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Abstract: The inclusion of the MgO-Al,O3 (MA) spinel and CaO-Al,Oj3 are occasionally observed
during the refining of Al-killed steel, even without the intentional additions of Ca and Mg. Many
studies have focused on the source of Mg and Ca; however, especially for the formation of CaO-
Al,Os-type inclusions, some recent results showed that Ca was difficult to dissolve from refining
slag, even when the Al content in molten steel was high. To confirm these differences, industrial
experiments were designed in this study, and the effects of the FeO and MnO contents, as well as the
impurities of the alloying materials, were discussed. The results showed that, when the FeO and MnO
contents in slag were high (about 10 mass%) at the start of LF (ladle furnace), all inclusions remained
as Al,O3, despite alloying. Using the slag with low FeO + MnO content (<1~2 mass%), the Al,O3
inclusions changed to the MA spinel, but CaO-Al,O3 inclusions were not observed, indicating that
Ca0O-Al, O3 inclusions were difficult to form by the steel/slag reactions under the current conditions.
Only for the molten steel that contained a low level of dissolved oxygen and a large amount of Fe-Si,
which contained Ca as the impurity was added, CaO-Al,Oj3 inclusions were generated.

Keywords: inclusion transformation; Al,Os; spinel; CaO-Al,O3

1. Introduction

In the refining process of clean steel, MgO-Al,O3-type (MA spinel) and CaO-Al,Os-
type inclusions sometimes formed after Al deoxidation, even without the intentional addi-
tion of Mg or Ca to molten steel. Many researchers have reported this phenomenon [1,2],
and the source of both Mg and Ca to transform the Al,Oj3 inclusion have been studied.
About the transformation of Al;O3; to MA spinel inclusion, the Mg source has been con-
sidered as both the refining slag and the refractories. In the case of refining slag, the slag
composition affects much in the formation of a MA spinel. By reacting15-20 kg of molten
stainless steel with refining slag, T. Nishi et al. [3] and G. Okuyama et al. [4] clarified that
the CaO/5i0O; and CaO/ Al,Os3 ratios of slag increased the MgO content in the inclusions.
M. Jiang et al. [5] studied the effects of Al;O3 and MgO activities on the inclusion trans-
formation in a high—carbon alloyed steel. A. Harada et al. [6-8] optimized the CaO/SiO,
and CaO/Al,Oj3 ratios and established a kinetic model to precisely estimate the inclusion
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transformation. In the case of refractory, the dissolution of Mg from various refractory
materials has been studied, such as MgO-C [9-12], MgO [13], magnesia—chromite [14],
and dolomite [15]. Since the dissolution rate of Mg from refining slag was higher than the
refractory [15], the major Mg source should be the refining slag. However, the influence of
the refractory must not be ignored. For the formation of CaO-Al,Oz-type inclusion, some
studies using laboratory-scale experiment proposed that CaO in the top refining slag was
reduced by Al dissolved in motel steel and the release of Ca to molten steel to transform the
inclusions [16,17]. In some industrial tests, CaO-Al,Os—type inclusions were observed at
the end of the LF (ladle furnace) treatment when the Al content in molten steel was lower
than 0.25mass% [18-20], and using a thermodynamic estimation, these studies deduced
that the source of Ca to transform inclusions was from the reduction of slag. On the other
hand, some researchers proposed that the origin of the CaO-Al,O3-type inclusion was
the entrapped droplets of refining slag [13]. According to a previous study of some of the
authors [21], only 0.3 ppm of Ca was reduced from a CaO saturated slag by a molten steel
containing 0.25 mass% of Al, and CaO-Al,Os-type inclusions were not observed; when the
Al content in steel increased to about 0.75 mass%, the Ca content in molten steel increased
to 0.9 ppm and CaO-Al,Oz-type inclusion formed slowly after 120 min of reaction. This
result indicated that, for a steel with normal grade of Al content, the CaO-Al,Os—type
inclusion is difficult to form by the slag/steel reaction. In addition, using equilibrium and
kinetic discussions, Kumar et al. [22] also found that Ca dissolution from refining slag by Al
reduction was small and affected little on the inclusion transformation. Therefore, different
opinions on the Ca source to generate CaO-Al,Os-type inclusions exist. Since most of the
studies were limited to a laboratory scale, and the thermodynamic date, especially for the
Ca—O equilibrium, varied largely, owing to the measuring conditions [2], an industrial test
was necessary to confirm this phenomenon.

To design the industrial test, we focused on the effects of refining slag composition and
another possible Ca source—the impurities of alloying materials. The refining slag compo-
sition determines both the oxygen potential of the slag/metal interface and the inclusion
adsorbing ability; thus, many studies have been conducted. Recently, A. Harada et.al. [7,8]
studied the effects of CaO/Al,O3 and CaO/SiO, ratios on the transformation of Al,Oj3 to
MA spinel inclusion. They found a decrease in MgO activity of the slag by lowering the
CaO/Al,O3 and CaO/SiO; ratios, which could suppress the formation of MA spinel inclu-
sion. J. H. Shin et al. [23] reported the effects of the CaO/Al,O5 ratio of the refining slag on
the transforming behavior of inclusions in a Mn-V-alloyed steel. They concluded when
the CaO/ Al O3 ratio was between 1.5 to 2.5, the transfer of Mg and Ca from slag to molten
steel generated liquid inclusions. As the CaO/Al,Oj3 ratios have been widely investigated,
we focused on the FeO and MnO content, because it affects the oxygen potential of the
slag/metal interface. Several studies clarified FeO in refining slag, which was carried over
from converter slag and influenced the cleanness of molten steel and the defects of rolled
sheet [24,25]. However, there are few studies focusing on the transforming behaviors of
AlyOj3 inclusion by the change in the FeO and MnO contents of slag.

As another possible source of Ca, the alloy materials have also been studied. Both K.
Mizuno et al. [26] and O. Wijk et al. [27] confirmed the Al and Ca in ferrosilicon affected the
transformation of inclusions by laboratory—scale experiments. In practical refining, many
other alloy materials are added together with ferrosilicon, and the timing of Al deoxidation
can be altered even after ferrosilicon addition. Under such circumstances, it is necessary to
confirm the effects of the impurities in alloying materials using industrial tests.

Therefore, in this study, industrial experiments were conducted in 210-300 tons of
ladle furnace refining. In these experiments, the change in inclusion transforming behavior
by the FeO and MnO contents of refining slag, and by the impurities of the alloying
materials, were studied.
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2. Experimental Method
2.1. Experimental Apparatus and Procedure

In this study, 4 heats of the experiment were conducted during LF refining, and the
experimental set-up is shown in Figure 1. The capacity of the ladle is 210 tons for heats
1, 2 and 4 and 300 tons for heat 3. All the experiments were conducted with graphite
electrode heating and the strong intensity of bottom stirring. The lining material of the
ladle, contacted with steel, was C containing Al,O3—MgO-type brick, and its composition
was 35 mass%Al;O3-50 mass%MgO-10 mass% C.

Graphite
electrode

extractlon

Addition
hopper
| | - =

Ar stirring

Figure 1. Schematic diagram of the LF (ladle furnace) experiments.

The production practice of the LF treatment together with the sampling method is
shown in Figure 2. After BOF (Basic Oxygen Furnace) refining, the alloy; Al deoxidizer;
and slag former (oxides like lime, alumina, magnesia, etc.) were added into molten steel
during tapping, and then, the LF treatment began. The main components of slag were CaO,
S5i0y, Al,O3, MgO, FeO, and MnO. It had to be noticed that the oxides like FeO and MnO
were not intentionally added but were carried over from converter slag during tapping.
During the LF treatment, alloy adjustments were conducted twice, which are labeled as
the 1st and 2nd alloys in Figure 2. In each treatment, 6 steel samples were taken, which
are labeled as S1-56 in Figure 2. 52 and 54 were taken at 3 min before adding the alloys,
and S3 and S5 were taken at 5 min after alloying. At the same time, the refining slag was
also sampled. Steel samples were taken using a previously designed mold and following
same procedure [28], and the slag samples were taken by immersing a cold steel rod. The
dissolved oxygen content and temperature in steel were measured at the start of treatment
and after the 1st and 2nd alloying. The dissolved oxygen content was measured by a solid
electrode sensor with Cr/CryOj reference. In these experiments, the steel temperature was
stabilized at 1848-1873 K. The operating conditions of the 4 heats are listed in Table 1, and
the alloying conditions are summarized in Table 2.



Metals 2021, 11, 763 40of 16
Tapping LF begin 1+t alloy 204 alloy LF end
alloy
Fe-Al & Lime l l l
>
PS: S2.S4:just before alloy; S3. S5: 3-5 min after alloy;
Figure 2. LF production practice and the sampling plan.
Table 1. Experimental conditions.
. - . . Deoxidizer Added
Experiment NO. Slag Condition Alloy Amount Alloy Time/Min during Alloying
High FeO content at the start .

Heat 1 of treatment; MgO & CaO sat. Small 1st alloy: 20 Al
Heat 2 Low FeO content at the start of Small 1st alloy: 20 Al only

eat treatment; MgO & CaO sat. ma 2nd alloy: 40 No deoxidizer
Heat 3 Low FeO content at the start of Laree 1st alloy: 13 Al

eat treatment; MgO & CaO sat. & 2nd alloy: 28 Fe-Si
Heat 4 Low FeO content at the start of Laree 1st alloy: 30 Fe-Si

eat treatment; MgO & CaO sat. & 2nd alloy: 60 Fe-Al

Table 2. Amount and timing of the added alloys in each heat.

. During BOF Tapping During 1st Alloy During 2nd Alloy
Experiment No. kg/ton kg/ton kg/ton
Fe-Al3.37 Fe-A10.85
Heat 1 Fe-Mn 1.64 C0.10 B
Heat 2 Fe-A14.92 Fe-A10.91 Fe-Mn 1.20
Cco0.17
Fe-Mn 3.92
Fe-Si3.29 ACI%%E; Fe-P 0.28
Fe-P 1.67 . Fe-Mn 0.23
Heat 3 Fe-Si 0.66 .
Al1.97 Fe_Cr 1.48 Fe-Si 0.43
Fe-Cr 5.93 Fe_P 0 6 " A10.20
Ni 0.66 '
Cu279
F (_j A61%>,1 43 Fe-Mn 2.02 Fe-Mn 0.48
Heat 4 e Fe-Si 0.25 Fe-Al0.35
Fe-Si4.21 C 038 C023
Fe-Mn 13.16 ’ ’

2.2. Analysis Method

The obtained steel samples were quenched by water and cut for both the chemical
composition analysis and inclusion observation. The cutting method of the steel sample is
shown in Figure 3.

For the chemical analysis, the Al and Mg contents of the steel sample were analyzed
using inductively coupled plasma atomic emission spectroscopy (ICP-AES, SPECTRO);
the Ca content of the sample was analyzed by glow discharge mass spectrometry (GDMS,
Thermo Scientific). The other alloy elements in steel were measured by the spark discharge
emission spectrometry method. The total oxygen (T.O) of the steel sample was measured
using the infrared X-ray absorption method.
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Cutting method for steel sample
top IS X 15 or Incluision analysis
i and Ca content:

38 mm = . N
‘ ol 5X 5 for steel composition analysis
- - (Al Mg and T.O):
A H unit mm
H _, Partl
Steel sample

! part2 The surface was for steel
P PP > i i composition analysis (other elements):
Spark discharge atomic emission spectrometry

Figure 3. Cutting method of the steel sample.

For the inclusion observation, a scanning electron microscope (SEM) equipped with
an automatic inclusion analysis system was used (P-SEM, ASPEX corporation). During the
P-SEM analysis, Mg, Al, Fe, Ca, O, S, and Si were selected as target elements, since they
existed in the steel sample. The inclusions were assumed to consist of MgO, Al,O3, and
CaO, and the analyzed values of Mg, Al, and Ca were converted to oxide values using a
stoichiometric relationship. The value of Fe was ignored, because it possibly came from the
metal phase rather than inclusion. The compositions of the sampled slags were measured
by the X-ray fluorescence spectrometer (XRF, RIGAKU) method.

All the above analysis except the P-SEM were conducted at the Institute of Multidisci-
plinary Research for Advanced Materials (IMRAM), Tohoku University, Sendai, Japan. The
P-SEM analysis was conduct at the University of Science and Technology Beijing (USTB).

2.3. Alloying Materials

The compositions of all the alloying materials used in this study are shown in Table 3.
To study the impurities of the alloying materials on the inclusion transformation, both
the Mg and Ca contents of each alloy were analyzed using ICP-AES. The microstructure
of the alloy was observed by Field Emission-Electron Probe Micro-Analyzer (FE-EPMA,
HITACHI, Sourced by Tohoku University, Sendai, Japan).

Table 3. Alloying materials and the Mg and Ca impurities.

Alloy Brand Mg Content/Mass% Ca Content/Mass%

Fe-Al 0.0003 0.0010

Fe-Mn-high C 0 0.0010

Al (lump) 0.0628 0.1910

Fe-Mn-medium C 0.0003 0.0018
Fe-Cr 0 0

Fe-P 0 0.0008

Fe-Si 0.0261 0.3195

As shown in Table 3, only Al (lump) and Fe-Si contain the impurities of Mg and Ca.
The microstructures of Al (lump) and Fe-5i are shown in Figures 4 and 5, respectively. For
Al (lump), both Ca and Mg mainly exist in the oxide phases, which are bright phases and
dark phases in Figure 4. For the Fe-5i as shown in Figure 5, Mg coexists with Ca in a phase
that mainly contains Si and Ca. In addition, the Fe-Si phase also contains certain amounts
of Ca.
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Content / mass%

Position Mg Al Si Ca Fe O
1# 0.67 433 1549 10.28 28.63 31.85
28 1.08 2228 1741 025 4.94 41.72
34 0 67.33 30.38 0 2.29
43 0 9971 o011 0 0.18

Figure 4. Microstructure of Al (lump).

4

Content / mass%

Position

Mg Al Si Ca Fe [0}
1# 0 0 100 0 0 0
24 0 0 5392 0 4608 0
34 0 2215 3522 4678 3585 0
i 0.79 0 56.94 4227 0 0

Figure 5. Microstructure of the Fe-Si alloy.

3. Experimental Results
3.1. Steel Composition

The differences in Al, as well as the oxygen contents between heat 1 and heat 2 are
shown in Figure 6. These two heats are compared here because similar procedures of
deoxidation were conducted, and the main difference was the FeO and MnO contents of
the top slag. Throughout the LF treatment, the Al contents of heat 2 were higher than
heat 1. This was because the added amount of the Fe—Al alloy during BOF tapping and
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1st alloying for heat 2 was larger than heat 1, and the reduction of FeO and MnO in slag
consumed Al in the case of heat 1. The total oxygen contents of heat 1 were slightly higher
than heat 2, and both decreased with time because of the inclusion removal. Besides, the
content of dissolved oxygen of heat 1 was about 7.5 ppm, while, for heat 2, it was about
5.5 ppm. Therefore, a more sufficient deoxidation was accomplished for heat 2 compared
to heat 1, and the content of the dissolved Al in molten steel in the case of heat 1 was much
lower than heat 2.

0.08 150
Heat 1 (high FeO&MnO, low alloy)
—eo—Al —aA-TO
Heat 2 (low FeO&MnO, low alloy)
'Y ~—®—A -4 TO - {120
0.06 |- e
= = £
0 o S
w @ L ] a
© 490 —
£ A -
= 5
+ 0.04 =
E ® a\ ! 5
i [&]
S 60 o
2 A A *o—— o |_
<
0.02 |-
/. A————4 1k
® /A
A g o Al
OOO 1 1 1 1 1 1 | 1 | 1 | 1 1 O
0 10 20 30 40 50 60

Treatment time / min

Figure 6. Comparison on the Al and total oxygen contents between heat 1 and heat 2.

The Ca and Mg contents of heatl and heat 2 are compared in Figure 7. Owing to the
differences in the Al contents, the Mg content of heat 2 was higher than heat 1. For both
heats, Mg was not intentionally added or through alloy addition; thus, Mg was reduced
from the top slag or refractory by the dissolved Al in molten steel, and a higher Al content
led to a higher Mg content. However, the Ca contents were low and similar for both heats,
despite the differences in the Al contents. This indicated that the reduction rate of CaO
from the top slag by dissolved Al in molten steel was extremely slow.

0.8 10

| ] J
0.7
\ 1s

=
>

O |
. \ c
a L o
o 05 46 o
e Heat 1 (high FeO&MnO, low alloy) -
= —-m—-Mg -v—Ca €
o 04 m Heat 2 (low FeO&MnQ, low alloy) o
S —B—Mg —v—Ca " g
o 7] o
o 03 ] &
= /l—-'l - 1 O
2l - LI \ |
v v
041 b M -
. M v
Y
00 LY 1 I 1 1 1 110
0 10 20 30 40 50 60

Treatment time / min

Figure 7. Comparison on the Ca and Mg contents between heat 1 and heat 2.

For the heats with large additions of allying materials, the Al, as well as total oxygen
contents, for heat 3 and heat 4 are compared in Figure 8. For heat 3, after the 1st alloying,
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which was conducted at 13 min, the Al content increased and reached a similar level with
heat 4. With a further addition of Al during the 2nd alloy addition near the LF end for
heat 3, the Al content changed little and was kept at about 0.04 mass%. The total oxygen
content of heat 3 was higher than heat 4. For heat 4, because none of the Al-containing
materials was added during the 1st alloying, and the 2nd alloying was near the LF end, the
Al content changed little. The total oxygen decreased from 26 ppm to 15 ppm, owing to the
removal of the inclusions. Compared to Figure 6, the Al contents of heat 3 and heat 4 were
higher than heat 1 and slightly lower than heat 2.

0.08 150
Heat 3 (low FeO&MnO, high alloy, Al - Fe-Si)
—®—Al —4—TO

Heat 4 (low FeO&MnO, high alloy, Fe-Si — Al)
—o—Al —A-T.0 1120

0.08 -

490

Al content / mass%
o
®
/o o'
> %
o/
3
T.O content / ppm

0.02 -
— 1"
A
0.00 L 1 1 1 1 1 1 0
0 10 20 30 40 50 60

Treatment time / min

Figure 8. Comparison of the Al and total oxygen contents between heat 3 and heat 4.

The Mg and Ca contents of heat 3 and heat 4 are compared in Figure 9. Compared
to heat 1 and heat 2, both the Mg and Ca contents of heat 3 were much higher. As the Al
content of all heats were at the same order of magnitude, the reduction of slag by dissolved
Al would not lead to such a large increase in the Mg and Ca contents. As mentioned in
Table 3 and Figure 5, the Fe-Si alloy contained metallic Mg and Ca as impurities, and it
was added to heat 3 from BOF tapping to the 2nd alloying. Therefore, the main source of
Mg and Ca for heat 3 was the Fe-5i alloy. For heat 4, the Ca content was lower than heat 3
and similar to heat 1 and heat 2 because of the smaller addition of the Fe-5i alloy for heat 4,
especially during the 1st alloying.

5 12

Heat 3 (low FeO&MNO, high alloy, Al — Fe-Si)
—m—Mg —-vy-Ca

Heat 4 (low FeO&MnO, high alloy, Fe-Si — Al) - 10
4 —@-Ca

w
T

N

/4
1
[=>]
Ca content / ppm

Mg content / ppm

Treatment time / min
Figure 9. Comparison on the Ca and Mg contents between heat 3 and heat 4.

3.2. Slag Composition

According to the results of the chemical analysis, the contents of SiO, and MgO of
the slag for all heats did not obviously change during the LF treatment. In addition, the
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slag for all heats was saturated with both CaO and MgO throughout the treatment, as
confirmed by comparing to the CaO-Al,03-MgO phase diagram [29]. Therefore, only the
CaO/Al,O3 (C/A) ratio and the FeO and MnO contents of slag are discussed here.

A comparison between heat 1 and heat 2 is shown in Figure 10. The C/A ratio in both
heats showed similar values and increased to about 1.5 before the 1st alloying and then
kept constant until the LF end. Such an increase in the C/A ratio was probably because the
slag was less homogeneous after adding lime during tapping, and the sampled location of
the top slag was less appropriate. Probably, for the same reason, the FeO and MnO contents
showed an increase before the 1st alloying. For the FeO and MnO contents, they decreased
a lot for heat 1 and little for heat 2 after the 1st alloying, due to the reduction by AL

B

12+ * .
Heat 1 (high FeO&MnO, low alloy)
——FeO+MnO —X—C/A
Heat 2 (low FeO&MnO, low alloy)
10 | —@—FeO+MnO - C/A -4
= [ 2
2 s g
: 15
~ =
- {2 &
9 4t X X X &
: / i * O
41
2k X N
T R i
2 ’\0—0\.
0 1 1 1 1 1 1 1 0
0 10 20 30 40 50 60

Treatment time / min

Figure 10. CaO/Al;Oj3 ratio and FeO and MnO contents of theslag used for heat 1 and heat 2.

The same comparison was made for heat 3 and heat 4, as shown in Figure 11. Like
heat 2, the FeO and MnO contents for heat 3 and heat 4 were low and decreased a little
with time. Compared to heat 1 and heat 2, the stable C/A ratio for heat 3 and 4 was higher,
which was about 2. A. Harada et al. reported that the formation of the MgO-Al,O3 spinel
inclusion was little affected by the C/A ratio when the CaO/5iO, (C/S) ratio of the slag
was high [23]. In this study, the C/S ratio was always higher than five, and all slags were
saturated with CaO. Therefore, the difference in the C/A ratio was neither the reason for
the formation of the MgO-Al,O3 spinel nor the CaO-Al,O3 inclusion.

10 5
Heat 3 (low FeO&MnO, high alloy, Al — Fe-Si)
—4— FeO+MnO —X-C/A
Heat 4 (low FeO&MnO, high alloy, Fe-Si —» AI)
8 —9—FeO+MnO_ —3-C/A

FeO+MnQO / mass%
N
x
i
X
X
/X
i
N
CaO/Al,0, by mass

Treatment time / min

Figure 11. CaO/Al;Oj3 ratio and FeO and MnO contents of the slag used for heat 3 and heat 4.
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3.3. Inclusion Composition

To clearly monitor the transformation of the inclusions, all the observed inclusions
for each heat were classified as the following types. Here, MOj,ciysion indicates the MO
content of the inclusion in mass%, C stands for CaO, and A stands for Al,Os3:

CAz-C12A7,‘ CaOindusion > 20%

CA4-CAy: 20% > CaOindusion > 8% and MgOinclusion <10%
A-CA6Z 8% > CaOindusion > 2% and MgOinclusion < 10%
Aleg: CaOindusion < 2% and MgOinClusion < 10%

MgO-Al,O3 (MA) spinel: MgOinclusion > 10% and CaO jnelusion < 20%

The composition of each type of inclusion, together with the average inclusion compo-
sition, were projected on the phase diagram of the CaO-MgO-Al,O3 system. The results
of heat 1 are shown in Figure 12. Since both the Mg and Ca contents were low in molten
steel, almost all the inclusions remained as Al,O3, even after the LF treatment, and the
CaO-Al, O3 inclusions were scarcely observed.

(a) 0 min 0 100 1873 K isothermal diagram (b) 23 min, after alloying 0 1873 K isothermal diagram () 51 min, LF end 0 1873 K isothermal diagram
Scan area: 97.2 mm? s - 116 mm? 100 s 416 mim? 100 m CAyCpA; 3
FeO+MnO in slag: 9.11% o CACA, 7 ot " CAyCph 2 P in Slaert 35 o CAGCA, 17

- 9. ¥ e nO in slag: 6. eO0+MnO in slag: 1.
a o ACA, 8 Rl ® ACA, 14 g e ACA; 250
80 ®  AlLO, 523 80 A MA 4 A MA 47
@ Average composition B ALO, 4453 ® AL, 1721
ge 2 %\a a5 Average composition 5\& 0 ® Average composition
9 % &
< 60 3 S

LGN L /
0 20 40 60 80 100 0 20 40 60 80 100 0 40
Al,O; / mass% Al Oy / mass% ALO; / mass%

Figure 12. Observed inclusions in heat 1, (a) 0 min; (b) 23 min, after alloying; (c) 51 min, the LF end.

The inclusion compositions of heat 2 are shown in Figure 13. Different to heat 1,
the initial Al,O3 inclusions gradually transformed into MA spinel inclusion after the 1st
alloying, and almost all the inclusions became a MA spinel after the 2nd alloying and
remained until the LF end. The MA spinel inclusion could form in heat 2 because of a
higher Mg content of molten steel than heat 1. On the other hand, only a few CaO-Al,O3
inclusions were observed.

1873 K isothermal diagram

(a) 0 min 0 (b) 26 min, after 1% alloying ¢ 1873 K isothermal diagram (c) 47 min, after ond alloying ¢ 1873 K isothermal diagram
5 100 ® A-CA; 19 N 100 B CAyCpA; | R B CA,CpA, |
Scan area: 116.4 mm* o ALO 1073 Scan area: 97.2 mm”~ - CA- C/; 3 Scan area: 97.2 mm~ 5 CA--CA 2
FeO+MnO in slag: 0.96% i . FeO+MnO in slag: 0.8% o~ FeO+MnO in slag: 0.6% o
20 © Average composition 20 ® A-CAq 56 ® A-CA6 4
80 A MA 433 A MA 161
0 ALO, 86 0 ALO; 1
o © Average composition ®  Average composition
> 40 =
0 % §
o & %
2, ) IS (©]
%, & 60 =

40 Yo
o

) 0 = Y L 0
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Figure 13. Observed inclusions in heat 2 at (a) 0 min, (b) 26 min after the 1st alloying, and (c) 51 min after the 2nd alloying.
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Using a laboratory experiment, C. Liu et al. found that the CaO-Al,O3 inclusions were
unlikely to form in Al-killed steel by the reaction with CaOsat —-MgO 5ot —Al, O3 slag [21].
In heat 2 of the current study, the slag barely contained FeO/MnO and were also saturated
with CaO and MgO, and the CaO-Al,O; inclusions were barely found. Therefore, the
industrial test of heat 2 confirmed the results of the laboratory study. However, it should be
noticed that the Ca content of molten steel by the laboratory experiment was about 0.9 ppm
when CaO-Al,Oj3 inclusions formed, and the Ca content of heat 2 was around 2 ppm,
but inclusion remained as the MA spinel. Thus, the Ca content of heat 2 was probably
overestimated. In heat 2, since the Ca content at the LF start was already about 1.6 ppm,
the molten steel was probably contaminated by some unknown impurities during BOF
tapping. The details of these contaminations will be investigated in a future study.

The inclusion composition of heat 3 is shown in Figure 14. At the start of the LF
treatment, Al,O3, the MA spinel, and the CaO-Al,Oj3 inclusions, which contained high
contents of Al,O3, were observed. Thus, the initial inclusions of heat 3 were different from
heat 1 and heat 2, because larger amounts of the alloying materials were added during
BOF tapping. However, the average inclusion composition was still Al,O3.

(a) 0 min 0 100 1873.'( '(“A'"‘:"“;’\] di“g":'“ (b) 19 minafter 1 alloying 0 1873K isoﬂ!:‘n\fl /(iiugr,.m\] 5 (c) 31 min, after 2" alloying 0 00 187.3 K(i:\'/(\)ll\in\lla\xl diag:u;:

. - 2 2CiaA; 100 B CA,C)A, < - 116. 2 ~ChA, 285

Scan area: 116.4 mm @ CA-CA, S Scan area: 116.4 mm? 0 CALCA o ?Ci(l;‘l z]l\l/"c:o lj,],i;::"g - ' CALCA ot
FeO+MnO in slag: 1.21% S B3 LA, FeO+ ag: 0.52% gy 2
ag 4 ® A-CA, 194  FeO+MnO in slag: 0.2‘:% ® ACA, 2 0 ® ACA, 4

80 4 MA 71 20 A MA 293 80 4 MA 426
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ALO;/ mass% Al,O; / mass% AlLO; / mass%

Figure 14. Observed inclusions in heat 3 at (a) 0 min, (b) 19 min after the 1st alloying, and (c) 31 min after the 2nd alloying.

After the 1st and 2nd alloying, large amounts of MA spinel inclusions and CaO-Al,O3
inclusions with high CaO contents were observed, and the average CaO content of the
inclusions exceeded 15 mass%. The change in the inclusion composition was because
both the Ca and Mg contents in molten steel were increased a lot by the addition of Fe-5i,
as shown in Figure 9. Especially for the formation of CaO-Al,Os inclusions, as heat 2
confirmed that it would not form by the reduction of CaO from slag, the generation of
CaO-Al, O3 inclusions in heat 3 was only because of the Fe-Si addition.

The inclusion composition of heat 4 is shown in Figure 15. At the start of the LF
treatment, both Al,O3 and MA spinel inclusions were observed. After the 1st alloying,
which contained Fe-Si, some CaO-Al, O3 inclusions were observed, and the major inclusion
was the MA spinel. After the 2nd alloying, almost all inclusions changed into the MA
spinel. Compared to heat 3, the total oxygen content of heat 4 was close to heat 3 at the
LF start, and less inclusions were counted in heat 4. Therefore, the content of dissolved
oxygen in heat 4 was higher than heat 3 at the LF start. When the Fe-S5i alloy was added
during the 1st alloying for heat 4, the Ca content of the molten steel changed little, and
large amounts of CaO-Al, O3 inclusions were not observed. In addition, the addition of
Fe-Si for heat 4 was about half that of heat 3. Therefore, a lesser addition of Ca—containing
Fe-Si alloy to a molten steel with a high content of dissolved oxygen is unlikely to cause
the generation of CaO-Al,O3 inclusions.
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Figure 15. Observed inclusions in heat 4 at (a) 0 min, (b) 23 min after the 1st alloying, and (c) 51 min after the 2nd alloying.

4. Discussion
4.1. Formation of MgO-Al,O3 Spinel Inclusions

In heat 1, the FeO and MnO contents of slag at the start of the treatment were high,
and the MA spinel inclusions were not observed; even the FeO and MnO contents of the
top slag decreased to lower than 1 mass%. In other heats, the FeO and MnO contents of
the top slag were low (<1 mass%) throughout the treatment, and large amounts of MA
spinel inclusions were found. Therefore, the FeO and MnO contents of the slag affected the
formation of MA spinel inclusion. The relationship between the FeO and MnO contents of
the slag and the MgO content in the observed inclusions is summarized in Figure 16.

25 -
B Heat 1 (high FeO&MnO, low alloy)
o O Heat 2 (low FeO&MnO, low alloy)
- Bj ® Heat 3 (low FeO&MnO, high alloy, Al-Fe-Si)
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Figure 16. Effects of the FeO and MnO contents of the top slag on the MgO content of the
observed inclusions.

The reduction of FeO and MnO in the slag by dissolved Al in molten steel occurred
preferentially compared to the MgO in slag. Based on the current results, the MgO content
of the inclusions began to increase when the content of FeO and MnO in the slag was below
1~2 mass%. This agreed well with other researchers [30-33]. The reason for this critical
FeO and MnO content was probably due to the oxygen potential of the molten steel, which
was controlled by Equation (1) [34] and Equation (2) [35] under the current experimental
conditions. Here, for an easy understanding, the FeO and MnO of the slag was considered
as FeO.

(FeO)y,, = Fe(l) + [O], logK = —6150/T + 2.604 (1)

slag
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(ALO3); usion = 2[Al] +3[0], logK = —45300/T + 11.62 ©)

By combining these two equations, the activity of Al,Osz in the inclusions can be
calculated for a given FeO activity of slag and an activity of dissolved Al in the molten
steel. The calculated results are shown in Figure 17. In the calculations, the upper limit for
the activity of Al,O3; was considered as 1. The results showed that the activity of Al,O3
started to decrease when the FeO activity was below certain values, and a high activity
of dissolved Al decreased the critical activity of FeO. A decrease in the Al,O3 activity
of the inclusions meant that the Al,O3 inclusions became unstable and transformed into
other inclusions, like the MA spinel. The experimental results are also plotted in Figure 17.
The activity of Al;Os in the inclusion was determined using the average Al,Os content of
the observed inclusions in each heat by FactSage (); the FeO activity of the slag was also
calculated by FactSage using the analyzed slag composition. By the comparison between
the experimental results and thermodynamic estimation, the Al,O3 activity started to
decrease when the activity of dissolved Al was between 0.002 and 0.01 and the FeO activity
between 0.007 and 0.02. Based on the above discussion, it could be deduced that the FeO
activity of the slag and the activity of dissolved Al of the molten steel determined the critical
FeO and MnO contents shown in Figure 16. Therefore, in the practical refining process, a
slight increase in the FeO and MnO activity of slag may suppress the transformation of
Aly,O3 inclusions into the MA spinel. However, under such operations, the total oxygen
content may not be low enough for some steel that requires high cleanness.

1.0 F T
e | n n n
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% 08 %
w | B\
3 ! i
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k= .
S 06|y | TTaa0.002
e o
O ~
™ R
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0.0 s : ] : ] ; ] y
0.00 0.05 0.10 0.15 0.20

FeO activity in slag
Figure 17. Relation between the FeO activity in the top slag and the Al,Oj3 activity in the inclusions.

To understand the relation between the steel composition and inclusion transformation,
the results of all heats are compared to the stability diagram of MgO/MgO-Al,O3/ Al O3,
as shown in Figure 18. The details of calculating the stability diagram were introduced
in a previous study [2]. In the calculations, the equilibrium constant for Al-O reported
by H. Itoh et al. was used [35], and the equilibrium constant for Mg-O determined by
H. Itoh et al. was used [36]. The steel compositions of heat 2 and heat 3 were located in the
stable region of the spinel, and this result agrees with the observed inclusion compositions.
In the case of heat 1, the observed inclusion was Al,Os, while the steel composition was
located near the boundary between Al,O3 and MgO-Al,O3. This disagreement was caused
by the accuracy of the Mg content at an extremely low level (<0.3 ppm), and thus, the
precise measurement of the Mg content, which equilibrated with MgO-Al,O3 and Al;,O3 in

the low—Al content region, was necessary.
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Figure 18. Projection of the steel compositions on the MgO/MgO-Al,O3/Al,Oj stability diagram.

4.2. Formation of CaO-Al,O3 Inclusions

The steel compositions of all heats are compared to the Al,O3/CaO-Al,Oj3 stability
diagram, as shown in Figure 19. The calculating details of the stability diagram were
introduced in a previous study. In the calculations, the equilibrium constant for Al-O
reported by H. Itoh et al. was used [35], and the equilibrium constants for Ca—O determined
by H. Itoh et al. [37] and by JSPS [34] were both used.

107 ;
Al-0  Ca-0O ’,'
Equilibria Equilibria ’
102 Ca0-AlLO; —— H.loh  ISPS
(Ac,0=0.2) ---- H.lioh H.ltoh 7
=X
%
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O Heat 4 (low FeO&MnO, high alloy, Fe-Si—Al)
108 1 1
107 10" 10

Al content / mass%
Figure 19. Projection of the steel compositions on the Al,03/CaO-Al,Oj stability diagram.

Compared to the relations calculated by H. Itoh’s Ca—O equilibrium constant, only
the steel composition of heat 3 entered the CaO-Al,O3 stable region, agreeing with the
observed results of the inclusions. Compared to the relations calculated by JSPS’s Ca-
O equilibrium constant, CaO-Al,O3 inclusions should formed in all heats, apparently
different from the results of the inclusions. The reason for such a difference was probably
because the steel compositions used to determine the Ca—O equilibrium by H. Itoh et al.
were close to the current industrial tests. In heats 1 and 2, the only Ca source was the top
slag; however, the reduced Ca content was never enough to cross the boundary between
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Al,O3 and CaO-Al,O3, and thus, CaO-Al,Oj3 inclusions were not observed. In heat 4,
because the dissolved oxygen at the LF start for was high and there was a small addition
of Ca—containing Fe-Si, the remaining Ca content after being consuming by the dissolved
oxygen in molten steel was not enough to transform the inclusions into CaO-Al,O3. Only
in heat 3, when the dissolved oxygen was low and a large amount of Ca—containing Fe-Si
was added, the Ca content of molten steel crossed the Al,O3/CaO-Al,O3 boundary, and
CaO-AlL,O3 inclusions formed. Based on the above discussion, we could deduce that, to
decrease the formation of CaO-Al,Os inclusions in the practical refining process, attention
should be paid to the cleanness of the alloying materials or the entrapment of slag droplets
if the flow at the slag/steel interface is not well-controlled but not the composition of the
refining slag.

5. Summary

In this study, the effects of the FeO and MnO contents of a MgO and CaO-sat. slag,
and the impurities of alloy materials on the transforming behavior of the inclusions, were
studied through an industrial LF treatment. Some conclusions were obtained, as follows.

1. When the FeO and MnO content in the slag was high (about 10 mass%) at the start
of the LF treatment, the inclusions were maintained as Al,O3 throughout the LF
treatment. When the FeO and MnO content in the slag was low (less than 1~2 mass%),
the Al,O3 inclusions changed to a MA spinel inclusion.

2. By the slag/steel reaction, the CaO-Al,Oj3 inclusions did not form under the current
industrial conditions. The only Ca source for the formation of CaO-Al,Oj3 inclusions
was confirmed to be the Ca—containing Fe-Si alloy under the current conditions.
When the dissolved oxygen of the molten steel was low and a large amount of Fe-Si
was added, the Al,O3 inclusions transformed into CaO-Al,Oj3 inclusions. However,
when the dissolved oxygen was high at the LF start and less Fe-Si was added, the Ca
of the Fe-5i alloy could not change the compositions of the inclusions.
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