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Abstract: The effect of Al content (0.035wt%, 0.5wt%, 1wt%, and 2wt%) on the composition change of steel and slag as well as inclusion
transformation of high manganese steel after it has equilibrated with CaO—SiO,—Al,0;—MgO slag was studied using the method of slag/steel
reaction. The experimental results showed that as the initial content of Al increased from 0.035wt% to 2wt%, Al gradually replaced Mn to re-
act with SiO; in slag to avoid the loss of Mn due to the reaction; this process caused both Al,Os in slag and Si in steel to increase while SiO,
and MnO in slag to reduce. In addition, the type of inclusions also evolved as the initial Al content increased. The evolution route of inclusions
was MnO — MnO-A1,0;—MgO — MgO — MnO—Ca0O—Al,0;—MgO and MnO—CaO—MgO. The shape of inclusions evolved from spheric-
al to irregular, became faceted, and finally transformed to spherical. The average size of inclusions presented a trend that was increasing first
and then decreasing. The transformation mechanism of inclusions was explored. As the initial content of Al increased, Mg and Ca were re-

duced from top slag into molten steel in sequence, which consequently caused the transformation of inclusions.
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1. Introduction

With the development of the automotive industry, much
higher mechanical properties, such as strength and ductility
[1—4], are required for automotive steels. On the other hand,
reducing the weight of automobiles has become an important
issue because of the increasing greenhouse gas emissions and
depletion of energy sources. The addition of Al to high man-
ganese steel not only reduces the density but also increases
the stacking fault energy (SFE) of steel [5—7]. In addition, Al
can also effectively suppress the delayed fracture of steel
[8—10].

Compared with the works done in the field of materials,
much fewer studies in the field of metallurgy have been car-
ried out. Grajcar et al. [11], Gigacher et al. [12], and Park et
al. [13] studied the inclusions in high manganese steel in the
absence of top slag. The main types of inclusions are Al,Os,
AIN, and MnO-Al,Os, with some Mn (S, Se) in some inclu-
sions. Park et al. [13] further studied the influence of Al con-
tent on the inclusions amount. The results showed that the
volume fraction of inclusions reached the maximum when
the Al content in steel was 3wt%. Xin et al.[14] investigated
the effect of different Al contents on inclusions in master
high manganese steel. Chen et al. [15] studied the effect of
different additives, such as Mo, Cr, and rare earth elements,
on the thermal conductivity of medium manganese steel. All
the above studies were carried out without top slag.
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Zhuang et al. [16] studied the inclusions in Fe—25Mn—
3Si—3Al TWIP steel under the smelting conditions of induc-
tion furnace — argon oxygen decarburization (AOD) steel-
making — electroslag remelting (ESR). Peymandar et al.
[17] performed research on the reaction between CaO—SiO,—
Al,O;—MgOslagand highmanganese steel containing 1 7wt%—
22wt% Mn and up to 3wt% Al, with a focus on the kinetics of
the interfacial reaction; however, inclusions were not studied.
Yu [18] explored the effect of adding 1wt% Al on the reac-
tion between CaO—SiO,—Al,0;—MgO refining slag and Fe—
xMn (x = 10wt%, 20wt%) steel, including composition
change of steel and slag as well as inclusion transformation.
Kim and Park [19] investigated the interfacial reaction
between high Mn—Al alloyed steel and CaO—SiO,~MgO—
AlLO; flux (initial composition, Al,O; = 5wt%, MgO =
Swt%, CaO/SiO, = 0.5), in which the interfacial reaction kin-
etics and formation of solid phase in slag were considered,
whereas non-metallic inclusions were not covered. Kang
et al. [20] and Park et al. [21] studied the kinetics of the re-
duction of SiO, in molten mold flux by Al in high Mn—Al
steel or Fe—Al melts during a continuous casting process. Ac-
cording to the above research studies, when a certain amount
of Al exists in steel, a relatively strong reaction would occur
between molten steel and top slag, whether refining slag or
mold flux.

Medium/High manganese steel usually contains a certain
amount of Al to either improve mechanical properties or ad-
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just the microstructure and the SFE. In addition, refining slag
is essential for future commercial production of this steel
grade. Therefore, the reaction between top slag and austenitic
manganese steel would occur. However, very few research
studies considered the effect of Al content on the slag/steel
reaction of medium/high manganese steel. Thus, the effect of
different Al contents on the reaction between Fe—10Mn—xAl
steel and CaO—SiO,—Al,0;—MgO refining slag with an ini-
tial ALO; content of 20wt% and basicity CaO/SiO, (B) of 4
was investigated at 1873 K in the present study.

2. Experimental

Experiments were performed in a high-temperature resist-
ance furnace. 200 g metal materials were prepared by using
electrolytic iron, electrolytic manganese, aluminum particles,
and Fe—Mn—Al alloy. The Fe—Mn—Al alloy was made in a
vacuum induction furnace in advance of the slag/steel equi-
librium experiments, the compositions of which are as fol-
lows: Mn, 21.20wt%; Al, 3.21wt%; Si, 0.027wt%; Fe,
75.38wt%. 40 g slag materials were prepared by mixing re-
agent grade ALO;, MgO, SiO,, and dehydrated CaO. The
compositions of the initial slag were 20% AlLO; and 6%
MgO with a slag basicity of 4. All the compositions in this
paper are given in mass percentages unless specially stated.

According to the Al content, the experiments were divided
into four groups: Nos. 1, 2, 3, and 4. Based on the Mn content
of 10%, Al was added to obtain the initial contents of 0.035%,
0.5%, 1%, and 2% for Nos. 1, 2, 3, and 4, respectively. That
was Fe—10Mn—xAl (x = 0.035%, 0.5%, 1%, and 2%)).

The metal materials and slag materials were placed into a
MgO crucible. Next, the temperature was raised to 1873 K,
which was considered as the starting point of the slag/steel
reaction. When the reaction ran to 30 min, the melt was
stirred with molybdenum wire for better composition uni-
formity and kinetic conditions. After the reaction time
reached 90 min (which was determined by a pre-equilibrium
experiment), the MgO crucible was quickly lifted out and
then water quenched. A certain time before and during the
whole experiment, high purity Ar was infilled to retain good
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atmosphere protection.

After quenching, the chemical compositions of steel and
slag samples were analyzed. The inclusions in steel were de-
tected using an Explorer 4 analyzer (ThermoFisher Scientific,
America); the accelerating voltage used for EDS analysis was
15 kV during observation of inclusions. The experimental
method was described in detail in the authors’ previous stud-
ies [18,22].

3. Results and discussion
3.1. Chemical compositions of steel

Chemical compositions of steel samples Nos. 1-4 are
shown in Table 1. Compared with the initial Al content, the
Al content after the reaction was significantly reduced. The
initial content of Al had a great effect on the elemental con-
tent in the steel. The Mn content was less than 10% when the
initial Al content was only 0.035%, whereas it was higher
than 10% when the initial Al content increased to 0.5%, 1%,
and 2%. The Si content tended to increase markedly with in-
creasing initial Al content. The change of Al and Si content in
this work is similar to that of Kim and Peymandar [17,19]. In
both research studies, steel compositions during the reaction
between Fe—xMn—yAl steel and CaO—SiO,—Al,0;—MgO
flux were investigated. With increasing reaction time, the Al
content decreased while the Si content increased quickly. In
addition, the presence of both Mg and Ca in steel was detec-
ted when the initial Al content reached 0.5%, and the Mg
content increased significantly as the initial Al content in-
creased. The total oxygen content decreased notably with the
increase of the initial Al content. The S content in steel was
quite low, varying in the range of 0.0002%—0.0004%.

3.2. Chemical compositions of slag

Table 2 gives the chemical compositions of the slag
samples. The CaO content in the slag was relatively stable in
the first three groups of experiments, whereas it decreased in
group No. 4. With the initial Al content increasing, the SiO,
content exhibited an obvious downward trend, whereas the
Al,0Os content showed an upward trend. In addition, the con-

Table 1. Chemical compositions of steel samples wt%
Experiment No. Al Mn Si Mg Ca S T.0 Fe
1 0.0081 9.62 0.0037 — — 0.0004 0.0029 Bal.
2 0.057 10.15 0.24 0.0011 <0.0005 0.0003 0.0014 Bal.
3 0.075 11.18 0.66 0.0024 <0.0005 0.0002 0.0009 Bal.
4 0.31 10.14 1.10 0.0055 0.0005 0.0003 0.0010 Bal.
Table 2. Chemical compositions of slag samples wt%
Experiment No. CaO SiO, Al,O4 MgO MnO FeO B
Original slag 59.20 14.80 20.00 6.00 — — 4.00
1 53.32 13.81 21.06 7.32 2.82 0.64 3.86
2 54.32 12.06 24.42 7.77 0.72 0.64 4.50
3 53.97 8.72 27.48 7.52 0.41 0.61 6.19
4 51.84 2.16 34.62 7.82 0.14 0.86 24.00
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tent of MnO changed with the increase of the initial Al con-
tent, exhibiting a trend of a gradual decrease.

3.3. Analysis of inclusions

Most inclusions in the No. 1 steel sample were MnO type
with a spherical shape, as shown in Fig. 1(a)—(c). Some in-
clusions contained small amounts of SiO, and MnS at the

4 pm
(a) - (b)
Mn: 71.37wt%
0: 28.63wt%
Mn: 84.02wt%
O: 15.98wt%
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edge, as shown in Fig. 1(b) and (c).

Compared with the No. 1 steel sample, the types of inclu-
sions in the No. 2 sample changed. The main types of inclu-
sions were MnO—AL,O;—MgO type. As shown in Fig. 2, the
inclusions were centered with MgO and surrounded by the
compound of MnO, MgO, and Al,O;; the shape of the inclu-
sions was irregular.

3 um © 3 um
Mn: 57.69wt% Mn: 54.81wt%
Bttt Si: 13.91wt%
Si: 13.11wt% i
0: 20.20w1% S: 4.61wt%
Sy 0:26.65W1%

o Q

Mn: 66.39wt%
0: 33.61wt%

Fig. 1. Typical inclusions in No. 1 steel sample: (a) pure MnOj; (b) MnO with small amounts of SiO,; (¢) MnO with small amounts

of SiO, and MnS.

As shown in Fig. 3, the inclusions in the No. 3 steel
sample transformed further. Compared with those in group
No. 2, the inclusions of the No. 3 sample changed from
MnO—ALO;—MgO type to MgO type. The type of MgO
wrapped by oxide compound disappeared, and MgO became
the main body of inclusions. A small amount of MnO existed
in some MgO inclusions. The shape of the inclusions was fa-
ceted.

Xin et al. [14] studied inclusions in Fe—16Mn—xAl-0.6C
(x = 0.002wt%, 0.033wt%, 0.54wt%, and 2.1wt%) without
top slag in a MgO crucible at 1873 K. The main oxide inclu-
sions evolved as MnO — AL,O; — MgAl,0, — MgO with
increasing Al content because the dissolved Mg from the
MgO crucible was reduced by Al in the liquid steel. The

5 um

Mg: 71.91wt%
0O: 28.09wt%

O

Mn: 8.18wt%
Mg: 48.13wt%
Al: 21.29wt%
O: 22.40wt%

Fig. 2. Typical inclusion in the No. 2 steel sample: MnO—
Ale3_MgO.
(@) LT e
Mn: 3.85wt%
Mg: 76.75wt% Mg: 68.29wt%
0:23.25wt% 0:27.86Wt%
Fig. 3. Typical inclusions in the No. 3 steel sample: (a) pure

MgO:; (b) MgO—MnO.

transformation of inclusions of steel samples No. 1 to No. 3
in the present study is similar to that of Xin’s research.

For the No. 4 steel sample, there appeared another change
in the inclusion types. A Ca component was detected in the
inclusions. As given in Fig. 4, the types of inclusions in the
No. 4 steel sample were mainly MnO—CaO—Al,0;—MgO
type and MnO—CaO—MgO type, and most inclusions were
spherical in shape.

3 um S um
(a) _Mm (b) _oam
Mn: 1.51wt% Mn: 8.20wt%
Mg: 9.71wt% Mg: 66.88wt%
Al: 15.51wt% Ca: 3.62wt%
Ca: 32.52wt% 0: 21.30wt%
0: 20.75wt%

Mn: 11.67wt%
Mg: 9.83wt%
Al: 9.31wt%
Ca: 50.87wt%
0: 18.32wt%

Fig. 4. Typical inclusions in the No. 4 steel sample: (a)
MnO—-Ca0O-ALO;—MgO; (b) MnO—CaO—-MgO.

The area for inclusion observation of steel samples Nos. 1,
2, 3, and 4 was 24.44, 19.72, 20.11, and 19.94 mm?’, respect-
ively, and the numbers of detected inclusions were 159, 168,
148, and 159, respectively.

Fig. 5 shows the average contents of the observed inclu-
sions. The compositions of inclusions varied greatly with the
initial Al content. The MnO content in the inclusions de-
creased as the initial Al content increased. In particular, when
the Al content increased from 0.035% to 0.5%, the MnO
content dropped sharply from 88.63% to 21.12%. In this
case, the other two main components in the inclusions were
MgO and Al,O;. As the initial Al content increased, the MgO
content in the inclusions increased first and then decreased.
When the initial Al content was 1%, the types of inclusions
were mainly MgO type, and the MgO content in the inclu-
sions reached the maximum. When the initial Al content was
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2%, the MgO content in the inclusions decreased. The con-
tent of ALO; in the inclusions increased when the initial Al
content was less than 0.5%, decreased when Al content in-
creased from 0.5% to 1%, and finally increased until the ini-
tial Al content reached 2%. The content of CaO in the inclu-
sions changed little at first and then increased significantly
when the initial Al content increased from 1% to 2%.

100
—a— MgO
X —o— AlLO;
2 80 —a— Si0,
S CaO
2 —+— MnS
£ 60} —< MnO
[
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Experimental No.

Fig.5. Average contents of the observed inclusions.

The histogram in Fig. 6 shows the size distribution of the
inclusions. The largest proportion of inclusion size in each
experimental steel sample was found to be 1-2 pm.
However, the ratio of inclusions in the range of 1-2 um de-
creased in samples Nos. 2 and 3, whereas the ratio of inclu-
sions of 2-3 um and 34 pm increased. The size distribution
of inclusions in sample No. 4 showed the opposite trend. It
can be inferred that the size of the inclusions tended to in-
crease first and then decrease as the initial Al content in-
creased.
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Fig. 6.
clusions.

Size distribution and average size of the observed in-

This observation was also confirmed by the point and line
chart in Fig. 6, which shows the average size change of the
inclusions. The average size increased from 1.49 to 2.11 and
2.26 pum when the initial content of Al increased from
0.035% to 0.5% and 1%, respectively. However, when the Al
content reached 2%, the inclusion size decreased to 1.75 um.
Interestingly, the changing trend of the average size of inclu-

sions was consistent with that of the MgO content in the in-
clusions.

Fig. 7 shows the change of the inclusion shape with the in-
crease of the initial Al content. The shape of the inclusions
evolved from spherical to irregular, became faceted, and fi-
nally transformed into spherical. When the initial Al content
was 0.5% or 1%, the inclusion shape was irregular. Com-
bined with the average size change of inclusions in Fig. 6, ir-
regular inclusions appeared to have a larger size.

o - » -9 o
No. 1 No. 2 No. 3 No. 4
Fig.7. Change of inclusion shape.

4. Discussion

4.1. Reaction mechanism of steel and slag composition
changes

Fig. 8 shows the initial and final slag compositions in the
present study for different initial Al contents in the
Ca0—Si0,~ALO;—6%MgO multicomponent system calcu-
lated using FactSage 7.1. The compositions of the final slag
in the four groups were located near the saturated line of
(Ca,Mg)0, and the point of the final slag composition moved
to the upper right corner; that is, as the initial Al content in-
creased, Al,O; increased and SiO, decreased.

The contents of ALLOs, SiO,, and MnO in the final slags
are shown in Table 2. As the initial content of Al increased,
the AL,O; content increased while the SiO, content decreased;
this observation indicates that reaction (1) occurred during
the slag/steel reaction:
41Al] + 3(Si0;) =2(Al,03) +3[Si] )

Furthermore, 2.82% MnO was formed in the experiment-
al group with the initial Al content of 0.035%, whereas only
0.14%-0.72% MnO was formed in the other experimental
groups. It can be deduced that Mn in steel mainly reacted
with SiO, in the top slag when the initial Al content was
0.035%, as shown in reaction (2) [18]:
2[Mn] + (SiO,) =2(MnO) + [Si] 2)

However, more Al reacted with SiO, in the slag as the ini-
tial Al content increased, thereby promoting reaction (1)
while inhibiting reaction (2). The change of the reaction
mechanism with the increase of the Al content is shown in
Fig. 9. When the initial Al content was relatively low
(0.035% in this study), Mn as a reducing agent reacted with
Si0,. This means that reaction (1) and reaction (2) occurred
simultaneously. When the Al content increased to a high
enough level (0.5% in this study), Mn is prevented from par-
ticipating in the SiO, reduction reaction; this indicates that
only reaction (1) occurred. Therefore, as the initial Al con-
tent increased, Al gradually replaced Mn as the component of
the reaction with SiO, during the slag/steel reaction.

4.2. Evolution mechanism of the inclusions

The results from the Explorer 4 Analyzer indicate that the
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No. 3 slag
No. 1 slag

Original slag

Si0, 0.9 0.8 0.7 0.6 0.5

Mass fraction of SiO,

0.3 0.2 0.1 Ca0

Fig. 8. Change of slag compositions with Al content at 1873 K.

Steel

Slag

Steel

Fig.9. Schematic of the reaction mechanism.

type of inclusions after the slag/steel reaction transformed
with the increase of the initial Al content. Most inclusions
observed in the No. 1 steel sample were MnO type, primarily
via reaction (2) in this experimental condition, where the ini-
tial Al content was only 0.035wt%. However, the inclusions
changed to MnO—Al,0;—MgO type in the No. 2 group with
an initial Al content of 0.5wt%. Under this experimental con-
dition, Al in the steel reacted with MgO in the slag or the
MgO crucible, as shown in Eq. (3). Consequently, Mg was
reduced into molten steel [23].
2[Al] +3(MgO) = (A,03) +3[Mg] 3)

Next, the reduced Mg reacted with Al,O; to form spinel,
as indicated in Eq. (4) [24].
3[Mg] +4(Al,0;) = 3(MgO - AL,O;) + 2[Al],

lg K4y = 34.37-46950/T,

3 2

Ky = _0a0) 0 )
vl aL0,)
where K is the equilibrium constant of Eq. (4), a;; or a;; is
the activity of component i in molten steel or slag, and T is
the temperature.

As the initial Al content increased to 1% in the No. 3

group, more Mg was reduced by reaction (3); the reduced Mg
further reacted with MgO-AlLO; to generate MgO, as shown
in Eq. (5). Therefore, the type of inclusions in the No. 3 steel
sample changed to MgO type.
3[Mg]+(MgO - Al,05) = 4(MgO) + 2 [Al],

lg K5y = 33.09 - 50880/T,

Ko = 0 ©

Mg " 4(Mg0-ALLO;)

where K, is the equilibrium constant of Eq. (5).

The transformation of the inclusions was evaluated by
thermodynamic calculations [18,25—26]. The formation of
MgO and MgO-AlLO; inclusions was calculated. The activit-
ies of the components in steel can be expressed by Eq. (6):
lgay = Ze![% j] +1g[%i] (6)
where e'i" is the interaction coefficient of element j to i.

The stability diagram for oxides of Al,O;, MgO-Al,0; and
MgO can be obtained through Egs. (4)6). When calculat-
ing the boundary of MgO-Al,0,/Al,O,, the activities of
MgO-Al,O; and Al,O; were 0.47 and 1 respectively, while
calculating the boundary of MgO/MgO-Al,O;, the activities
of MgO and MgO-ALO; were 0.8 and 0.99, respectively
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[27-28].

The calculated phase stability diagram for Al,O;, MgO-
AlLO; and MgO is shown in Fig. 10. The contents of dis-
solved [Al] and [Mg] in molten steel of the No. 2 and No. 3
experiments were near the boundary of MgO/MgO-Al,0;, in
agreement with the result of the inclusion types observed in
steel samples.

10°
e No. 2
107 F 5 No. 3

T=1873K

Dissolved Mg / wt%

107 : ' ' '
103 10 1073 1072 107! 10°
Dissolved Al / wt%

Fig. 10. Phase stability diagram of MgO/MgO-Al,03/ALO;.

Furthermore, in the system of very low oxygen potential,
Ca could be reduced from slag by reaction (7). In the No. 4
experiment, with an initial Al content of 2%, a certain
amount of Ca was detected in the steel sample, that is, the
activity of Ca increased.

2[Al] +3(Ca0) = (AL,O3) +3[Ca] (7)

Under strong Al-deoxidation, MgO inclusions were un-
stable and reaction (8) would occur [29], forming a thin
MgO-Al,O; layer around MgO. The generated MgO-Al,Os
was not stable; once Ca appeared in steel, it would react with
the Ca in the steel through reaction (9) [29]. Therefore, CaO—
MgO—ALOQO; system inclusions were formed.

2AP " + [MgO]'"" = (MgALO,) + 20* )
x[Ca] + (yMgO . ZA1203) =
(xCa0 - (y — x)MgO - zAl,0;) + x[Mg] )

Based on the above discussion, the transformation of the
inclusions can be roughly described as follows: when the ini-
tial Al content was only 0.035%, Mn was the main reducing
agent, and the inclusions in the steel were mainly MnO.
When the initial Al content reached 0.5%, Al gradually be-
came the main reducing agent, reducing Mg from MgO in the
slag or the crucible; thus, a large amount of MgO-Al,O; was
formed and most inclusions transformed to MnO—-ALO;—
MgO type. As the initial Al content increased, the activity of
Mg was further increased, and MgO inclusions were formed
in steel. Finally, when the initial Al content further increased,
Ca was reduced into the molten steel, and the inclusions were
transformed into MnO—CaO—Al,0;—MgO and MnO—CaO—
MgO type. According to previous research studies [29-31],
the increase of Ca activity would cause MgO and MgO-Al,O;
inclusions to gradually become liquid inclusions. Thus, the
shapes of the inclusions changed from spherical to irregular

and finally to spherical with the increase of the initial Al con-
tent.

5. Conclusions

This study involved the investigation of the effect of the
Al content on the reaction between Fe—10Mn—xAl (x =
0.035wt%, 0.5wt%, 1wt%, and 2wt%) steel and CaO—SiO,—
20wt%AL,0;—6wt%MgO (B = 4) slag at 1873 K. The main
results are summarized as follows.

(1) After the slag/steel reaction, the Al content was signi-
ficantly decreased. The initial Al content had a great effect on
the composition of steel and slag. As the initial Al content in-
creased from 0.035% to 2%, the Si content in steel gradually
increased; whereas, SiO, and MnO contents in slag gradually
decreased, and the Al,O; content gradually increased.

(2) During the slag/steel reaction, Mn and Al in molten
steel are two main reducing agents that reacted with top slag
simultaneously. With the increase of the initial Al content, Al
gradually replaced Mn to participate in slag/steel reaction.
This process is the main reason for the composition change of
steel and slag with the change of the initial Al content.

(3) As the initial content of Al increased from 0.035% to
2%, the types of inclusions changed greatly. The evolution
routeofinclusions was MnO — MnO—-A1,0;—MgO —MgO —
MnO—CaO—-AlL,0;—MgO and MnO—CaO—MgO. The evolu-
tion mechanism of inclusions was explored. With the in-
crease of the initial Al content, Mg and Ca were reduced
from top slag into molten steel in sequence, which con-
sequently caused the transformation of inclusions.

(4) The shape of inclusions evolved from spherical to ir-
regular, became faceted, and finally transformed to spherical.
With the initial Al content increasing from 0.035% to 2%, the
size of inclusions presented a trend that was increasing first
and then decreasing.
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