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Constitution Change of the Inclusion Composition during the Secondary Refining Process
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Takanori YOSHIOKA, Kenichiro NAKAHATA, Takanori KAWAMURA and Yasuhide OHBA

Synopsis: A study was carried out to observe inclusions during the secondary refining process of case-hardening steel to
understand the factors to determine inclusion compositions. During the LF refining, inclusions changed from the
primary deoxidation product of Al2O3 to MgO-Al,O3 and the CaO-Al2O3 system. At the end of LF refining, the
compositions were placed on the line connecting the areas of MgO-Al>0O3 and Ca0-AlxO3 jiq in the CaO-Al>O3-
MgO diagram. This change took place by the composition evolution targeting the thermodynamic equilibrium
states. After the RH treatment, the inclusion compositions changed mainly to Al.Oz and the CaO-Al,O3 system
because MgO-Al20s inclusions were removed, while the CaO-Al>O3 system inclusions, the most stable oxide, were
remained. This behavior could be described by the interfacial properties between the oxides and the molten steel.
Al2O3 inclusions were considered to be newly generated during the RH treatment. It was confirmed that three
factors of (1) equilibrium state (2) removal and (3) generation of inclusions dominated to determine the inclusion
compositions.

Key words: secondary refining; alumina; MgO-Al-Os spinel; calcium aluminate; non-metallic inclusion; generation;

removal; evolution; thermodynamics; interfacial energy; wettability; case-hardening steel.
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Table 1 Process overview.
Process Time Function Remarks Stirring gas
EAF 70min/heat 1) Scrap melting 1) Oxidation Refining N»
2) Steelmaking 2) Only carbon deoxidation
LF 50min/heat 1) Complete slag-off 1) Al deoxidation N> and/or Ar
2) Reduction refining 2) Slag-making
3) Raising temperature Ca0,MgO sat.
Ca0-MgO-Al03-Si0;-F system
slag
3) Composition adjustment
4) Temperature adjustment
RH 20min/heat  Degassing 1) Degassing (H,N) Ar
2) Deoxidation
3) Flotation separation of inclusions
CC 70min/heat  Shrouded atmosphere Floatation separation -
casting
Table 2 Chemical composition of SCM420 (mass%).
C Si Mn Cr Mo
0.20 0.26 0.83 1.02 0.15
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Fig.1 Variation of Al, Ca and Mg content during secondary
refining process.
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Fig.2 Composition of inclusions at each stage (a) LF initial; (b) LF middle; (c) LF end; (d) RH end.
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Fig.3 Elemental mappings of typical oxide at each stage (a) AloO3 at LF initial; (b1) Al.O3 at LF middle;
(b2) Ca0-Alx03 at LF middle; (b3) MgO-Al203 at LF middle; (c1) AlzO3 at LF end; (c2) CaO-MgO-
AlbO3 at LF end; (c3) MgO-Al203 at LF end; (d1) AlO3 at RH end; (d2) Ca0-Al,O3 at RH end.

Fig.4 Morphology and composition of inclusions
at LF end.
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Table 3 First and second order interaction coefficients used in the present study.

) ! C Si Mn Cr Al Ca Mg 0)

i

Ca -0.34°Y -0.096 -0.0156 0.014 -0.072 - - -78039

Mg -0.31 -0.096 - 0.022 -0.27 - - -4303%

Al 0.091 0.056 -0.004 0.0096 0.043 -0.047 - -1.98%0

(0] -0.45 -0.131 -0.021 -0.052 -1.1739 -3103% -2803% -0.17

*All data without notation are from Ref. 30

rgﬂg M =—150,75"" = 0,75 = 0,r0 = -120, 3™ =-260 -+ (ref.32)

* =-18000, rc‘z =—-650000 rg‘o =-520000, roca’o =-90000--- (ref.35)
Mg =-350000, rpy, = 20000, ry= =—61000, 75" = ~462000- - - (ref.38)
A= 40, ’”Al —70.01,13;*1'0 =-0.0284, rOA"O =474 (ref.36)
100 ¢ Table 4 Activities of CaO and Al2O3 in various
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Fig.5 Phase stability diagram of MgO/MgO-Alo03/Alx03.
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Fig.6 Phase stability diagram of various CaO-Al20s.
(*AloO3 is abbreviated as A, Ca0-6Al,03 as
CAB, Ca0-2Al,03 as CA2, Ca0-Al,03 as CA,
liguid Ca0-Alx03 as C-Ajg and Ca0 as C.)
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Fig.7 Phase stability diagram of MgO-Al203/Ca0-Al,O3/
Al2Os.
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MgO - A1,0,(s) = MgO(s) + AL O, (s)
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T, LFEHEPONEMERDZICIE, BFrRNGHEE
DEBEPR ST DEZLAADEEIINEIhdlcEEALN
Do AR LK DI, ARBEHTHDCa0, MgOsaFNHE
RlcH U TFactsagelc K> TELND X T THALOSEE
13%90.005TH D=1z, ZDALOFEE ERTAHAIED
TEAEFERREZN (4) NOEEY $5E2ppmERKD,
DEVWLFERZBL T, AEHBEEIF2ppMEFIF—ET
bolEEZAOND Y, AT, LFRBEATOotal OlCH
KERBZEDROSNEN D=2 END, LFBHEZEBELTA
FARDOBRILYRNEDNEILITIE—EEE2OND, UED
&, LFRBBRARTRIEMOBREITEZICITIELTHE
Mok EBERLTIND,

oOT, LFBHEPOEDERICIS, BB RNE
MDER, RTTDEZTAABLONEDDBREDEEIL
INEDDEEEZBOND, LFREEBDAIDR (Fig.1) 13,
B TOALOERERIET D220 LEDTH DN, 2D
RISIERZ I/ AZ IVREEFEICTE U Ifcs, £z
ALOsIHEPMIZ S INRRNESNIzEEZ DND,

4.2.2. LFEEHRPONEMHERZ L
BIRDE A ZEHERZ RN S, Mg0O-Al03F K 'Ca0-
Al O3%(FALOs K W RERMBR TH D=, AUETHE
BENT=AILO3—MgO-Al203, Al,03—Ca0-Al03% MDA
ZAbITBMPDOMg, CacNEMEDRIGICK I BERIC
RBZWED, BEFRICER LTZALODMERAZEIZDINT
I DOBBHIREINTHSY, $HITodorokin” , Jiang
512 Denga'™® IC& NI, SBFRDOMgDEEN CaliEE
SWUESWNESE, ALO3IZCa0-Al0s% K W £ 5t [
MgO-ALONEZ T DERELTIVD, ZITHAIRCTH
FNODIRE EBRKIC, SBEPALODMERELEE RIS
I Mg, CAHEEDEEDFHMZ1TD/z. BH, MgHLUCa
SEEMETEICIITable 3ITRULI=HHEERBFRMER V=,
MgdB LU CAEEDHEAFIQ.8IIRT, Ind&l, A
ROMGEEISCAFED1/2~1/5DEZER LTz, RICEE
BDANZZLDBYFEEDKNDALODERZLDT
@ZERHDDTHNIE, LFLFEICTALO3—~MgO-AlO3M
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ZHBEEICERINTIZT THD, LHLENLDS, EE
DAIEHER D B I1FAIL03—~Ca0-Al03% EAIOs—~MgO-
ALOsH'EBFICHER Sz, DF Y, Ca, MgEEDX/NA
B PALODMERZLICH T DEANMERE T DDTII
75 <, Alk03—>Ca0-Alb03% EAl,03—>MgO-AlOzDZE kIS
MILITETL, EFICBERRBANZENZNORIGICHE
"HIDIENRINT

B L7=E DI, CahMEN 1ppmTEHEBEET DRETT
IFAI03—Ca0-Al0s DR Z LA BN ZMICEEZ WU
DEEZONDN, RRECRBRICTNEDHERZLIC
WELEEFNIT, BOZHNICHESNDELUVESKBE
ThDEEHLNTIND®, ZIZT, UMTFTIEILFEHERHD
Al203—Ca0-AlL O3 DI ZLY [CIHELFH %, BEEROD
AFERER 8121519 CHEBIREI T D S THE L, BlRE
THRELTWDMBOERRUENFELATHOI/zD, 2
CTCIIEMICCAaRETRIEIDIEEL, REFRODLFAHE

0.001
& R
= 0.0001 .
= C
9
<«
-2
—=—Mg
0.00001 . . .
LF LF LF RH
initial middle end end
Process

Fig.8 Variation of Ca and Mg activity in molten steel
during secondary refining process.
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DFREEFEEBDLFBEHIODEZ ZIELFREDT—
SEANTEEERHEALO3—~Ca0-ALOsRNDZE{LE
BEAaBRLU, BL, MXATENGEEICKURENT
Wb DIFZDHRREER, £z, ROEDEEHIEN
EDFBIXFICREINTNDENOHEAR DIz, K5,
Jingo'"” ME@NICITEE I DRI TORDES LUHEKE
WENEN OI2H, AT THEBRKIIAREISENCaRE%E
BLTWWzEH SN, hEiER%ZTable bICRT, &
n&y, AlFILREOBREICIE, BRPCaEEN
dppm%EBfEE L TARLO3—~>Ca0-AbOsRDEL AN HRE S
ncaY, #o>CFig 1 oAREEROCaAREIFZDRIGD
EFICHLTHashd2ilcEEZDoND, MEMS, &
REERAITAILO3—~MgO-AlO3, Alo03—Ca0-Al0s% & (Y
S2DDMEREHEIFISET T DDICT+HEERE %7
feLThicEEZxaoNnr,

Fig.7l2xL7e& D12, MgO-Al20313Ca0-Al0s% 1)
HLENZMICAREGHEE THDHMgO-Al03—~Ca0-
ALOs DR ZLEHETL TV cEEZDOND®, D
FWZDOERZLZEEN, Fig.2 (¢) TRLEMgO-AlLO3
ERIECa0-ALODMEREIR Z ST A V2R LicEE
ZBNdD, INEXT, ZLDHAFE'® DATMgO-ALOshH
5Ca0-AbOsZNDEKRZELITES HEEZET D EHRES
ncid, AMRTEHEENSHREEBERIC, Fig.3 (c2)
ICRLIENEMOHRERER Y Y EY TR L HCa0-MgO-
ALOsZR M EY D H 0 ICMgO-ALOsHE A R = N /.
MgO-AloO3 =CaO-ALOzN\DTTEYDFERR Z (L 28 (S EX
MOANZZ LS CEAKTHY, BAOZNLEEKICE
DO THEMAETMEREFDIMUANDILEL ECaRF DA
BINDILENEL TV eEExOND, ZLTHRBRID
BEAHNIE, LFICHSITDNEWHERIZCa0-AL0sRmANE
INRLUI=EEZOND,

PAEKY), LFEFIFICHITDINEMBERZEDOEER IS
NEPDERPHRETIIEL, BAOZNICE X DFEEMK

Table 5 Comparison with the previous studies of molten steels deoxidized with Al at the middle of LF refining.

Slag composition Steel composition Inclusion evolution Ref.
C/S C/A Al / mass% Ca / mass ppm A — C-A
18 2.0 0.046 6.5 observed Present work

3.9 1.6 0.035 0.1 not observed 15

no silica 6.4 0.06 1 not observed 7
5.0 6.2 0.11 1 not observed 8
6.5 1.1 0.038 3 not observed 12
5.8 2.2 0.045 4 observed 16
7.8 2.7 0.062 6 observed 16
15.7 1.9 - - observed 17
5.5 1.3 0.052 9 observed 18
5.5 1.3 0.052 7 observed 18

* CaO is abbreviated as C, SiO; as S, Al,O3 as A and CaO-Al,O; as C-A.
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Table 6

Interfacial energy and contact angle of various oxides.

Oxide

Interfacial Energy / mJ-m™

Contact Angle / deg.

AlLO3 (SOlid)
Ca0-Al,0s3 (liquid)
MgO-Al>Os3 (solid)

2050 (at 1873K)*
1600 (at 1853K)*
3700 (at 1823K)*

140 (at 1873K)*?
54-65 (at 1873K)*
134 (at 1823K)*

ISR DN EMDOERZENLTHY, ZOERE(LDTSE
PEHRS (PR AEICEESND AR NI,

4.2.3. RHUEBARIZHITDBEEANTEMHEKRDZEL

RHLIBIIHSE TIITOBBOBHR I/ OEATHDZ
EDS, MOEEFENRDOICIIFEBIIERRIETH
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ZDIFEAENALOB LV Ca0-ALOsRIEENEZLL
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O SBREANENEYMONBERENREZ D722 EIFBES
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WT, THENDRIENDNEREBNEELREZIBSZ L
ERELTD, FHD? (THIAMEAAICKLDKABKF
DOREZHARIZTHEMBOEELZTML THY, EHA
MREZVHRFIIBAMBLB L, BANSEREINSL
ZEEEEMITRLTIND, Yinn* BILUWikstroms4n
lEHR/AZIKRENFET DNENPOEHZHAFTL TS
Y, B EENENBERENTEDIINEYMELICSIEE DT
NEUBESENRPNICEI DN, BRSENYT VR
BREONEYELICIISIEEOIANRONEN L&
EL TS, ZDZElF, RHUBEFED N X SBERDONEY
ICDNWT, BAREEENBONEDEINENBLORESE
HEFTLSEL, 20O—ATARMEFEN LT LVRENTED IS
BEEY, PBLIEFFELBIMEAERBLTIND, ME
KW, RHIZBIT DN DBREZEICIINEMEBMED
ENMMAARESSEEL, DFVY, BREENHENNEDIZ
EQIBNDNBECHRBRMAACTONEYNDRESHEHND
ETLSL, BERNONERESNBNEEZE 2 5ND,

Z2T, SEEBLTHSEBIEMICDNNT, BHED
BERMARIURBINNF-—DHEANOERET DI,
Table 644 KV, BHRIFOBEHICTEETRED
MgO-AlOslF A & FENEE <, SRIFIKREBDCa0-Al0s%ld
BREBNPT N ENRTEND, 4.1.3.1ITIT D/
NEWLZEMDETERER L WUMO-ALOsISRHALIEEFR T
CaO-ALOsRNDIERZ LR 2 ITEA TN Z EDRS
Nico %£>7T, RHALEHATMgO: AlLO3ldCa0-Al0s% A
HRRZEN LRI THRBHANSDNBERELETL,
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Fig.4n 5, LFR&TRFOAEEAICIIMgO-ALOs &R
Ca0-ALOsRENHFREDHTEMH RO LNz, TN
NEYOEEEDOREL, B EFENSZ\Ca0-Al0sRD
FENRNDD, NEWME L TOHBREMIIMGO-Al03
BRIJEBENEEAD, 2D EAFIg.2 (d) 1CMgO
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RH#E THFICIFALOs M M LR NIz, 411217217
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L= &N, RHRIEART Dtotal ODBHCEHES LIz
EA5ND,

4.3. NEVERELCANZZL
MEDERBEREERND, XEHRIRBICHBITDNE

PHERL DELZEENILI T D3R IC S ND,

1) LFBSHAETIIAGFREDAICKIDHREICSKY, Al
BRICHEET DN EVMDEMAITALOIAFEEE D,

2) LFBE&RHAEAN S TICHITT, Al03ldMgO/Al03F
BEHKLUCa0/ALOFHZENENDREMRM BN E
BFICELT D, JNIFAL MgEBLUCaDREICE
ALULERZREREDBEICLWUEL D, MgO-Cal-
AlLOsRDHR TROLANZENICREL T EDEM ISR
£Ca0-AlO3THD7th, MgO-Al03h 5% HECa0-
ALONERZENETT D, COMEREILZEEIC
F27T, NMEMIIMGO-Al03h 5K 1AECa0-Al0s % &
RTA 2V EDEREZRT Do

3) RHRIFIZT, MgO-AlOsl A EiFNRE N ooH B
PREDEPHICETT Do MgO-AlOsldEAZFERIC
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