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Generation Mechanisms of Non-metallic Inclusions in High-cleanliness Steel

Kiyoshi KawakaMl, Tsuyoshi TANIGUCHI and Kunihiko NAKASHIMA

Synopsis : There have been many research reports regarding the deoxidation and oxygen reduction in steel since around 1970, some reports have dis-

cussed the genesis, growth and separation mechanisms of individual oxide inclusions in steel during refining.

However, most of the investigation of deoxidation dealt with the steel with high oxygen content, where the sum of such base-metal oxides

as Fe O, MnO and Cr,0,, in the secondary refining slag amounted to 5 to 10 mass%, or higher.

In this research, the behavior of the inclusions in clean steel practice was investigated, where the base metal oxides in slag do not exceed

1 mass%.

It has been found that there are two important mechanisms of oxide inclusion generation other than “Deoxidation reaction” and “slag trap-

ping” which are often assumed to be the origins of oxides during secondary refining.

One is “Desulfurization reaction”; the amount of alumina formed by desulfurization after deoxidation is greater than that by the deoxida-

tion reaction.

The other is, namely, “Intrinsic reaction”; lime-bearing inclusions are formed by deoxidation/oxidation reactions of CaO and Al.

Key words: generation mechanisms; non-metallic inclusions; high cleanliness steel; oxide inclusion; deoxidation; secondary refining; lime inclusion; in-

trinsic reaction.
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Table 1. General refining conditions.

Process EAF LF RH CcC
Time About 70 min/heat |About 50 min/heat _|About 20 min/heat | About 70 min/heat
Function *Scrap melting +Complete slag-off |+Degassing +Shrouded
*Steelmaking +Reduction refining atmosphere
- Raising temperature casting
+Oxidation refining |+ Al deoxidation *Degassing +Floatation
Refining remark | (Dephosphorization (H,N) separation
refining)
*Only carbon +Slag-making +Deoxidation
deoxidation desulfurization
+Composition +Floatation
adjustment separation of
inclusions
* Temperature
adjustment
Stirring gas Ar Ar Ar —
Slag basicity (C/S) 2.0 ~ 5~ —
Table 2. An example of chemical composition of SUJ2.
Grade Element| C Si | Mn P S Ni| Cr [ Cuj Al
suI2
High carbon chromium| mass% | 0.99 | 0.18 [ 0.39 [ 0.017 [ 0.006| 0.07 | 1.41 | 0.11 | 0.01
bearing steel
Table 3. Example of slag composition for SUJ2 refining. Slag: S0~55%CaO-10%CaF
Composition | CaO | SiO; | Al,O; | MgO | MnO | Cr,O5 | TFe | CaF,| S | Total 2(]~25%A12()3_1(]%Si02_
Concentration | 5, 1 1 | 20 | 34| 1 | Tr |034| 10 |20 |997 3%MgO+Ba0
(mass%)
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BEhB2DT, BE2 I rPELAETNETHEHFRPIZIE

¥ Inclusions due to refining slag
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Fig. 1. Schematic diagram of the BaO tracer function in
refining slag.
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Table 4. Addition of the BaO tracer and sampling.

Heat Tracer addition Process LF
sample | 0 min |15 min|30 min|40 min| End
a LF 5 min Metal A A
/About 50 min Slag (] @ [ )
b | Metal O O (@] (@] (@]
Slag [ ] [ ] [ )
¢ Metadl | O | O O | O O
Slag [ ) [ ) [ ]
d| LF45min | Meal A A
/About 50 min | _ Slag [ ] [ ] [ ]
Symbol Sample Analysis items
A Metal Extraction by acid dissolution
O Metal Microscopic evaluation
[ J Slag Chemical analysis

Table 5. Investigation method of inclusions.

Inv;settlﬁzgon Inclusions by acid extraction Inclusions by microscopic method
. * Acid dissolution *Microscopic observation x400
Extraction of] . R R
inclusions -sample weight : 10g *View area = 10 x10 mm~
- Filtration
Classified by diameter Classified by diameter
(5um, or 10pm) (Spm, or 10pm)
Investigation ! !
SEM observation SEM observation
Procedure | |
EPMA analysis Quantitative analysis by EDS
(Ba, Ca, Al, Mg, 0)
(D Obtain quantitative analysis values (mol%)
for Ca, Mg, Al, Si, Mn, Cr, Fe, S, Ba, Na, K
l
@ Sulfur detected inclusions
Composition +Sulfur value is allotted in order of MnS and CaS.
presumption *Remained Ca is alloted to CaO, if Ca remains.
of inclusions l
@ All elements excluding Mn, Ca, and §
are allotted to oxides.
!
@ Inclusions refers to the phase diagrams.

Table 6. Transition of BaO concentration (mass%) in slag.

Process

Heat

b [ d

EAF
About 60 min

EBT tapping
BaO% in ladle after tapping
Slag-off

LF

Ba0O% at LF 30min|

About 50 min BaO% at LF end

RH
20 min BaO% at RH end

Particle

Refractory
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Fig. 2. Extracted inclusions after acid dissolution (Heat a).
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Table 7. The number of inclusions detected BaO.

LF (BaO addition: LF 5min)
1S min | 30 min | 40 min
0.46 0.27

End
0.25

Heat 0 min
b | Ba0% in inclusions —
Number with

of BaO
inclusions | without %

/100mm> | BaO
—— T o0 [ 028 [ ol |

0.18

¢ | BaO% in inclusions
Number with
of BaO
inclusions | without
/100mm” | BaO
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M=MgO Mn=MnO
Si=Si0, Fe=Fe O
MA=MgO-ALO, ( =>mE

mCnA=mCa0 -nAl,O,
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DREMTIE, A (T IF) HIMTELETEZ L EH
THb5,
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Table 8. Composition and size transition of inclusions (sum of heat b and c).

\size <5um 5~<10um 10~ < 20um 20~ <30um 30~ < 40pm 40~ < 50um 50um~
composition Low Low Low Low Low Low Low
time CS MA A mCnA grade| CS MA A mCnA gade| CS MA A mCnA gade| CS MA A mCnA grade| CS MA A mCnA grade] CS MA A mCnA gade| CS MA A mCnA grade
0 (Spessartite sys.) MnFeASi| (Spessartite sys.) MnFeASi| (Spessartite sys.) MnFeASi| (Spessartite sys.) MnFeASi A C  SiMn| A C SiMn M A C SiMn
Mn,Cr A C MnCr| (Spessartite sys.) MnFeASi A C SiMn i i
Cr A C  SiMn A C CrSi A C  SiMn
A Mn,Cr,Si A Si,(Mn) A Cr,8i
A Si,(Mn) A C SiMn

il

Symbol: A=Al,0,, C=Ca0, M=MgO, Si=8i0,, MA=MgO- Al,0;, mCnA=mCaO-nAl,0,, CS=CaS, Cr=Cr,05;, Mn=MnO, Fe=Fe,O, ( )=Small amount existence
Ba0 was detected.(Tracer was added at LF 5 min.)

FTB5ZLTRELFHAROI LN LIZFAL,»TH S, Qe —rDFY) 2B 3 LFBHDOESE bR
& (ppm), NEWEE (H/ mm?), 25 7 h{E&EERLY

4, ZE (%)) DEAL, BVt MIRBRICOHR 4R,
INERBL, LFISHTHAMER, $L027 0%
4.1 BREREEBRERD AR tHd T h & LERBEAMPORKEICE > Tk

LFES T3 THEBRKIE»E L 5, Fig. 312k —be, d D, BEBRIEZ D& 0 Z ORI RS TREIZRT U,
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—e&— Oxygen content

" —{— Number of Inclusions
60 \ - -& - Base-metal oxides in slag 6
40 r‘l\\ 4
20 "

End

Number of inclusions (piece/100mm?)
Oxygen content (ppm)
Base-metal oxides in slag (mass%)

Omin 15min 30min 40min
LF refining time

Fig. 3. Transition of cleanliness.
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—e—Heata
500 | —{3—Heatb Y
- -a& - Heatc S
400 = o2

0 10 20 30 40 50 60

LF treatment time (min)

Fig. 4. Transition of sulfur concentration ratio, (S)/[S] dur-
ing LF treatment.
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Al content (index)
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0 1 L 1 Il Il
0 1 2 3 4 5 6 7 8

S content (index)

Fig. 5. Relation between S and Al during LF treatment.
(The arrow shows the theoretical inclination.)
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NEYDIZLAERBORELEDTHEILE, T
T DEZAARLR E UTHHAT A Z LIETE RN, Z0OH
HELT, A7 7DHEERAEND 2ERMAROWERR
IZHART, THER - RIS & WL RIB TER T SR T
3, F32NELTENWZ LB IToN5,
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Fig. 6. MgO-Al,O; spinel formed at the slag/metal inter-
face. (The region “ 1 ”: MgO=28.1% and Al,0;=
70.5% by EDS.)
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WLNBRSIR5 T, WP T CalRE, WP P BalRE &
BHE L/, BHEICHHL 22T T LI, Table 91ZRT
SuR=MEE L-EFLE L, 2720, Buh®s—4
DFIZIIEHREMEDO T - 2R NEDNHBEDT, FE
B & D B10°CEAS 1600°C TEET S Z &1L 7z,
SEEFT B L 727 — 2 3 HROMESHELR & T Th
%,
- CaO(s)=Ca-+Q DIZHEF T 1)L F — 2113
AG°=326,000 J/mol (at 1873K)
- BaO(s)=Ba+Q DIFHEHH T F )L ¥ — 21130
AG°=191,000+34.97 J/mol
* AlLO,(s)=2A1+30 DIFHEE T F L —22{L 37
AG°=1,225,000—393.8T J/mol
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Table 9. Molten steel model used for the thermodynamics
calculations.

Elements in molten steel| C Si | Mn| Cr | Al
Concentration (mass%) | 1.0 [ 0.2 | 04 | 1.4 | —

Table 10. Interaction parameters e/ at 1873K used in this

work.*¢3%)

iNgl C Si Mn Cr Al (¢] Ca Ba

Al 1 0.091 | 0.056 | — — | 0.043 | -1.98 [-0.047 —
O |-0.421-0.066|-0.021]-0.055] -1.17 [-0.174] -515 | -5239

Ca | -0.34 | -0.096 — — |-0.072 -580 [-0.002] —

Ba| — - - - —  |-445°% — -
All data without notation are from Ref. No. 38
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Fig. 7. Calculated equilibrium Ca concentration in SUJ2
(1600°C).
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Fig. 8. Calculated equilibrium Ba concentration in SUJ2
(1600°C).

RAEMERFALC XS, (9) R, (10) MTRENBAL
FRBIZW 72D TH D,

CaO+2/3 Al=Ca+1/3 ALO; rweoeerseessnrssemesiieens (7)
Ca+(n/3)AL0;=5Ca0 - [(n—1)/3]ALO, +2/3 Al ++++eeve-- (8)
BaO+2/3 Al—>Ba+1/3 ALO; vweeereeeesersesnmmnmniiienene (9)
Ba+(n/3)AL,0;=Ba0 - [(n—1)/3]ALO,+2/3 Al +++oveeeee (10)
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