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Behavior of Slag Inclusions during Solidification of
a Large Forging Ingot

Koreaki SUzZUKI, Kézé TaANIGUuGHI, and Tomoo TAKENOUGHI

Synopsis:

In order to investigate the behavior of slag inclusions during solidification process of large forging ingots,
granular mixtures of the synthetic slag and Fe-1%7P alloy uniformly containing fine SiO, inclusions were
held at the solid-liquid coexisting temperature. On the basis of the experimental results, some discussions
were made on the behavior of exogeneous slag inclusions during solidification of a 220 t commercial ingot.
The results obtained were summarized as follows;

(1) Slag inclusions were found to absorb fine SiO, inclusions distributed in the surroundings, resulting
in the decrease of CaO content during holding at the liquid—solid coexisting temperature.

(2) The change in CaO content in slag inclusions with the distance from the surface to the center of
the ingot was well explained by the dilution model obtained by the experiment.

(3) The maximum diameter of inclusions growing by coagulation during solidification of the ingot
was estimated to be 60~70 ym.
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FERREEL,
B L.
AP EETHRE A O AV Fe-19%P &4z
fikm7s SO, MM E%L (31T —C 5H X7 Fe-O-Si
FTHY, 3kg OWHHEE GFEFIZX Y KAUBHTL
DL & Si R LTEBIZ NE 30mmg D4R
CEHRAALLDOTH S, T, X543 Ar FHGAFT
SRR X ) By EihT Ca0, Si0,, AL,
MnO 5 X UG~ # 0 W% G L TEENTHHAA
RLDTH5. kBB XU RS FO{L2E# k% Table
LImd. 2hbiduvdnd d e RiE I s UTER
Tt R

BB A U/ SRR Fig. 1 R RKiKg
HEHFETH D, B & LTk Ni-40%Sn 4% 58
U7z, BV 1470°C i{RFF L7 Ni-Sn Bh~d S

IEGOREEFRE R T5H55%

Table 1. Chemical composition of base metal and

synthetic slag (%)

G | S Al | P O | Si0, | AL,O,

Base
metal

0.01/0.48} 0.003/1.08} 0.068| 0.129/0.0048

CaO | 5i0; [Al,O3 | MnO | FeO | Total

Synthetic
slag | 48 5

32.316.50 | 10.9 [ 0.15| 98.35

; Sample

5 Ni-40%Sn bath
: Crucible

; Silica tube

: Electrode

Mmoo w >

; Charcoal
G Thermo-couple
H : Ar inlet, outlet tube

PLDI KRS LI PRkD B4 & 25 2% Ahvic RE
20mm¢ OREHEEFFHERMTR L TRk ik,
EHINOINESH FOA S EHEE ORI~ Ar BLAE
vy L, FFOTFTHHD 200cc/ min DjfiET Ar

%Z 30min JFLTERL T TER LA EREHEE,
Table 2\ 27" %. ZD5L, MEHNTHEMLIERAS VE
MR DHOEFFTEEIZTFHELLT -0 TH 5.

BONIFEHIRLTHIET LT 7 S RANEMH LT
Si0, NEMOHAMERIL, EPMA L X525 BN
WMOFHTiL E R T2
22 REER

BLR D14 % B WSLTFHRRE < R LT ShcitElo
M & Photo. 1 iR &HFHCIIEILAR Sh 5 M
PR DRI B RERT 2 2 L X D EICIE
BLT—oOMWOMEL D, L & DT FORINE
LT eBbdd. 7, SRFIBTHR 7 7FAN
LEWMOGHEEIE LI 5, FTORIEME & HicE
TR 2HEEMPBRD Sivic s, B IEIEE—
S LT viz.

PRI ORF & X OnEE 0B 2 2 7 » FRETEH
B L& EOMSRHR & SiO, NEMOBHR% Photo. 2
WARYT. TCTT, ko B\WEIIBEENS <, fiF
PIEIRTH 0, BVERIIHRIRERNK L, BikTho

(a) lmin (b)
Photo. 1.

120 min %2 (7/10)

Longitudinal sections of samples hold-
ing at the liquid-solid coexisting tem-

Fig. 1. Experimental apparatus. perature.
Table 2. Experimental conditions.
Base metal ! Synthetic slag Holding time
SCTiCS i S - T e e e e ) .
Size (mm) Weight (g) Size (mm) Weight (g) at 1470°C (min)
Larger slag 0.833~0.417 30 0.208~0.147 0.3 10, 30, 40, 60, 120
particle <0.417 15
Smaller slag 0.833~0.417 30 0.104~0.074 0.03 10, 30, 60, 120
particle <0.417 15
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(a) No heat

Dark region ; solid phase,

(b) 1470°Cx10min x400 (7/10)

Light region ; liquid phase

Photo. 2. Growth of silica inclusions during holding at 1470°C of liquid-solid coexisting

temperature.

P

4

P THES
i S,

(a) 1470°Cx 10 min

(b) 1470°Cx120min %100 (7/10)

Photo. 3. Slag inclusions in the samples.

fo. TOXST, FMRO SO, FERIEFHRE AR
TOMICRET % & &b ICEMBO TS LBRETTF
ETHL08%» 0. —F, KB I 7R F2EmL
T, EREFRECRELLLED 255 ZRNED &
Photo. 31t %3, Zh i b, 27 FRBNEWIFE L W
MCAETNTEZOBEZ LD ONCRETHFET L
A, Eio, ZOREOHEKEEDZ{L% Photo. 4
KRY. 20X 5, RERHE»V & EIITHME
HELTHET 23025580, RIFRHOEmNE &3
HEEEE I TRRIC e B & & BITKE L

SR P OR 5 S RAERE EPMA it X 5T L7
22 Fig. 2 wid. chib, CaO &HEIEER
LERHICEBA L, i SiO, BENNT D & E b D,
Fio, MR Z TRFETN LRGSO BRSELD
KEpDok. ink, RIFCH 11% EFshTwizx

5 MnO RERZCIHgF D Siic Xk b
N 1~2% CE TR LTH D, FeO 13 1~29% TH
D= A

ZRFOITT L ERIC BT 5 BAIEFE Y20 o SiO,
NEPOS ik Fig. 3Ry, Zh X b, {RIFEROHE
e & BIm/NS T ANERIEAD U TR ELANTEHS HEhn
TH5IEBbID. ZOBNERY YD SO, A
DorAid 5 Dehoff R Z{HA L CEBMKRYZ 0D
sAiEkd, SiO, OEH 2.6g/cmd? L LT lg g
Bioh D Si0, BRAFFTE L-fERE Fig. 4 wnid.
Zhx b, REsEfoEne &gk o LR
L LT SiO; MEMIRBL L, Lob X 0B EER
KBRS SRFERMLZBEDOIRRE T L bbb
5. Isk, B Si0, ENEEBD t=0 ~DIHE
XD EWEZ T LB I BamMEcg Lic <
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(c) 60min

I AP SN

(d) 120min  x20 (7/10) “

Photo. 4. Change of the di-phase region during holding at the liquid-solid coexisting

temperature.
60
50
= 40 f o P
&\: hd \.' RS
3 2 *\\\_ L
[ ]
| 3
20 |
=8 r l I I )
< L . e ‘
&' 50 S S ' g
” 30 —é}/ﬂl | I _
g I
=10 } - !
"’—5——? o [ 3
9: [ s o o | <
< 5 ] I |
0 30 60 30 120

Holding time (min)

Q ; Larger slag inclusions
@ ; Smaller slag inclusions

Fig. 2. Change in composition of slag inclusions
during holding at the liquid-solid coexi-
sting temperature (by EPMA).

W RN ERBEENE X B EELLNS. F
7=, RO SiO, #p3 Table 1 it R L4 HiliEX 0 2
7L D EVEZ R L7z DORERE ULcEBRC R SO EL
MHH Y, TONEIATE Lic SiO, BSElETER,Dk

RDEEZLND. Lei2T, OLOFTETREER
L t=0 QA EERN SO, B e Lz ZhECTOWED
>, EEETEIR R R & 7o BURH R O IR A PR Y0V
BESMETH LN TERWE ZXLREDT, 20
Si0; DA EBRA T 7 RAEWC BIEh T FHPCH
BELictHEZDLENTES.
2.3 ¥ &

2.3.1 HRFEAFoOEF VML

KB UTERT & 2 5 ST ORA W% Bt ER
ECRFET5HE2RALEZOT, FEBRICKTHE
B 2HOEFIRIC X VIR LIRS SR FO—%
PR LB INCHRBERRCFE T 5RRBBD L.
L7cd32TC, EF MDD RBMUALAS et
HHAFNCEBE LA T S OEARRDBLENDS.
BB LAR T SR FEES X OGP L DBRA S
TENEM~BE L SiO, BEMSEMTHZDT, A
T URFH 1009 BE LA BELT A7 FRNEY
R CaO REZFTE L, Fig. 2105 L KAHE & i
T5L, ZTORFEET KBRS IRT O HA,
44.4%, SRR T TRFOBEIX 37.0% Lich. &
DISTRBRT INFOLEPERBEIEHRELLDD
BENTFOMEBEZBIE Wi EELZLRS.
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Number of inclusions (N/em?)

0 10 20 30 40 50

Inclusion size (gm)
(a) Larger slag inclusions addition

10* =<
- AN ©  No heat
o~ \
g ® 10 min
> 3 e 30 min
< 10 =% —
[0} ® 60 min
S "o/_ N
@ e 120 min
3
o
£ 902
5 B
: N
E 1
210 _\

10°

0 10 20 30 40 S0

Inclusion size (pm)
(b) Smaller slag inclusions addition

Fig. 3. Change in the size distribution of silica
inclusions during residence at the liquid-
solid coexisting temperature.

BB FRECRIFINIMICR 7 7 RAHED
KIRIRENS SiO, 132 5 V¥ RENENORMEMNK X
Wiz E, Hgkh o SiO, IREBEWIZESWELE X LR
50T, Hgkho Si0O, OWAEE 13 (1) XTKRbE
ha.

Wsio,= —kANLCgj0,= —kANLWsi0,/Wre (1)
zzT

Wsio, 5 HgkFR®D SiO, DR (g/ min)

k5 Si0, OBIRLEE (g/cm?- min)

4 5 AZVRFOREE (cm?/{E)

N 5 25 7RTFO¥ (H)

L ; ihgko@sm® (0.572)
Csio, ; Hgkp D SiO, DERIRE (Wsio,/Wre)
Wsio, ; Hgksho Si0O, o&EE (g)

® |arger slag inclusion

¥, 10 o Smaller slaginclusion
= i e Base metal

L

S

2

~ 5

o

n

6

=

Ry

(]

2

2 L1 L1

0 30 60
Holding time (min)
TFig. 4. Decrease of silica inclusion during hold-
ing at the liquid-solid coexisting temper-
ature.

Wpe ; HIgROER (8)

) XEMFTHEHE, 27 VRN EDBEAED SiO,
NHEDZBINTECONTARKREL R SD, EfL
LTHE D CERTER. 2, A7 5RNEW
@ CaO RERLY» LETE LHE, BRI 2 %
D2 THD t=30min iLF13 %5 A% A, t=0 kT
DA% A ETHE, KERATIFRNERWTIE A/ A
=1.07, /MU Z TFRNFERTIE Aa/4,=1.25 L5 5.
—%, BEHNC AL S VRNEDD S5 Lt XL
DI DPEDKRENIOIIFEL, X7 IRTREE
DEWPIEDIEEZILNS. &, TIMLRTFENE
D5bD 1/2N @5 2@F >k LT 1/4N HoRF
AR L7z EE LcE, SO ok 75
Wt 5 EERERE A L 35&, 4./4,=0.90 r 7
5. X£TT, ZhHLONTFREBOBREBE TS L,
KA T TRZNEMTIT A/4o= (4o/4s) (Ac/4p) =1.07
x0.90=0.96 L5 h, /B2 S SRANEDTIE A/4,=
1.25%0.90=1.13 L7 %. Lihi>oT, (1) T AN=
const LEZLIENTELDOTC, Ey+5E (2 &
5%,

In Wgio,= —KANLL /Wge+C +rovvemnmeeenneaee i ( 2)
22T, ClRpE<hHd. AL LTHEMLIZRT S
RFfoREEZ, /i N LT zoBEn %
TUARBEERRALT We=1g DL ED Wsio, 2T
Fig. 4 OEREZFER LT (2) X250 k 258 T 5 &,
KWA T T BN OB EIE 0.0815 Lich, R
5 U BRAEROE LI 0.0955 &5

ik, AXEMULAERS VRFOREFEY Dn &L
TeBE A=nDy TEbIN, KRR 7 RZANEDTI
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9.89x10-4cm?/{fH, /IEIR 5 R TIF 2.49%
10¢cm?/{@ 70 %. %7, NRIXSSHT-ORMEY
W, tOtE% o, BMAPTOBREEES » & LGS
N=6W-5n/zD%,-p-Wre TEbLEXh, XB2I7%MN
ZEWTrx 385{E/g-Fe, /INEIRZ T X BANEMTIE 2577
/g-Fe Lix 5.

MERREN IS —HLTWVWEDT, TOFEEETH
%50.0875 2815 &, R0 ¢ iwsT B Wi, 1 =0
DiE%E Wsio,e & LEEE 3) RTkRbEhs.

In Wsio,.t/ Wsiog,o= —0.050 ANt--euveveemeeene (3)
F7z, (3) KL VM LBV THgD B R 5 VBNTE
W~ XN B SiO; Ei dWsio,,r 1 (4 R T ED
b,

AWsio,.1=Wsio,,e{l —exp (0.0504Nt)} - (4)
L7csioT, lgghmic N BORZ IURAEWMEERL
7oE, X OVHIRE R (%Ca0),, lHAoER% W;s
LT LR LItk B (%Ca0);: 11 (3) RTERDLS
ns.

(%Ca0) ¢/ (%Ca0)y=NW/

[INWi+ Wsio,.0{l —exp(—0.0504N1)}] ---(5)
(5) XPBFERZ XV KDOLNEFRETNTHS.

¥, HREFVEEHTBEE, KBRS I H
@ MnO H#igkrhd SIIKX DELENB L L BPHE
ETLrEETHILERD LN, A5 HO MO §7%
BIXHEAMKL, Lad 10min ORFFCRIGIET L
TWeDT, TOEETNIVEZTLTHREALL. ¥
BT EREM LRI VRFLID I I REL, X
T RFRBOERC L VER L LEBLONERA TS
FBNEDDHLNICH, BIMLICHFERBEOKRES
Db DERAT EPMA LY HITLIZOT, TOEE
g N Bl

2-3.2 25 SHZNERD SiO; BB

Bl Wit 7 4HME TV Photo. 3, 4 WF Lok 5T Mtk
TR B, BOKEWR T I RAEDEN
EWMEHBELTEZRA WEEZLND. LERDT,
Si0, MEH LT 1470°C B WITHEKTHH AT IR
NEMEERTH LT X IRIREIND LF 2.

ARSI RIBT 5 SiO iR b— 2 2RI Lo
BOTESL, TO LR LR T VRN ENHFTFE
THEECHEZELTERShDBHE LRVWERICE
Photo. 21278 LAz & 5 KEARGRO THRICHE T3 &£ X
L5, L L, BEPIBHET S Si0; ZFSHRIRE
NEAREMEZRIF 2 EFE XD &, FREZERMEEW» T
BRI LIRS bisvwz itk h, EREEIC
FETH. LEn>T, BERCHNE LK 810, 81K Z

(t=1t) (t = tp)

Slag inclusion

L s Silica inclusion

G

Fig. 5. Schema of the collision mechanism of
inclusions in the liquid-solid coexisting
state.

Solid iron phase

ERTEBEEZLNS.

EEOMBED X 5 WCREIIENFHH & & T 55t
BT ChE, Witk BRI B & & ARSI BE
5 WARIRENE I X D REWS BET DL LB HE LD
555, REROD L S —EIRE RS B
TCRAEDEBE S & 5@ 8RS RIRIKREN S5 &
ExI v —%, Photo. 4 iz R L& S, Elkek
AR O E & I RS D3R L ORI ZE
fLLTw5. ZOBRHKIIET Karramss 5 kX 0'F
HEOY RLVHEINTWE I S, HIBOBWCLLD
BIREELTHRET AL LNTESL. ZRhHDZ END,
FEBREHTCRLOBEREE Fig. 5 KFRTXIIT,
Bk DA ER SIS LTV B AWML T OIS DA
FT352 L X D BEPABE L TR I S RAEDICIRIR
Eh330LEFEZHND.

3. 220t HEMRP ORST ZNEY
DEEY

TZCR, 220t AR 2 5 S RATEW R
L, ZOEBEZERENRERCESVWTEETS.
3.1 FROBEFHSSIUHERR

75 L7-Ei Table 3 i R¥HKOIB% Fi%th
% L7z Ni-Cr-Mo-V #1CH 5. FEHMT Vig. 6 &

%Q_

%

Table 3. Chemical composition of a 220t ingot.

C Si | Mn P S Ni | Cr | Mo| V

0.25| 0.06} 0.27 0.008 0.008 3.39; 1.70 O.40il' 0.14
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(a) Shape of ingot

(b) Cross section
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Number of inclusions (N/em2)

Fig.
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7.
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(c) Sampling position

Sampling position for metallographic
investigation in a-220t ingot.
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u T |
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Distance from the ingot surface(mm)

Distribution of oxide inclusions in a
220t ingot.

——:30Mm inclusion

o . } calculated
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N e 10~ 20 um
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® 30~ 40 um
& 40 ~ 50 um
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Fig. 8. Change in CaO content of inclusions in

a 220t ingot and calculated dilution
curves with the distance from the surface.
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EELERT.

GELARC BT D NEDD EEE 2 5546, Wil
OENMESEREFRECRIFSh 2RMEZ KD DL E
MdbH. THNETI, o354 b 2 k7~ B &
L(p) &F#ainEE R(°C/min) officiz (6) R
BEDSIRE SN TR DY, F7- R &EWIIFIRE I G5
XN BHE ¢ (min) Offlicix (7) ROBBFREH 5.

10°
- - >
c
£ /
€ 107 <
— /
-,
-
L
]01 “1 | [ IR
100 1000

Distance from the ingot surface(mm)

Fig. .9. Residence time at the liquid-solid coexi-
sting range calculated from secondary
dendrite arm spacings at the cross section

of a 220t ingot.
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RY. ZhX v, PiE-S< K L2 CEHEItER
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Fig. 8 wir L X dic, #HBlo REMED 25 5%
AR CaO BENREL, LrHBRFOETIHO =
5 THRCEILCWADT, TR HEREHPICEEL
7oA SRTFPARLECETARBCHEIN b0 LE
ZBTEMRTED. —FH, RO NEDMT b PO
CaO #EFLTED, Lird FOEFERXP.LTED
I Lictdi 20, ThbbERFRECRFEINLE
i EL 7L BIC Liehi>C, BT 5EEmed s &hm
B, IhLRBELCETRAERPCERELLRAT RN
EHrgEGRE T BRORBAERDE R L THRE
NibDEEZLIENTES. £ 2T B) ROFHR
EFVEFERLTRAZ SRAEWOMBEELZFE LT
BB,

AL OB ERE B Si0;-MnO REFE X HNED
T, (B) KD Wsio,e WWHHIGT 2 Wsioy-Mno,0 KD
DPENDDH. LLFREEHFTRE LR 90t FHRO
H+ 2 FAWERIC X 5 & F Si0, £FEIE 25 ppm T

7
1 / -3

Si02 /Mn0
T

—
o
o

olo
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Can (%)
Fig. 10. Relation between SiO,/MnO and CaO
content of inclusions at the cross section
of a 220t ingot.
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TR EROFEHOKE X139 30 pm THEHDOT, #E
b, 30 pum OREZONEME Fig. 8 DEHTRLE
TRER L WG ETEORYMERETT L. b0
RS, REBERDOBIBIZ X 2R 5 RN EDD
CaO REZLEMETS LRETDHE, BELL 24
RECHFET 5N EWOT CaO REWNTO 2 ghgo
EENMERE LZb o 2 Aol FET S it
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Fig. 11. Relation between ratio of inclusions
number and CaQ content in ladle and
ingot,.

5. fo& x¥E, Fig. 8 HoOKREH» L 580 mm DFEHfHIT
»5 CaO REN 23% O fifeth © ¥R CaO REZ
30~40% 7%, Lich2T, ThLhof CaOjk
E (0~10%, 20~30%, - y 50~609) 1ZnhT B AR
B Uiz 2 MR IR AN ED O A s P~ A &
Wb O T SR/RAEWED CaO REWHT 545
MEHELINE, ZhboF/mRIIR 7 7RZNTIO
REL(LAHBETD I LT d. Fi, SFHRicgiirAth
7o O IE TR ONEWE BRI LN Ew &1
ERILEEZDZEMTES. £ 2T, CaO RE X
THEMF? B X OERHEE 2 thitfllo 2 5 RN E DK
DR Fig. 11 @R¥. ik, S LcEAFDO R
SURMEWDORE XL 20~50 pm THY, FDFH
E25%9 30 um THD/DT, MHMbDORS FVHRNED
DREXLHBEHISHE LTV Thi b, MER
HEMIL-FHLTED, 6) RNoHmRETNVEEHRK
BB ERMRP DR T S RN EDOIREZLE X {FHBAT
x5rtEz2bN5.

3-3.2 2F5FZNEHOKE SO

GRELIBRIZ BT HENEMOREEZE X556, L0oR
EOREZXETHKELI BZr2WLIrCTHILAL
LICBEELE 2R S.

ik AR 351 5 SI0, OpEEEEICDOWCILRL
WWHE LTPn b X S dr/dt=(1~2) x 10-8cm/sec T
b%b. —7, Fig. 8 WRLAHRMBIIA SV FRNE
WMOMKZE LR X BB TEL EFE BN, 0 ONE
PIFERBo 5 1050 mm OFE (¢=500min) T, F7z
20 ¢ DAFEEVE 800 mm DFLE (¢ =340 min) T CaO
BEVESC . Thabb, NMEWIEOME FRH)
T ERBEREORBERDEY RN Loz &iTikd, i
EWORF 71X T O WHAEEE 70 T5 & r=1.261,

LB, KEHERX 8) RcEbXIhB.

dr[dt=0.2675/60¢ -+ oeeeeevrinieieii . (8)
(8) MicXH 30y X200y ONEMDREHEER
HEFLEAFNFN 1.30x10-8 55 X8 1.27%x10-8¢cm/
sec LD, HFMHXRLDIEEREMIC KD S0, D
BREE L X —FT 5.

SR A TN AIE BB T 5 NEMEA b~ 2 =
OEANC L7cht2C LR T 525 BERTHEICIIRE 2K
AL TRMEOHRAMNTND D, HHKESLUTONE
MEIZDORNCIHE>TTRT S LTINS, X0
SRV A RIR TR A VW R Ic X B L 0.179
HBHWE 4.33Wcem/sec L WEINTED, A b—72
ZDEERD D ZORICHESDOCTELEL S 5NEWODRR
REEZHET LRI T0u H5 T 300, L
5. —F, WRCBETOINEMIRENIDOTEWYE
W0y THYH, ZOBREONED B LT3 gHhdh
KERGLYBEHEZLNS.

ZZC, FRTHRAENBHPONENDORKEY
O0p, TONRERES dr/dt=2Xx10-8cm/sec 5 X OV[H|
RILTHEE W % S h 5 E A 500 min & {§5% U CEH
T5&, TONEME 60y wETULIEELKW. &
DErE 220 t SEBRIC Z SN N EMOFEKRETH S 10
BRI —HLTED, ZOBREOKRE XD
T T HRANEWTIE 60~70 tFEZLND

4.

KB E R RBET D22 7 VRN ERNOERZHS
DT B, EWRIEFEBICRS VTR S RN
Pl i a BIR L THFREN 5 RREERSEVCHEE
Lice /o, ZORRCESWT 220t SfEmBidh o X
I TRNEMOFEREEE L BohicHEREENT
HERDEDTIEB.

(1) SkOBRMFRECHEZETHMCA 7 /RN E
ik ORFECIRERA R E RN L CHREh, TO/F
ReFARARCLIEDLINS.

(%Ca0)/(%Ca0) ,=NW/
[INW,+ Wsio,.0 (! —exp(—0.0504AN)} ]

(2) 220+ $sMmb O 2 5 S FAER D CaO B
WEED S PO [ 5 LS 2T LEWI B L
fo. FOMBRTLRFREFT AR LV +S5BHTS T
EMTET.

(3) 220:EEOXREHEMO BREAETIC BEIEX
LS BNEWORKRFET 60~70 2EZOLND.

b D IcilEA, FROFERZFHT I N0 B AR
FREMBYEFFTERMEBRE R KR LT FNROE

Jill]
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