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Abstract

FeO-containing slag originated from the basic oxygen furnace to the ladle is a major reoxidation source during the
following secondary refining. Ladle slag reduction treatment (slag treatment) is one of the common countermeasures
adopted to eliminate the steel contamination by FeO reoxidation. The oxygen transfer phenomenon between molten steel
and slag was studied during the industrial production of interstitial-free (IF) steel, the measured and calculated oxygen
activities in steel were compared, and the Fe—O equilibrium at the slag—molten steel interface was investigated by
thermodynamic analysis. With slag treatment, the oxygen potential is higher in the molten steel than in the pre-deoxidation
slag; this causes oxygen transfer from the molten steel to the slag, decreasing the efficiency of slag treatment. Based on
this, a two-step slag deoxidation process was optimized. The second step further reduced the FeO content. On the other
hand, the CaO/Al,O5 (C/A) ratio in the refining slag must be controlled, because it affects the FeO activity and inclusion
absorption capacity of the slag. The results suggest that the C/A ratio of 1.2—1.5 and the FeO content of < 6% are beneficial
to refine IF steel.
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1 Introduction

Interstitial-free (IF) steels are widely used in the industry of
automobiles and household electrical appliances. As the
demand for high-quality steels continues to increase, the
control of surface quality and the uniformity of mechanical
property for IF steels has become increasingly important in
recent times. Al,Oj3 inclusion is one of the common
inclusions observed in molten steel and the final product
for the production of IF steel. The Al,O;z inclusion is
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generally considered harmful because several studies have
shown that the surface deterioration of steel is often related
to Al,Oj inclusions [1-5]. In addition, Al,O3 can easily
deposit on the inner wall of submerged entry nozzle and
disturb the casting process [6, 7]. Therefore, the control of
the generation of Al,Oj3 inclusions is currently attracting
worldwide research attention [8, 9].

Al,O3 usually forms in molten steel during deoxidation
in the RH process. Nevertheless, when using a basic oxy-
gen furnace (BOF), some BOF slags are unavoidably
poured into ladle along with molten steel during tapping
even when lots of countermeasures are conducted to pre-
vent slag carry-over. FeO is one of the main components of
BOF slag; therefore, the FeO content in the refining slag is
high. Generally, after deoxidation of molten steel, oxygen
is transferred from the FeO-containing slag to the molten
steel because the molten steel has a lower oxygen potential
than the slag, which leads to the steel reoxidation and the
new generation of inclusions in steel [10]. Lee et al. [11]
found that the number of defects on cold-rolled sheets
diminishes with a diminishing FeO + MnO content of
ladle slag at the end of the secondary refining. Wang et al.
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[12] built a prediction model of the content of total oxygen
(TO) in molten steel based on the equilibrium between
reoxidation rate and inclusion removal rate, and their
research showed that reoxidation rate of oxidizing slag to
the molten steel was dominated by the mass transfer of
reducible oxides (FeO + MnO) in the slag. Lee et al. [13]
found that the reoxidation rate increased linearly with
increasing FeO content if the FeO content in slag was
higher than 1.5 wt.%, and it decreased with the increasing
(Ca0)/(Al,O5) ratio of the slag for a given FeO content.
Qin et al. [14] found that the cleanliness of molten steel
refined through slag with a lower content of FeO (7—9
mass%) is much better than that refined by slag with a
higher content of FeO (21 mass%). From the above anal-
ysis, it can be concluded that the FeO content in slag
should be reduced to improve the cleanliness of the steel.

Slag treatment is a process after tapping of BOF to lower
the FeO content in slag. In this process, a slag conditioner
(i.e., slag reduction or deoxidation treatment), which is a
mixture of aluminum and burnt lime or limestone, is added
into the slag to lower FeO and MnO contents of the ladle
slag [9]. During RH refining, the slag can solidify easily
after decarburization (de-C) of molten steel, which makes
it difficult to conduct deoxidation of slag and molten steel
simultaneously. Therefore, slag treatment after tapping is
generally adopted, such as the steelmaking process of
Baosteel and POSCO [13, 15]. However, this process has
the disadvantage that the deoxidized slag can be oxidized
by un-killed steel during decarburization process and sub-
sequently become a potential source of reoxidation for
molten steel after molten steel deoxidation. In addition, the
mechanism of the transfer of oxygen between steel and slag
remained unclear during this process.

In this study, the Fe—-O equilibrium at the slag—steel
interface was investigated by both industrial experiment and
thermodynamic analysis. Based on the results, the mecha-
nism of oxygen transfer between molten steel and slag was
proposed. In addition, based on the proposed mechanism, a
new process for the production of IF steel is proposed.

2 Experimental method

In this study, experiments were conducted during the pro-
duction of IF steel and the typical composition of the IF steel is
shown in Table 1. The general production process of IF steel
follows the route of KR (knotted reactor) desulfuriza-
tion » BOF — RH — CC (continuous casting). After KR

Table 1 Chemical composition of IF steel (mass%)
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Fig. 1 Production route and schematic of sampling

desulfurization, the hot metal was sent to a converter for
steelmaking. Then, the steel was tapped. Slag deoxidant which
was a mixture of aluminum and burnt lime was added into the
slag after BOF tapping to reduce the FeO content in the slag.
From the end of RH treatment to CC, the steel was not stirred,
which is named as holding process, to promote the removal of
inclusions for approximately 10 min.

The schematic of the sampling is shown in Fig. 1. Steel
sample was obtained by barrel type samplers (inner
diameter of 45 mm and height of 100 mm) at the beginning
of RH, the end of decarburization, as well as 0, 5, and
10 min after RH treatment. Slag sample was obtained by
immersing a steel rod into the bulk of slag. Slag samples
were collected just after tapping, the beginning of RH, the
end of decarburization, the end of RH treatment and the
end of holding process. In this study, two heats of exper-
iments on a scale of 210 t were conducted.

The Al content in molten steel was analyzed by induc-
tively coupled plasma—atomic emission spectroscopy (ICP-
AES). The dissolved oxygen content in molten steel was
measured using a solid electrode sensor with Cr/Cr,O5 as
reference electrode. The other alloying elements in molten
steel were measured by spark discharge emission spec-
trometry method. The composition of slag was analyzed
using an X-ray fluorescence spectrometer. The details of
these methods were summarized by Zhang et al. [9].

3 Experimental results

The compositions of Al and dissolved oxygen in molten
steel during the production of IF steel are shown in Fig. 2.
The contents of other elements in steel are shown in

C Si Mn P S

Al Ti N Fe

0.002 0.004 0.089 0.012

0.008

0.022 0.046 0.002 Balance
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Fig. 2 Change in contents of Al and dissolved oxygen in molten steel
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Fig. 3 Change in FeO + MnO content in slag
Table 1. According to Fig. 2, it is clear that before steel

deoxidation during RH treatment, the dissolved oxygen
content in steel was high (0.04-0.05 mass%) as the Al

Table 2 Change in contents of other elements in molten steel

content in steel was almost zero. The high concentration of
dissolved oxygen was used for decarburization. After steel
deoxidation by Al during RH treatment, the Al content in
steel increased to about 0.03—0.04 mass% and the content
of dissolved oxygen decreased simultaneously to about
3 x 107°. The concentration of other elements in steel did
not show much change as the surface of the top slag was
solidified. During IF production, Ti was added into the
steel for the stabilization of remained elements of C and N;
therefore, the content of Ti increased immediately after the
addition of Ti alloy during RH treatment.

The content of FeO + MnO (reducible oxide) in slag
during the production of IF steel is shown in Fig. 3. The
contents of other components in slag are shown in Table 2.
From Fig. 3, it is clear that the initial content of reducible
oxide was high (more than 20 mass%) before slag treat-
ment. By the slag treatment during tapping, the content of
reducible oxide decreased greatly to lower than 10 mass%.
However, after slag treatment, the concentration of redu-
cible oxide increased to about 12 mass% and then began to
decrease after steel deoxidation. The concentrations of
other oxides in slag did not show much change after slag
treatment.

The typical morphology of the observed inclusion is
shown in Fig. 4. As seen, single Al,O3 (including irregular,
spherical and rod-like), Al,O5 cluster, and Al,03-Ti,O
inclusions (including single and cluster) were observed,
and some Al,O; inclusions are larger than 50 pm. During
the holding period at the end of the ladle process, the
concentration of reducible oxide in slag was high (12
mass%); therefore, no MgO-Al,O5 spinel inclusion was
observed in steel, and only Al,O3 and Al,05-Ti,O inclu-
sions were detected. Inclusion of large size is harmful to
the surface quality of IF steel regardless of the inclusion
type [2]. Therefore, in this study, the inclusion is classified

Heat Sampling time Steel composition/mass%
C Si Mn P S Ti TO
Heat 1 Tapping 0.0440 0.018 0.041 0.009 0.007 - -
Beginning of RH 0.0430 0.004 0.044 0.006 0.007 - -
End of de-C 0.0012 0.004 0.032 0.006 0.007 - -
End of RH 0.0011 0.004 0.124 0.007 0.007 0.0681 0.0049
5 min of holding 0.0013 0.004 0.133 0.007 0.007 0.0679 0.0051
10 min of holding 0.0013 0.004 0.133 0.007 0.007 0.0677 0.0053
Heat 2 Tapping 0.0360 0.018 0.041 0.009 0.006 - -
Beginning of RH 0.0350 0.004 0.044 0.008 0.006 - -
End of de-C 0.0012 0.004 0.028 0.007 0.006 - -
End of RH 0.0013 0.004 0.133 0.007 0.005 0.0664 0.0043
5 min of holding 0.0013 0.004 0.133 0.007 0.005 0.0658 0.0046
10 min of holding 0.0013 0.004 0.133 0.007 0.005 0.0656 0.0051
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Fig. 4 Typical morphology of observed inclusion during holding
process

by the size of inclusion. The size distribution of the
inclusion in heats 1 and 2 is shown in Fig. 5, respectively.
It is clear that most inclusions were in small size
(< 10 pm) during the holding period at the end of the ladle
process. The number density of inclusions increased as the
treatment time extended, which indicated that the rate of
reoxidation by reducible oxide in slag is higher than that of
inclusion removal by floatation.
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Fig. 5 Size distribution of observed inclusion during different hold-
ing time in heats 1 and 2

4 Discussion

For Al-killed steel, the content of dissolved oxygen is
controlled by reaction (1). The equilibrium constant (K) of
reaction (1) is shown in Eq. (2), which is a constant related
to temperature.

2[Al] + 3[0] = (ALO;)(s) (1)

K = ZQ(L;;) (2)
(A7[0]

ajo] = fioWo] (3)

lgfo] = Zegwy; (4)

ajai = fiagwiai (5)

lgfiay = Zepw; (6)

where a(a,0,) is the activity of Al,Os; ajay) and gjo are the
activities of aluminum and oxygen, respectively; fio,
and fiay are the activity coefficients of oxygen and alu-
minum in the molten steel, respectively; wy; is the con-
centration of element j in the molten steel; and ¢} and ¢y,
are the interaction coefficients of oxygen and aluminum in
the molten steel, respectively.

Many studies have been conducted to investigate the
value of K; and the frequently used data collected at
1873 K are presented in Table 3 [16—19]. The published
values of K; did not show much difference; therefore,
1g(K;) = 13.6 was used in the present study.

After steel deoxidation by Al, dissolved Al and dis-
solved O react with each other as shown in Eq. (1). When
reaction (1) reaches equilibrium, the contents of Al and O
in the molten steel can be calculated by Eqs. (2-6). The
interaction coefficients used for thermodynamic calculation
are listed in Table 4 [16]. For the calculation, the activity
of Al,Oj; is very important. A lot of researchers took the
value of the Al,O5 activity in top slag into consideration
because they assumed that the equilibrium between slag
and molten steel was achieved at the slag—steel interface.
However, in this study, the top slag contained a high
concentration of reducible oxide, which had the priority to
react with Al in molten steel and the treatment time in this
study was too short (10 min after steel deoxidation) to
reach slag-steel equilibrium. Recently, Liu et al. [20] found
that the reaction rate between steel and inclusion was quick
and the steel-inclusion equilibrium could be reached

Table 3 Values of 1gK; published by different researchers at 1873 K

Source JSPS Itoh et al. Seo et al. Fruehan et al.
[16] [17] [18] [19]

1gK; 13.6 12.6 13.0 13.3
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Table 4 Interaction coefficients used in thermodynamic calculations [16]
j
(¢} Al C Si Mn P S Ti
i (0] —1.98 — 0.043 — 0.437 0.056 - 0.05 0.035 -
Al - 0.174 —1.17 — 0421 — 0.066 — 0.021 0.07 —0.133 —1.12
within seconds. Therefore, in this study, the Al,O5 activity 0.005

in Al,Oj5 inclusions, which is assumed to be unity, and the
Al,Oj3 activity in slag were both taken into consideration.
The activity of Al,O;5 in slag was calculated by FactSage.
The temperature for calculation was 1873 K, and the slag
composition for calculation was the values listed in
Table 5. The calculated results together with more than
100 sets of measured data are shown in Fig. 6.

In Fig. 6, the experimental results agreed well with the
calculation assuming that the activity of Al,O5 is unity,
which indicated that dissolved oxygen and aluminum in
molten steel were in equilibrium with Al,O5 inclusions
rather than Al,Os in the top slag under the condition of this
study.

After the determination of the AI-O equilibrium in
molten steel, the transfer of oxygen between slag and steel
during IF steel production is discussed in the following
part. As shown in Fig. 3, by the slag treatment, the content
of reducible oxide decreased greatly. However, after slag
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Fig. 6 Relationship between [Al] and [O] in molten steel

content in the molten steel and the FeO content in the slag
can be described as Eq. (10). In this calculation, fjo; and
the activity coefficient of FeO in slag yg.o can be calcu-
lated by Egs. (2) and (11) [10], respectively.

treatment, the content of reducible oxide increased
gradually. (FeO)(1) = [O] + [Fe] (7)
The equilibrium relationship between FeO in slag and ajo)ajFe]

molten steel can be expressed as Eq. (7). In fact, the K = M (3)

activity of Fe in Eq. (7) can be considered as unity; thus,

according to Eq. (8), the dissolved oxygen activity is only ~ AG® = 117,733.7 — 49.85T (I /mol) 9)

determined by the FeO activity at a certain temperature 7

[Eq. (9)]. The relationship between the dissolved oxygen

Table 5 Change in contents of other components in slag

Heat Sampling time Slag composition/mass% C/A

Ca0 ALO; Sio, MgO P,0s

Heat 1 End of BOF 51.00 1.40 16.13 10.02 1.80 36.36
Beginning of RH 42.26 40.48 5.23 8.79 0.10 1.04
End of de-C 35.57 38.82 5.46 8.08 0.10 0.92
End of RH 34.31 41.11 5.33 7.95 0.10 0.83
End of holding 34.06 41.59 5.33 7.94 0.10 0.82

Heat 2 End of BOF 45.44 291 14.04 9.93 1.50 15.62
Beginning of RH 36.38 43.56 5.20 6.65 0.10 0.84
End of ee-C 33.61 41.07 5.04 6.41 0.11 0.82
End of RH 33.48 44.78 5.22 5.54 0.11 0.75
End of holding 31.25 45.76 4.98 5.61 0.11 0.68

C/A CaO/Al,035 ratio
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f[O]W[O] 6320
IgK, =1 = — +2.734 10
gK2 gVFeo % Neeo T (10)
0.676w o) + 0.267w(a1,0.) — 19.7
Igireo =~ N
W(si0,) (11)

0.0214w(cq0) — 0.047

where a(reoy is the activity of FeO; age) is the activity of
Fe; and Ng.o is the molecular weight of FeO in slag, g/mol.

The calculated equilibrium content of dissolve oxygen
in molten steel in equilibrium with the FeO-containing slag
together with the experimental results in the experiment of
heat 2 is shown in Fig. 7. It can be seen that the calculated
oxygen content in molten steel was more than 200 x 10°
before steel deoxidation (tapping, beginning of RH, and
end of de-C), which is much lower than the measured
oxygen content in molten steel. This indicated that the
oxygen should transfer from the molten steel to the slag at
these stages, which led to an increase in the reducible oxide
content in top slag and a decrease in oxygen content in
steel, as shown in Figs. 2 and 3. At the end of decarbur-
ization, the FeO content in slag increased to 11.24 mass%
from 6.34 mass% after slag treatment during tapping. After
steel deoxidation, the content of dissolved oxygen in the
molten steel decreased immediately to (3-5) X 107°,
while the FeO content in slag was still high. Therefore, the
oxygen at the molten steel-slag interface was transferred
from the slag to the molten steel, which led to the reoxi-
dation of steel by slag. From Fig. 3, it is clear that the
content of reducible oxide decreased slightly after steel
deoxidation, which confirmed that oxygen transferred from
the slag to the molten steel after molten steel deoxidation.

The reoxidation is harmful to steel quality. As shown in
Fig. 2, the average Al loss is approximately 21 x 10~° for
heat 1 and 14 x 107° for heat 2 from the end of RH
treatment to the beginning of CC. In addition, the
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Fig. 7 Content of equilibrium [O] in molten steel with FeO-contain-
ing slag during production process of IF steel (heat 2)

reoxidation led to the new generation of inclusions in steel,
as shown in Fig. 5.

Based on the above analysis, the reoxidation of molten
steel by slag should be suppressed to improve the cleanli-
ness of molten steel. The best method is to conduct
deoxidation of slag and molten steel simultaneously.
However, during RH refining, the difficulty for the slag
treatment is the solidification of the surface of slag. From
Fig. 3, it is clear that the content of reducible oxide
increased gradually before molten steel deoxidation, which
indicated that the molten steel and slag did not reach
equilibrium during the period from the slag treatment to the
molten steel deoxidation. Therefore, in order to suppress
the reoxidation of molten steel by slag after molten steel
deoxidation, it is better to strengthen the slag treatment
after tapping. By the application of ladle lid to melt the
solidified slag, it is better to conduct slag treatment again
after molten steel deoxidation if possible. The proposed
new process is shown in Fig. 8.

During holding process, inclusion removal by floatation
and inclusion generation by reoxidation happened simul-
taneously. If the rate of inclusion formation by reoxidation
was lower than that of inclusion removal, holding process
can be applied to improve the cleanliness of the molten
steel. The rate of inclusion formation by reoxidation
increased with the activity of reducible oxide in slag [21].
Therefore, it is necessary to decrease both the content of
reducible oxide and the activity coefficient of reducible
oxide in slag as low as possible. The countermeasures for
the decrease in FeO content in slag was discussed in the
previous part by the slag treatment twice. For the coun-
termeasures to decrease the activity coefficient of reducible
oxide in slag, researchers found that the C/A ratio signifi-
cantly affects the activity of FeO [22, 23]. The activity
coefficient lines of CaO-Al,03-FeO slag calculated by
FactSage software are shown in Fig. 9. The area outlined
by solid lines is the liquid region of the slag at 1873 K. In
the liquid region, with increasing the C/A ratio in the slag,
the activity of FeO in the slag decreased.

FeO
( ) - -» Before optimization

— After optimization
1% step
O slag deoxidation
~ 21 step
~
\\\ / slag deoxidation
N
\\
R . —
o O
T T T T
Tapping Beginning of RH End of RH Holding time

Fig. 8 Optimized slag treatment method
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Fig. 9 Activity coefficient of FeO in CaO-Al,03;-FeO slag system

Meanwhile, the removal rate of inclusion should be
enhanced to increase the cleanliness of molten steel. Val-
dez et al. [24] investigated the capacity of slag of Al,Os—
Ca0-SiO, system to absorb inclusions. The capacity of
inclusion absorption was clearly increased with the C/A
ratio in slag, thus explaining the improvement of the
cleanliness of the molten steel. These indicate that the C/A
ratio in the refining slag should be controlled as well. The
optimal composition of slag for the production of IF steel is
marked in Fig. 9. In this study, the C/A ratio of 1.2-1.5 and
the FeO content of less than 6% are recommended to refine
IF steel with high cleanliness.

5 Conclusions

1. The Al and O in molten steel are in equilibrium with
the Al,Os in inclusion rather than that in top slag.

2. After slag treatment, the activity of oxygen in molten
steel is larger than that in slag; thus, the oxygen is
transferred from the molten steel to the slag. After steel
deoxidation, the activity of oxygen in molten steel
became extremely low (3 x 107 and the oxygen
transferred from the slag to the molten steel.

3. Besides FeO, the C/A ratio is an important factor
affecting the activity of FeO and the inclusion
absorption capacity of the slag. In this study, the C/A
ratio of 1.2-1.5 and the FeO content of < 6% are
recommended to refine IF steel.
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