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ARTICLE INFO ABSTRACT
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Ladle slag affects steel cleanliness at the end of the Ruhrstahl-Hereaeus (RH) and holding process. The
relationship between composition of ladle slag, total oxygen (TO) and inclusions was investigated using
X-ray fluorescence (XRF), infrared absorption, and SEM+ EDS methods. The results indicate that TO in
steel at the end of RH increases linearly with increasing FeO content in slag. TO is lower when wc.o/
w0z (C/A)=1.5—2.0 than that of C/A=1. 0—1. 4 under an approximate content of FeO. During the
holding process, irregular Al,Oj; inclusions are newly generated due to slag reoxidation. Additionally,

Al; O3-Ti, O inclusions are newly generated in the steel when the content of FeQ is higher. By combining
experimental and thermodynamic calculation results, it is determined that the slag has a good melting
property within the zone of C/A=1. 2—1. 8 and adsorption capacity of Al O3 when the content of SiQ; in
slag is controlled at 4% —6%. The increase in the C/A ratio and the decrease of FeO content in slag can

slow down the reoxidation rate.

Symbol List

R ,—Absorption capacity of slag;

K —DMass transfer coefficient related to melting point,
pm s

C,—Saturation fraction of Al,O; in slag, wt. % ;

C,—Real mass [raction of Al,O; in slag, wt. % ;

J s—Diffusion flux of FeO in slag, mol - cm 2 + s ';
J v—Diffusion flux of FeO in steel, mol - cm 2 - s ';

ks—Mass transfer coefficient of FeO in slag, cm * s ';

1. Introduction

In recent years, with the development of automo-
bile industry, the growth of market demand for
high quality steel for deep drawing is predictable.
Due to excellent deep drawability, interstitial-free
(IF) steel is widely used in automobile industry "% .
However, silver defects in cold sheets often emerge.
Several studies™®) have shown that large Al,O, in-
clusions and mold slags entrapped in steel are the
main reasons for the formation of defects.

The general process of producing IF steel is as
follows: BOF (basic oxygen furnace)>RH (Ruhrs-
tahl-Hereaeus)—>Holding process—>CC (continuous
casting). Thus, some converter slag with a high FeO
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ky—DMass transfer coefficient of FeO in steel, cm » s '3

¢ (FeO)—Concentration of FeO in slag, mol + cm *;

c¢(FeO)'—Concentration of FeO at steel/slag interface, mol *

cm *

c[ O]—Concentration of [O] in steel, mol * cm *;
c[ O)—Concentration of [O] at steel/slag interface, mol -

cm 3.

content enters into the ladle during tapping. This
slag accompanies steel in ladle during the RH and
holding process, and steel becomes contaminated
with oxidizing slag if ladle slag is not modified. In
Nippon Steel, the TFe (total Fe) content of ladle
slag is reduced below 4% by adding a modifier after
tapping in IF steel, and the surface defects of cold-
rolled sheets are reduced by 1/6 compared with a
conventional process!® . From the testing results of
NKK (Nippon Kokan), the index of surface defects is
decreased by 80% after deoxidizing of ladle slag ™!, The
study by Sun and Mori'¥ showed that more alumina
inclusions were generated in the metal bath for slag
with a higher FeO or MnO content and metal with a
lower aluminum content and the restrictive step of
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reoxidation of [ Al], is the diffusion of [ Al], in steel
or diffusion of (FeQ) in slag. Lee et al."® found
that the reoxidation rate increased linearly with in-
creasing TFe content in the case of TFe content
higher than 1.5 wt. %, and it decreased with in-
creasing the we,o /w0 (C/A) ratio of the slag for
a given TFe content.

The modification of ladle slag was performed not
only to decrease the content of FeO but also to con-
trol the proper ratio of C/A to ensure the absorption
capacity of Al,O;. Yoon et al. > found that con-
trolling the C/A ratio is the most efficient method
for removing inclusions from bearing steels, and its
value was most effective at 1. 7—1. 8. The total ox-
ygen (TO) can be reduced from (10—12) X 10 ¢ to
(5—8)X 10 %, However, the content of FeO was very
low in refining slag during bearing steel production.
In Kawasaki Steel'!, through the modification of
slag in ultra-low carbon steel production, it was
found that slag had good absorption capacity of
Al, O; by controlling the C/A ratio from 1. 2 to 1. 8.

All above-mentioned studies showed that the con-
trol over the content of FeO and C/A ratio is the
key during the production. However, there is a lack
of theoretical description to explain why the steel
cleanliness is improved by controlling slag composi-
tion. Additionally, the content of SiO, is not men-
tioned in any of the above-mentioned studies, but it
affects the melting property and absorption capacity
of Al;O;. In this paper, the effect of the content of
SiO; and FeO as well as C/A ratio on steel cleanli-
ness and steel reoxidation was investigated.

2. Production Process and Experimental Method

2. 1. Production process

The process adopted to produce IF steel is as fol-
lows: 280 t BOF — RH — Holding process —> CC.
During tapping, an amount of lime is added into the
ladle, and slag deoxidant is added onto the slag. The
RH vacuum treatment includes decarburization, fol-
lowed by aluminum deoxidation, then Ti-Fe alloying
and keeping the RH circulation time for 8 min. After
the RH treatment, molten steel remains unstirred
in the ladle for 30—40 min before casting.

2. 2. Experimental method

In total, 10 experimental heats were carried out.
The difference between the two processes was the
amount of deoxidant addition. In Process A, the
added amount was more than that in Process B. The
addition of lime during tapping of different heats is
shown in Table 1. Slag and steel samples were col-
lected at the end of the RH process of each heat. For
Heat 2, Heat 3, Heat 4, and Heat 6, steel samples
were collected at 5, 10, and 15 min of holding time.

Table 1
Addition of lime for each experiment

Heat No. CaO/kg
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The initial oxygen activities before deoxidation of
ten experimental heats were measured.

The total oxygen content of steel samples was an-
alyzed using the infrared absorption method. Steel
composition was analyzed via the ICP-AES method.
Slag composition was analyzed using an X-ray fluo-
rescence spectrometer. The characterization of in-
clusions was observed and analyzed using scanning
electron microscopy (SEM) and an energy-disper-
sive X-ray spectrometer (EDS). The samples from
two heats were observed at 100 locations with 3000
times magnification using SEM to obtain the inclu-
sion type, quantity, and size.

3. Results and Discussion

3. 1. Steel and slag com positions

Table 2 shows the slag composition of 10 heats.
The content of FeO in Process A is lower than that
in Process B, and the ratio of C/A varies due to dif-
ferent amouts of lime addition. TFe (Fe*t and Fe®™ )
and SiO, are main reducible oxides, and TFe can be
treated as FeO!'*",

The content of MgO is steadily controlled at ap-
proximately 5%. However, the content of SiO,
fluctuates from 2% to 9%, and the effect of SiO,
content on slag property will be discussed in the fol-
lowing section.

Table 3 provides steel composition at the end of RH

Table 2
Slag composition in each heat (wt. %)

Heat No. CaO FeO  SiO; MgO MnO Al,O; C/A

1 40.0 15.9 4.1 5.1 2.1 26.3 1.5
2 42.3 13.5 7.2 5.0 2.4 27.6 1.6
3 34.7 13.5 3.1 4.9 2.9 35.9 1.0
4 38.2 13.5 6.1 4.6 2.5 32.1 1.2
5 39.3 14. 8 6.3 4.6 2.6 32.1 1.2
6 37.9 24.9 2.7 6.7 2.4 21.9 1.7
7 41.1 20.1 4.9 4.1 2.2 19.6 2.0
8 39.8 21.1 8.6 4.6 2.0 21.1 1.9
9 36. 3 19. 8 3.4 5.0 2.2 28.9 1.3
10 36. 4 18.1 4.9 4.2 2.8 29.1 1.3




R. Wang et al. /Journal of Iron and Steel Research , International 24 (2017) 579 — 585 581

Table 3
Steel composition in each heat (wt. %)
}li;;“ C S Mn P s [All. Ti

1 0.0010 0.0021 0.12 0.0110 0.0070 0.044 0.074
2 0.0012 0.0018 0.10 0.0099 0.0091 0.041 0.073
3 0.0012 0.0021 0.11 0.0080 0.0050 0.039 0.075
4 0.0011 0.0023 0.11 0.0099 0.0073 0.040 0.074
5 0.0010 0.0020 0.12 0.0070 0.0040 0.043 0.079
6 0.0010 0.0020 0.11 0.0070 0.0050 0.040 0.072
7 0.0011 0.0023 0.12 0.0082 0.0065 0.041 0.075
8 0.0012 0.0020 0.11 0.0098 0.0072 0.047 0.077
9 0.0010 0.0020 0.11 0.0090 0.0070 0.048 0.079
10 0.0011 0.0018 0.11 0.0071 0.0061 0.043 0.070

process for 10 heats. Steel composition of 10 heats is
stably controlled. The content of [ Al], in steel is
from 0.039% to 0. 048%, and the concentration of
[Ti] is from 0.070% to 0.079%.

Table 4 shows that the initial oxygen activity during
most experiments is between 400 X 10 ° and 450 X
10", The addition of Al particles (10—20 mm) is al-
so shown in Table 4. Thus, the quantity of inclu-
sions due to deoxidation is close to each other.

Table 4
Initial oxygen activity before deoxidation
Heat No. Initial oxygen activity Addition of
before deoxidation/10~¢ Al/kg

1 420. 1 370
2 443. 8 378
3 440. 6 380
4 460. 8 390
5 454. 8 398
6 390. 9 358
7 451. 7 385
8 439. 8 383
9 426. 3 385
10 409. 4 384

3. 2. Total oxygen in steel

Fig. 1 shows that the TO in steel at the end of RH
increases linearly with increasing FeO content in slag.
The TO is lower when C/A=1.5—2.0 than when
C/A=1.0—1. 4 under an approximate content of FeO.

In Fig. 2, the FeO content and initial TO of Heat 2
and Heat 4 are approximate at the beginning of
holding, but the variation of TO in two heats is dis-
tinct due to different C/A ratios of slag. The TO of
Heat 2 with C/A=1.5 is mainly unchanged with
the increase in holding time, and TO of Heat 4 with
C/A=1. 2 clearly increases within 10 min of holding
time. After holding for 15 min, the TO of Heat 4 is
significantly higher than that of Heat 2. In general,
steel has a smaller oxygen potential than slag, and
oxygen is transferred from slag to the molten steel,
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Fig. 1.  Effects of FeO content and C/A ratio on total oxygen
at the end of RH.
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Fig. 2.  Change in total oxygen of Heat 2 and Heat 4.

leading to the reoxidation of steel and formation of
inclusions. Meanwhile, inclusions are removed by
floating from the molten steel followed by absorp-
tion by slag. Then, TO remains unchanged when a
balance between the reoxidation and inclusion re-
moval rates is achieved''®. Thus, a balance is
reached between the reoxidation and inclusion re-
moval rates of Heat 2, while the reoxidation rate is
greater than the inclusion removal rate of Heat 4
due to the lower C/A ratio.

Fig. 3 indicates that the TO of Heat 6 decreases grad-
ually, and at the holding time of 15 min it is close to
that of Heat 3 of which the initial TO was lower
than 10X10 ¢, The TO of Heat 3 decreases within
5 min and then remains unchanged. With the inclu-
sions removed, the removal rate of inclusions is de-
creased. However, a low C/A causes poor absorptivity
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Fig. 3. Change in total oxygen of Heat 3 and Heat 6.
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of slag in Heat 3. These two reasons cause the change

of TO in Heat 3.

‘4150 have shown that in a CaO-

Al, O;-Si0O, system, the increase in C/A ratio can
accelerate the dissolution of Al, O, inclusion in slag,
and the increase in C/A ratio results in an increase
in interfacial energy and decrease in wettability be-

tween slag and Al, O; inclusion, which accounts for
the TO change in Figs. 1—3.

Several studies-

3. 3. Inclusions in steel

Fig. 4 shows the typical inclusions of Al,O; at the
holding time of 15 min. In Processes A and B, those
are Al,O; clusters in Fig. 4(a) due to aggregation of
spherical inclusions, stick inclusion in Fig. 4(b) and
petal inclusions in Fig. 4(c). Because of the interfa-

cial tension effect, Al,O; inclusions transform from
irregular shapes (stick-like, spherical, petal-shaped,
and dendritic) into the spherical shape'™®. However,
stick-like and dendritic inclusions appear during the
holding process, which accounts for the stick-like
inclusions. Dendritic inclusions are newly generated
and are not derived from collision and aggregation.
Yoon et al. ' illustrates that supersaturation of
[O] or [Al], leads to the generation of stick-like
and dendritic inclusions of Al,O;. However, during
the holding process, the [ Al], content in steel does
not significantly change. Thus, the only supersatu-
ration of [O], derived from (FeO) in slag, results
in the generation of stick-like and dendritic inclusions.
As shown in Figs. 5 and 6, many Al, O;-Ti, O inclu-

sions appear during the Process B. These inclusions

Fig. 4.

Fig. 5. Al, O3-Ti, O inclusions at holding time of 15 min
in Process B.

are newly generated during the holding process. Ac-
cording to Refs. [17] and [18], Al,O,-Ti, O is gen-
erated due to the high concentration of [ Ti] or [O].
With the addition of the Ti-Fe alloy into steel,
Al, O,-Ti, O inclusions can form at the local high ti-
tanium concentration region before steel is com-
pletely mixed. Once the composition of steel is uni-
form via the RH circulation, the only predicted
thermodynamically stable phase is Al,O; for the IF
steel composition. This is consistent with the results
in Ref. [19]. Thus, the Al,O;-Ti, O inclusions form
because of the high [ O] concentration rather than [ Ti]

Typical inclusions of Al, O; for holding time of 15 min in Processes A and B,

due to slag reoxidation. The inclusions due to reoxi-
dation are generated in both Process A and Process
B. The phase stability diagrams of [ Ti] and [ Al],
content in steel at 1873 K are calculated using Fact-
Sage 7.0 and are shown in Fig. 7. Due to reoxida-
tion, the generation of Al,O; inclusion leads to the
decrease of local [ Al], content. Then, the local [ O]
content in Process A is not sufficient for the genera-
tion of Al O;-Ti,O inclusion. However, the higher
[O] content due to the higher (FeO) content in
Process B is enough for the inclusion generation.

Figs. 8 and 9 show the changes in size and quantity
of inclusion during the holding process in Heat 2 and
Heat 4, respectively. The quantity of inclusions in
Heat 2 decreases gradually during the holding process,
and the inclusions with sizes above 10 pm float up
within 15 min. The size of most inclusions in steel is
between 1 and 5 pm. The quantity of inclusions in
Heat 4 clearly increases at the holding time of 5 to
10 min, and most 1 pm inclusions are newly genera-
ted at the holding time of 10 min. This indicates that
reoxidation occurs during the holding process. The
change in inclusion quantity in Heats 2 and 4 is con-
sistent with the change in TO.
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Fig. 8.  Change in Al; O; inclusions during holding process
in Heat 2.

3. 4. Effect of SiO, content in slag on absorption
capacity for Al,0O,

According to Ref. [11], absorption capacity is better
when the ratio of C/A=1.2—1. 8. In Fig. 10, with
increasing SiO, content, the low melting point area
when the FeO content is below 25% gradually moves

Typical morphologies of Al,O;-Ti, O in Process B.

5 Wreo=13.5 mass% >10 pm
C/A=1.5 3§ 5-10 pm
T ol . 4 ym
g V7777, E3um
E &\‘\\\\\\\\\\ u]]]]]ﬂ] 2 pm
S L
B 0 777
o
g
2 %
&
g
“ 2
0
Holding time/min
Fig. 9. Change in Al,O; inclusions during holding process
in Heat 4.

to the phase diagram zone where C/A=1.2—1.8.
When the SiO, content is 10%, the area is still in
the zone of C/A=1.2—1.8 even when the content
of FeO is less than 5%.

Fig. 11 shows the Al; O; saturation level in slag at
different SiO, contents. The addition of Al, O, in the
horizontal ordinate simulates the accumulation of
Al, O, with time. The figure suggests that with de-
creasing SiO, content, the Al, O saturation level in
slag increases, and the time of the starting solution
of Al,O, shortens.

Based on Figs. 10 and 11, it is possible to conclude
that the area of low melting point gradually deviates
from the zone of C/A=1.2—1. 8. However, the ab-
sorption capacity for Al; O, increases when the con-
tent of SiO, decreases. The rate of Al, O, dissolution
in slag can be calculated using Eq. (1). The large
saturated mass fraction is conducive for accelerating
the dissolution rate. Thus, when the SiO, content is
controlled from 4% to 6%, the slag has a good melting
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Fig. 10.  Variation of low melting point area at different contents of SiO,.
70 2[Al]+3(FeO)=(Al, O, )+3[Fe] (2)
(2) Reoxidation reaction in the steel interior
60 (FeO)=[Fe]+[0O] (3)
¢ | 2[AL+3[0]=(ALO,) (4)
] 4[{O]+2[Al]+2Ti=Al, 0;-Ti, O (5)
i Wk Newly generated Al,O; and Al, O;-Ti, O inclusions
i e are found during the holding process. This suggests
T 30} 2. 4%5:0 that reoxidation occurs in the steel interior. The re-
g ---- 6% Si0, action of slag and steel can be described via the two-
g omgl. 0 ke 8% Si0. . . .
(=T 2
8 . 10% 8105 film theory, as shown in Fig. 12.
10 I L L c(FeO)
0 40 80 120 160
Addition of ALOy/g
. . . . . ¢(Fe0) - (FeOy'=[Fe]+[O]
Fig. 11. Al, Oy saturation level in slag at different SiO, c[O] |
contents.
property in the zone of C/A=1.2—1. 8 and a better <[0]
adsorption capacity for Al, O;. Fig. 12.  Schematic diagram of two-film theory of slag/steel
R,=K(C,—C,) (1) reaction.

3.5. Effect of FeO on steel reoxidation

Wang et al. 2 found that there are two mechanisms
that explain reoxidation.
(1) Reoxidation reaction at the slag/steel interface

The step of slag reoxidation to steel is shown as
follows.

(1) (FeO) in slag diffused to the slag/steel interface:

Js=ks[c(FeO)—c(FeO)'] (6)
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(2) The decomposition reaction of (FeQ) occurs
at the interface:

(FeO)' =[Fe]+[O] (7)
_ alO])

K_a(FeO)i (8)

(3) [O] at the interface is transferred into steel:

Ju=knu[c[O]'—c[O]] (9)

To reduce the rate of slag reoxidation into steel,
the diffusion rate of [O]' at the slag-steel interface
on the steel side should be reduced by reducing the
[O] content. It can be easily shown from Egs. (7)
and (8) that the activity of (FeQO) is available to be
reduced for reducing the [ O] content. The activity
of (FeO) decreases with the decrease of the (FeO)
content in slag. Thus, by decreasing the (FeQ) con-
tent of slag, the reoxidation to steel can be decreased.

Lee et al. * found that when TFe>1.5 wt.%, the
value of k[, increases with increasing TFe content
for a given C/A mass ratio. For a given TFe con-
tent, ks decreases with increasing value of the C/
A ratio. k A represents the decreasing rate of the
soluble aluminum content in the molten steel that is
in contact with slag. The value of 2,7 can be consid-
ered as a measurement of reoxidation potential and
oxidizing tendency of the slag.

All studies show that the increase in C/A ratio
promotes slag to absorb Al, O, inclusion, and also
simultaneously reduces the reoxidation rate of slag
to steel. This is in agreement with the TO change in
Figs. 1—3.

4. Conclusions

(1) The TO in steel at the end of RH increases
linearly with the increase of FeO content in slag. TO is
lower when C/A=1.5—2.0 than when C/A=1.0—
1. 4 under an approximate content of FeQO.

(2) During the holding process, some irregular
Al, O; inclusions (stick-like and dendritic shapes)
are found in steel, and newly generated Al,O,-Ti, O
inclusions occur in heating experiments with a high
FeO content.

(3) The content of SiO, in slag influences the change
of low melting point area and absorption capacity of
Al O;. By controlling the SiO, content at 4% —6%,
the slag had a good melting property within the range of

C/A=1.2—1. 8 and adsorption capacity for Al,Q;.
(4) The increasing C/A ratio and decreasing FeO
content in slag slows down the reoxidation rate.
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