.

[25] J.H. Chu and Y.P. Bao, Mn evaporation and denitrification be-
haviors of molten Mn steel in the vacuum refining with slag
process, Int. J. Miner. Metall. Mater., 28(2021), No. 8, p. 1288.

[26] J.H. Chu and Y.P. Bao, Volatilization behavior of manganese
from molten steel with different alloying methods in vacuum,
Metals, 10(2020), No. 10, art. No. 1348.

[27] F.J. Lan, C.L. Zhuang, C.R. Li, J.B. Chen, G.K. Yang, and H.J.
Yao, Study on manganese volatilization behavior of
Fe-Mn—C-Al twinning-induced plasticity steel, High Temp.
Mater. Process., 40(2021), No. 1, p. 461.

[28] A.F. Smitll and R. Hales, Diffusion of manganese in type 316
austenitic stainless steel, Met. Sci., 9(1975), No. 1, p. 181.

[29] S.D. Catteau, T. Sourmail, and A. Moine, Dilatometric study of
phase transformations in steels: Some issues, Mater. Perform.
Charact., 5(2016), No. 5, p. 564.

[30] S. Kumar and G.S. Mahobia, Cyclic oxidation of Fe—18Cr—
21Mn—0.65N austenitic stainless steel at 400-700°C, Trans. In-
dian Inst. Met., 73(2020), No. 10, p. 2457.

[311 Y. Guo, J.H. Zhao, B. Xu, C. Gu, K.Q. Feng, and Y.J. Wang,
Effect of high-temperature oxidation on the subsurface micro-
structure and magnetic property of medium manganese austenit-
ic steel, J. Alloys Compd., 913(2022), art. No. 165254.

[32] V. de Freitas Cunha Lins, M.A. Freitas, and E.M. de Paula E
Silva, Oxidation kinetics of an Fe-31.8Mn-6.09A1-1.60Si—
0.40C alloy at temperatures from 600 to 900°C, Corros. Sci.,
46(2004), No. 8, p. 1895.

[33] AM. de Sousa Malafaia, L. Latu-Romain, and Y. Wouters,
High temperature oxidation resistance improvement in an
FeMnSiCrNi alloy by Mn-depletion under vacuum annealing,
Mater. Lett., 241(2019), p. 164.

[34] G.H. Chen, R. Rahimi, G. Xu, H. Biermann, and J. Mola, Im-
pact of Al addition on deformation behavior of Fe—Cr—
Ni-Mn-C austenitic stainless steel, Mater. Sci. Eng. A,
797(2020), art. No. 140084.


https://doi.org/10.1002/srin.202200191
https://doi.org/10.1002/srin.202200191
https://doi.org/10.3390/met12101572
https://doi.org/10.1007/s12613-023-2632-7
https://doi.org/10.1007/s12613-022-2475-7
https://doi.org/10.2355/isijinternational.ISIJINT-2020-467
https://doi.org/10.1016/j.pmatsci.2017.05.002
https://doi.org/10.1007/s12613-022-2531-3
https://doi.org/10.1007/s12613-022-2531-3
https://doi.org/10.1557/s43580-023-00710-2
https://doi.org/10.1016/j.msea.2021.141583
https://doi.org/10.1007/s11837-014-1064-2
https://doi.org/10.1007/s11661-021-06328-z
https://doi.org/10.1007/s11661-021-06328-z
https://doi.org/10.1016/S0010-938X(74)80021-1
https://doi.org/10.1007/s11665-023-08803-7
https://doi.org/10.1007/s11665-023-08803-7
https://doi.org/10.1007/s11665-023-08803-7
https://doi.org/10.1007/s11665-023-08803-7
https://doi.org/10.1007/s11665-023-08803-7
https://doi.org/10.1007/s11665-023-08803-7
https://doi.org/10.1007/s11665-023-08803-7
https://doi.org/10.1016/j.jmrt.2023.07.235
https://doi.org/10.1007/s11661-014-2600-y
https://doi.org/10.2355/isijinternational.ISIJINT-2018-233
https://doi.org/10.1002/srin.201900188
https://doi.org/10.1179/mst.1991.7.4.307
https://doi.org/10.1179/mst.1991.7.4.307
https://doi.org/10.1016/j.wear.2005.03.005
https://doi.org/10.1007/s11663-021-02196-5
https://doi.org/10.1007/s11085-019-09949-3
https://doi.org/10.1016/S1006-706X(16)30194-7
https://doi.org/10.2355/isijinternational.40.619
https://doi.org/10.1007/s12613-021-2311-5
https://doi.org/10.3390/met10101348
https://doi.org/10.1515/htmp-2021-0049
https://doi.org/10.1515/htmp-2021-0049
https://doi.org/10.1179/030634575790444432
https://doi.org/10.1007/s12666-020-02050-3
https://doi.org/10.1007/s12666-020-02050-3
https://doi.org/10.1007/s12666-020-02050-3
https://doi.org/10.1016/j.jallcom.2022.165254
https://doi.org/10.1016/j.corsci.2003.10.015
https://doi.org/10.1016/j.matlet.2019.01.074
https://doi.org/10.1016/j.msea.2020.140084

2680

[35] G.H. Chen, G. Xu, H. Biermann, and J. Mola, Microstructure
and mechanical properties of Co-added and Al-added austenitic
stainless steels, Mater. Sci. Eng. A, 854(2022), art. No. 143832.

[36] P. Han, Z.P. Liu, Z.J. Xie, et al., Influence of band microstruc-
ture on carbide precipitation behavior and toughness of 1 GPa-
grade ultra-heavy gauge low-alloy steel, Int. J. Miner. Metall.
Mater., 30(2023), No. 7, p. 1329.

[37] A.J. Maldonado, K.P. Misra, and R.D.K. Misra, Grain bound-
ary segregation in a high entropy alloy, Mater. Technol.,
38(2023), No. 1, art. No. 2221959.

[38] Z.Y. Huang, Y.S. Jiang, A.L. Hou, et al., Rietveld refinement,
microstructure and high-temperature oxidation characteristics of
low-density high manganese steels, J. Mater. Sci. Technol.,
33(2017), No. 12, p. 1531.

[39] J.G. Duh and C.J. Wang, Formation and growth morphology of
oxidation-induced ferrite layer in Fe—-Mn—Al-Cr—C alloys, J.
Mater. Sci., 25(1990), No. 4, p. 2063.

Int. J. Miner. Metall. Mater., Vol. 31, No. 12, Dec. 2024

[40] Y.L. Yang, C.H. Yang, S.N. Lin, C.H. Chen, and W.T. Tsai, Ef-
fects of Si and its content on the scale formation on hot-rolled
steel strips, Mater. Chem. Phys., 112(2008), No. 2, p. 566.

[41] S.H. Park, I.S. Chung, and T.W. Kim, Characterization of the
high-temperature oxidation behavior in Fe-25Mn-1.5A1-0.5C
alloy, Oxid. Met., 49(1998), No. 3, p. 349.

[42] P.R.S. Jackson and G.R. Wallwork, High temperature oxidation
of iron—manganese—aluminum based alloys, Oxid. Met.,
21(1984), No. 3, p. 135.

[43] W.S. Yang and C.M. Wan, High temperature studies of
Fe-Mn-AIl-C alloys with different manganese concentrations in
air and nitrogen, J. Mater. Sci., 24(1989), No. 10, p. 3497.

[44] J.L. Sun, B.Y. Huang, J.Q. He, E.C. Meng, and Q.H. Chang,
Achieving oxidation protection effect for strips hot rolling via
Al,O; nanofluid lubrication, Int. J. Miner. Metall. Mater.,
30(2023), No. 5, p. 908.


https://doi.org/10.1016/j.msea.2022.143832
https://doi.org/10.1007/s12613-023-2597-6
https://doi.org/10.1007/s12613-023-2597-6
https://doi.org/10.1080/10667857.2023.2221959
https://doi.org/10.1016/j.jmst.2017.09.012
https://doi.org/10.1007/BF01045765
https://doi.org/10.1007/BF01045765
https://doi.org/10.1016/j.matchemphys.2008.06.021
https://doi.org/10.1007/BF02385731
https://doi.org/10.1007/s12613-022-2493-5

	1 Introduction
	2 Experimental
	3 Results and discussion
	3.1 Effect of temperature in air
	3.2 Effect of atmosphere at 1100°C

	4 Conclusions
	Acknowledgements
	Conflict of Interest
	参考文献

