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On the Deoxidation of Liquid Iron with Silicon

Rokuro SAKAGAMI, Chitoshi KAWASAKI, Iscko SUZUKI and Keiji SATO

Synopsis:

The mechanism on the deoxidation of liquid iron with Si was studied on the basis of the various

facts obtained by the experiments A, B, and C.

Experiment A; An investigation was made on the change of the oxygen content in liquid iron and
the shape and the size distribution of the inclusion, after addition of metallic Si.

Experiment B; The process of growth and the composition of the deoxidation products were studied,
after the prompt and homogeneous dissolution of deoxidizer Si or Si-AlL

Experiment C; The mechanism of dissolution of oxygen from the SiO, crucible into liquid iron was

studied.

The results obtained were summarized as follows.

1) The formation of SiO, is not completed immediately after addition of Si and consequently
the supersaturation in liquid iron occurs until the equilibrium is reached.

2) It was concluded that the growth of the oxide particle or the deoxidation reaction was not con-
trolled by the diffusion of the solute atom, but the reaction rate at the particle surface, and in general
the local equilibrium was not maintéfned, there even at steelfnaking temperature.

3) The ratio of the rate constant for the reaction Si+20-8i0,, 2A1+30-2A1,0; was estimated
by means of the composition of the products obtained by the Si-Al deoxidation in the experiment B.

The ratio was constant in a wide range of the concentration of aluminium, silicon and oxygen in

liquid iron.

4) In the experiment A, the greater part of the primary inclusion floats out rapidly and the total
oxygen agrees nearly with the dissolved oxygen 5 minutes after addition of silicon.
5) The mechanism on the formation of the inclusion during solidification was discussed from the
point of view of nucleation and growth of the oxide particle,
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Fig. la. Apparatus for the experiment A.
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Fig. 1b. Apparatus for the experiment B.
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Fig. lc. - Apparatus for the experiment C.
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Fig. 2. Change of total Si and total oxygen in
liquid iron with the lapse of time after
.addition of Si.
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Fig. 3. Change of total oxygen in liquid iron
with the lapse of time after addition of
various amounts of Si at 1600°C.
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Table 1. Influence of concentration of Si, time after addition, crucible material and temperature on
the composition of the deoxidation product.
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Table 2. Concentration of silicon in the upper

and lower part of the sample.
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7é-r=fér(0)+4/9kf ........................... ()
N 20V4CoD
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Photo. 4. Growth of SiQ; particles in the experiment B after addition of various amounts

of silicon.
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Si 0°80% Al 0021% T Si0'80% Al 0-02% Si 0°69% Al 0°025%
immediately after Imin 2min

Si 0°83% Al 0-024% Si 0'68% Al 0°009% - v Si0°85%- Al 0°010%
S5min immediately after S5min
Photo. 5. Growth of particles in the experiment B after addition of various amounts of

silicon and. aluminium.
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(The figures represent the added amounts of Si )
Fig. 13. Total oxygen after addition of nearly
same quantities of Si in the experiment
B.

Table 3. Growth rate of SiO, particle by
Ostwald ripening.

rcr(0) - rer Time Temperature
(p) (¢) (min) | °C)

0 1 7 1600

0 2 13 y

0 3 45 7

2 3 31 o
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Photo. 6. Gourd-shaped and cval inclusions from
the shaked melt.
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BTV Si RO L ELABESD D WXL LT T
BEELTVWEZED, ZOEZEZTHELTHVS.

727 Table 3 O§5%4 5, Ostwald ripening %
55L& BHTZOEMEOL 3 TH Y, & ICIBHEE
FEPAFEEIGE D W RE R, AT OERS R
EO—#HEMAL TV B AAIIS S L BB EThHS
S (WoRAGREL-F B EEE TERMSE T &
SIBEIE, L LTIz X o TRIRERT
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uiw%ﬁmE,%Emeﬁs®ﬁ%&Eu,ﬁ%
5 3. OUHRRECX D LERTHON, RLELTH
5. : : :

E T 5 minfi dIEUREMSF K & L 13, TOMEARKER
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W5,

THbbAKROFERHRCESVWTT TIRIEHL 2 X
31T, Si FINEFIT SiO: AT T 5 LW o HEAR
MICEEDS S T LA, T T THREME LD/,
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1.

IREE B G DEFTIX, — 2 FD X 57k 2 o0BEE

«9

0- iZ%';A] immediately after additon of Al 0-0995 Al 2min after addition of Al
Photo. 7. Inclusions after addition of Al
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X OTHEF B ENTES.
1. B4k
2. ®’ E
DTFANFhoiBis, EREEZLNBLOOEET
%.
4-1 ZHEM
EERER D D RE S IRL IR AR, KEL TP
DITVE, ETEARORDESORBAMERZLE LT
Z r 255, Boepanny LOERICIDTHL I ENT
[P ZD”-
WE B SN EE r OEE LR T B
LEpAHBEZI VY —BbE 4GLT B L,
AG=4772 g+ G rrd (UG 5] wrovvervmeeeon (3)
o Ta, 4G, ¥ massive 7nER{LHD & AR ORE
TAAMF-BIOCHBTALVF-ELTS.
d(4G)/dr=0 X VEEFREOERE rc 1

fc=—% .................................... (4)
FRERBARCEYTSH B = 3 v¥— &L 46* 17

AG* =167 0302/3(AGy) 2 wererrereeneemeereeveens (5)
A FGERE I 12 '

I = A exp (= (4G*+ 4G 4) /KT ww+rrern- (6)

FERT AR, —RECEIRRO LD KERIh 50

),
A=Nn*Pu seeres s enan wearrresaes (7)
v B TFE N : BB OBEEREFE
4G 4 WHERT O OEEL = A v ¥ —
n* : EREEmOBEPOBEARTH
P EFREERAGO A HFER
v EHERTF OIREEK
(6), (7)=Xix, ko BifE», embrio /oL
nucleus ~DFERFOEMIC L > TEESNDEHED
HAEREEEAEDLLLLDTH LM, MEsBOERERKD
AR EZE L LT, EskPE(LinRT 234
B 5 X5 BRI, EEEOKRIEVZ L T v s
5%, —ETHRIMEDD XOTEDLNS.
HURGEERTH S & TE, (6)RD 464 BRIG
OEEbz AT —DEREDI DO LITAD, F/HIE
HIEORABEDYUREDLDTLS.
TurPIN BIX, 4G* 551 OBV FHIT X 2> TERICZE L

LixvwZ &hb, I=1nucleif/sec-cm3 & L

4°576 RT log 55— —2-7 v (a%/kT log 4)1/2

LifakMREEOER K FEERE

Table 4. Calculated supersaturation necessary for

homogeneous nucleation of oxides in iron
at 1536°C.
(G. ForwarDp & F. ErrioTT!®)

K,/K
Oxide |JFe-oxide | % (A) Critical
(erg/cm?) supersaturation

FeO(1l) 250 12-8 15

500 9-1 32
AlO;(s) 1500 4-8 3x 104
2000 - 4-2 8x 106

‘ 2500 37 5% 109 .

S10,(s) 1000 62 2% 102
1300 59 2% 108

1500 5-1 2% 104

RiEx, A, o ZBEREREDOT, FeO(), SiO:(s),
ALO,(s) 75 X O —iA R LB BiafE Ks/K %
Table 4 DX S WEFEL TWAIDID, Zn LD HEEI
COREBERSD DB, FHRETLRTNEL LA
75, SiOg ALOs I ERET A 0 F —DREWEHEITIE
M) OBEMEELELTHI LRI pbD.

S TIHER AN W RBRAE R O E A TR T H &
5T %, BMAERRBCAERRTET T2 &\ BkRICHAT
T5E, TOFEZFLAEME Ks/K 51 THEHERK
TNDHTEFHEDBHT LD, LIOE—BERKIER
POETIWERERETHS.

CNRBEEL T, 3 RNCESFOR{Lm LR

m%ﬁiménéaVQE%#®6#WM,mmmm
EDORBBLL BVEVEIDOLS LFHEHBEEEE
TR EITIE, IBRRRERO SRR I A £ TR MT
FTEHEVHBEORERIEDD, TNTFLELDIZ
HBCAENT R X5 K Bbit, SHEE R REV

Photo. 81z, BEERT Al iz (Al~0'08%), Si-Al
i % (Si~0"8%, Al~0'06%)E4% % X 02 min R
BEALHBONEDERLICH, HKRvTnd~
100% AlLO; THLHILbrrbbd, REOLEFIEIEL
BlhoTwab. )

COEET, WE THLEROETNES T L, BXO
£ L SRR L TT TR Otz TY
P LERBEMITCED, TOZEREREIESTOX
57b0THEL, BOFEVLE 10 HF» 5k D5F
EORBEEORNF THHLEEZTRBLTND XK
Ebhb.

XCA, BREERTIE, WEEAIRMEINLAE—ITE
BLTHLEPT, BEMIMCRETRORBEDEBY PRI
MTEBRTTHYH, TOHH TRARESLBEFEI B
RENDDT, BEEHIRMEZERTIEEE TETTS
LEZBND. TNLMBRAERLICEERED D VEREIG
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Al 0°055%, Si 1-119%
immediately after deoxidation

Al 0-083%

Al 0°0769
immediately after deoxidation

FHETHERICE, BRBENREEI NS> Kg/Kix 1 %
TETL TP EETRETHSLS.

ZORJEFREICIT 5@ EaFE O T ICBEiE L TE R
LisohiEs v oi, 4-2-4 WMTHEND LT,
HIBRNEEC B 2R — AR E RIGDOEFTH S
—AXICFIFSRE L (substrate) |2 spherical cap %4
FRY B EST B 4G hes 35 X UBAEFEE They 13
Tz EEZ 0 LT 5 &

AGHpey=dG*- f(f) v revrrerrimniniiniiiienan. (9)
Ihoy=A exp (—4G*-f(§)/KT) =-rvvens (10)
f(0)=%(2+cos€ ) (1— cos 0)2-eeeeeene (1D

TEALNE®. INLORE»SHLIEL ST, 6
<IBO° D& & AG*ney<4G* Lixh, %7 6 290° T
HNE Ihee>1 L7355, THbb#4 kT substrate 1o
LOTREEIND LIRS, HEEEFCOVTD I
DIEBTEILOT, HIBREEC BT B4R ICLELE
BAFE 2 EREANCRD D Z LR TETH 525, EmT
RIT B REEEFIORMELT Tk, BH—BERoE
TEHTL TS —EAERSREI Y, HIBABICSIT S
EISERNZEET 08 EHBEVL LS.

MR & HIARNEIC KT 5 RS OEF L=, #
NENDOMICERERCHAIT 505, NEDRIT KD

Al 0-060%, Si 0-80%

2min after deoxidation

e

2min after deoxidation
Photo. 8. The growth of tke inclusions, ccmposed of nearly 1009
Al Oy, in the decxidation with Al ard Al-Si.
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Vo RERRUS OELFTIE, HAER»BIET S
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X Bicw.
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42 B B .

DERNFORELVRGCOEMERTH S, =
TRIGHE T local equilibrium MKW L TWVWB T & %
AR E LAWK EDSIIE» MU TR LS.

4:-2-1 PEEULE i
BERCTHESN R TFRER, BB TemEL
FEBPZLAERL LWL Ed b, £REFREBLLT
3 53, AR TS IS — 75 & & B AEMAE
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D¢ (CO—CE)I/S_L nu2+u+] 1 tan“12 w+1
72 Cs 6 (=D 3 vE
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Fig. 14. Effect of number of nuclei on the rate of
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15. Relation between concentration of Al,O,
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Fig. 17. Relation between concentration of SiO,
and added amount of Si in the Al-Si
deoxidation.

Fig. 17 »H 35574 & 512, BiEs4 ik Si
WIMBCXDOTIZLAEREES ITF, ARMEL &b
i AlLOs EHAANL, ERR Al% i0ET 5 & fARIE100%
AlOs &750%. ZOEFRIRMET, BHBEENENSEL
BHEEMTS. TRLbLBREEOEHVEAITE, Al
INMEHRFE—TD SiO; DAEKRITEF

EoRERESEL LB L, SiO% b3 ciEnm
THHEMEBPEDSNI. MEkTable 5 R/ LXK,
AlO3 60, 80% HMARDOMIEMZ, Mullite FEEZZEL
7z.

Si-Al g i, 2 minfiORFTERIEREEZKDLS
EEZBNDD, T TROLNIZNEDMED, FHo
BMERsLHETEL»LEI X ETHRINTS.

WENEMRT, S, Al ORICFEHREEAENIL T
WhHhitvseE,

a1 - ay=Kp1 @10, e eeeeeerees e (16)

Table 5. Deoxidation product of mullite structure.

]

Deoxidation product, ] .
containing P ! 3A120131.'t28102
~60%Al,04 Intensi mutite

(Al-Si deoxidation) | ‘Ptensity

d (A) d (A)

measured ASTM
5-38 S 5-38
3-41 S S 3-42
2-87 w 2-88
2-69 m 2:69
2-54 m 2-54
2-43 w 2-42
2-34 w 2-30
2-19 m 2-20
2-12 w 2:12
1-85 W 184
1-70 w 1-71
1-60 m 1:60
153 m 152
1-46 w 1-46
143 ) w 1-44

asi + @y =Ksi + gjoy-+cerrreereeeineee e an

NEMHD AlLO;, SiO, DL E
aal,gsi;a0 : IEERPOEE AL, Si, O DES
Kan, Ksi @ Al Si BiEE o T E e
(16), ANK XY a0 ZHEETS L
o'y /e =K% 1/ K, a2a1,0,/a%s10, (18)
%Oeq BNEVZ EEEETDHE, an1=%Aleq, asi=
S$1-%Sieq LTBHIEMTELDT,
[%Aleq]*/ [ f §1- %Sicq]®
=K% /Ky, -a%a1,0,/@%si0, w-reeeen (19)
T T aa1,05 asio, EEXNETNDENGRIZEL N
ERETHE, ARTKRD LS LR ENS.
[%Aleq] “/[fgi : %Sieq]3
=K% /K%, (1—Nsio,)2/ Nigjp, --werveeeee (20)

@A1,0354Si0;, *

(20) T %Aleq, %Sieq DIERFREETH 52, X5IT

A Al Si% 2 LAEMHRO ALO;, SiO @ Al 4y,
Si HEELFIVICDDLFET DL, (ZoRED I
WERPICER L. ALOs, SiO; oy Al, Si &%
ELFIKC LT BDT, EFOEZELFMT L &
&UZC% )(20)—?73“‘ Nsio, ZHHTHZ L8 Tx5.
R Table 6 WWiRL/X S, EEEL )ik
‘J/J\éfifﬁc‘:/&of_» ZDFTE T aan,0, asio, D
WTHBWEWVWREEZ L TVWHER, %Aleq 2@/ 301 L
el LaZETHE, Fig. 15, 16 ORI, FHEHERK
Db 810, BPEKICEFEENTVWBE L WVOTELoHh
ER 4N
LDXSICLT, HFHFk%E local equibrium o 3T
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Table 6. Comparison of calculated Ngjc, with |
analysed NSiCz'

Estimated [Estimated
Agijed Ads?ed ’ A?B: lSieqe Nsio, Nsio,

(%) (%) (%) (%) analysed | calculated

0-011, | 0-91 | 0-0008 & 0°-89 0-47 0-26
0017, 0-69 |, 00011 | 0-68 0-37 0-13
0:024; | 069 | 0-0043 | 0°-67 014 0-02
0-026, 0:99 | 00046 | 0-98 0:25 0-03
0-035; 0-81 [ 00071 | 0-80 0-11 0-01

AHHEE LTCIROIRS S e BTEY AT &%, FERAER
MR ERB LTI TH T EATET.

X CRE BT IC local equilibrium #FEATE V&
FTHUE, AR RRICETORVEVEETX
LEHLNTWD X 590, FIGRECEED D VIR
SELTEEEA, WA BHRT AL.SI YOREGEE
ENHPIT LT, METE Al-O, Si-O R
HEOK/NMNCEDOTHREDTL 5.

F ¥ Si0,, AlO; AR OBERKEEGE LT, Rz
BRAT5.

ksi
Si+20 —— SiOg rerreeremremiiiciaiie i (2])
kar .
2A1430 —— ALy werevreeemimssnssnsaeenes (22)

CNDORISRERAL, CEBIFT 5 Yo T,
DEDL S BIENLEEINTWS.
1) Apkl7z Si0; & Al i 35i0;+4Al=2Al,04

+388i D X STERIGE, (21), Q) ROERKIE & VE

, EELMBET LTIV,
% ¥ RV SR E DR E R B AR Ry
, AR EASEE LY.

3) 2 minfB I REIRIBIERTLTE D, BHEE
THERENDDEOTIRMEWIT L 2T, — RN
RIS % 5 e v,

@D, @)L S0y, ALO; AROEER L LT,
WRPEPND.

dCsjoz/dl =

Fg/t) - kgiCsiC ++vome e (23)

F(t)

dC a1,0,/dt = c kp €Y (G oo (24)

Csi, Ca, Co BANFNH>EFDLS>EEMRID L

PTEDHD,

Csi=CL; — aCsig, ++wreeerrremmnsnsnnsosee (25)
Car=C0 1 — BCaL0; o reereesesemeseeense (26)
Co=C.—a'Csioy— B'Caly0y *+remrerrmeree @n
F(t .
dCsio,/dt=—7"" ( )k51 (Cgy—aCsio,)

(C8—a’ CSioz—ﬁ CA1,03) 2 weveressnseeneennes (28)

Fg,t ) ka1(Ch 1 —BCar,0:)?
(C8— @' Csi0,— B'Ca1y0;)? wevesenreevesseees (29)
(28), 2HRX Y tZHEETDHL,
dCa1,0,/dCsio, =ka1/ksi+ (C4 ; — Ca1,0,)°
(C3—aCsio,— B'Ca1,0,) / (C§; —aCsio,) (30)
Csic,s Ca1,05  ZEFE L 72 Si0,, ALO; OEERHFITRT
LEHEY
CO’CSUCAI o O, Si, AlOEEY
Cy,CL,,CY, : vagkh > O, Si, Al OHIRE
a, B:S5i0;, ALO; o Si, Al 5 OHREIREL
a', B':Si0., AlLO; FROEE RS OHELTRER
F(t): HIGRER V@ EgkEH
Cy & U CIIEgkaRIRE, 7o BERTIRMTH
BT Lo B—IERETE LB HEPDLNRTED,
€3, CYy ELTRENTNORMEEZRATH LN
TEBHDT, 2FEHEEFEIL kar/ks: 2o EDHE
B XD TRkDBZENTES-
) kar/ksi WEEDEZE A5
2) A& E LT, Csic,=0 @ L E Calo,=0
3) Csio, & 0 25 Clsioe FTE(LEHE, Csioe=
C'sio, D& ED Caro, ZKDD
4) kpi/ksi & Cano, OB%RE o v ML, Calo,
=C'a1,0, £TLBLED karfksi BRKDD.
e B St SiOs AOsDF

dCA]zOg/dt=

(C'si0y> C'areos : 57
BPDOEEY)
_Fig. 15 OF — 2ic >\ Tl Ll DiRE% Fig.

181z, z 57z kai/ksi Offi%x Table 7 It —#EL 7z

B BOFD Csi, Cai, ColDED LS iTEERYEC
ORIEZ{TIS &2, REHTBHDRB LS.
log f a1= —17Co-+0-06Cs;

Table 7. The calculated k451/ks; for the various
amount of aluminium and silicon
addition. °

o I ] : k.;\l/l?Si | kai/ksi
@) Al Si calculated [calculated
° (%) (%) |by eq. (30) by eq. (31)

[ Added | Added-

0-011, |  0-91 1°5%108 | 2-5%x 106

0-017, 0-69 2106 | 3x106

0-031 | 0°024, 069 | 1:2x108 | 1-7%108
0+ 026, 0-99 3% 108 | 4x108

0+ 0354 0-81 2% 108 | 3108

" 0°006, 0-54 1105 | 1-5x108
0-016, 0-68 7% 105 | 1x 108

0:066 | 0-028; 0-76 2% 108 | 8108
0-046; | .0°89 1%108 | 1-3% 105

0- 060, 083 | 1-2x108 | 1-7x108
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006 Si+0 —rEk SiO «eeeviiiiiiienn (21 a)
?\j SO+ O-A=SiQg -verrerermerseeens (21 b)

N

CLb)RPBEERGT, Qla)RiTvbd s
FHFGEIZHHETHL, SO £FREE 213

-g 004 P ____%' : v =kCsi0C0 )

=y I‘* £ ! P .

p / e/ ! K =C5iCo/Csio DFEABRERATS L,
"i 003 "<;;;i s B R ’
:«j 7! 4 v=>7 -Lsilg

1‘6 co2 __'_l/_—- ----- — - - ——— .(l).,,'—— . X y

o 2 o | ‘! &89, BRI CHREAVTL S Low
£ e ~ RIE LB, ka/ks Bl E LT
= -9 ! A BT T 1,810, ALO; £ RISA(21),
54

8 ol 1 RO X5 LEHC I >TEELTVWBT &
Q 10° 5x10° 10° 2xl0* _

© ba /g FEETRLTWS,

!Fig. 18. Estimation of ka)/ks; for the Al—Si deoxidation of

liquid iron containing 0'0319% oxygen.

log fsi=0"14Cg;
log fo=—1'0C4;—0"14Cg;
dCa1,0,/dCsio,
=10(:]'8903102-’.-2'13CA“05—3'4C3)—0']60;1—1'0011)
- kar/ksi- (C% 1 — BCar,0,)2
(C{—a'Csio,— B'Ca1,0,) /(CY; —aCsia,)

BD R SERRIRVETHRD I kar/ksi D, Table 6 iz
3T 7.
KPOHLAE X5, (B0) XX vk 72 FHRII,
BGDEAPLDZTNX Y RLLKRE VI, Wb Si,Al
OREITIMBMRIZ~108 r —2HARL .
WANAREL2 1), 2), 3) ORER, FRENREY
RLIDEEZEZOLND DT, FEEEHIASMEA G
—EEEZRLRZ &, Ll s d Si-Al B ot
BRI RE AL R ICEE D 300 5 T Lz 2 LS
YIS L RTEEL 2D DTHY, T CIBIHL 7- 4
Trir D OMR OB B LR FREOZB L X2 HEL
T, BERIKT DRAEBEE, HBEITlRL, RER
TCRIXDTHEZINTVS EER LTI VY
Si-Al [REE D RIEE AR K A3, SivEnE iR
W ALEMERT XD TR ED/ O, EEERINTIE koS
kst T DD IPEDIREVELLEEBRNT 5 EMBTE S,
BBPEEERCELTOEALEZQD, @Rz, 3
FFRVL S RTFORBHEHELIRELTVSET, &
BEROFERITRELTWYWS. LrUahk bics 21T SiO,
DEFBEN, DEDX I REREH ORI TEHED
(ALO;s AR Iz >V T dFERR)

E72(28), @D EELL THETIE, SiO,,
AlLO; IREORKRZ{L 231 HE T%, Fig.15, 16
DHEREEOUFHHAT B ENTELLICHDA, *
DD 4 3ETHRD X 51T, KREGABICHIT AR
FHOBDDZEL T, KICREMF (1) % ETRICFHE
L iEia sy, ZoERSBICRINEELL
T, LR EED V. _

ECBEROKEBELS FSEE & TS, YRAE
ERTD MEERICHE RIGEETETTBHZ &0 THEEN
50 LDOFHEZEMIFBZIHRELELT, 2EFIERGOE
FTEBHLES.

4-2-3 HRGOHEST

Fig. 19 it & Si EEDE% 1550°C (%< lhr
RIFLTH- D, 1635°C RAMIKAB LI L EDEEEIR

0026
1635°C Si (%)
0022 ——s 0084
:’\3 /
c 0QI8—2
e
2
£ 00lg
£ / 026
oL
5 4
€ A
§ 0010 A/ .l A
c D T a=—(058
& D/cl j i !
Fnd &
3 ooosu/j I ‘ : {
4 n - a d
e t P9
o00ms] I
702 4 8 127 16 20 24

Time after ottainment 1o 1635°C {min)
(The figures represent the final Si content)
Fig. 19. Change of oxygen after attaimment to
1635°C.
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3
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AN
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(The figures represent the final Si content)
Fig. 20. Relation between log (C& —C) /(CE —Co)
and time after attainment to 1635°C.

BEOE{LER L.

BEE LRI XoTOREINL, »5RERE%IE 1635
°COEMEECEET D, INOLOBREZENTD L

1) SIEEREVIEAIE, VWb~ 6 min T
EICBEET 555, Si<0°25%(0>~120ppm) izl s &,
FRERRSEL 0 5.

2) Lab{k SisE T, EERXIT & A FEBAYICH
i 5.

SEE~OTEIFSHOEV & X, L A T
KRBT HBET B L L, K ST FIETRIPLPDIERK
oD X S WEEESEMT S L WO EFE, SiO; HifFH,
LOMABEBE Mg, PO it X > THo5kELIA
ZERALTVLOTC, FHAPLORAREHRETE D)
DEEERFED, IBERNIRIC BT SEEEDIEE Tl T
LRBCEL TV S,
RAYEBREOM G B, R XD TRHRZEE
45k, Fig 200X 352k 5.

dCo/dt=§k(C{;7—Co) e e (32)
ct-cl- F
]nﬂ Vk.t ceersereereeseniinie e (33)
CEiﬁﬁfﬂﬂﬁ®$@&%m§
: BB RIRE T EEKERRIRE
F-Emﬁﬁﬁ :m%%ﬁ“

& EBTRK

R cE-—cl
(o]
F o
Nk RRE LT 5 —AOEMRTRLENBETTH

v
55, EEREOL S, SIEECI > TEFNETNER
Lhig & oz, '

ZOEIBFELVT—E, HEIG Si0:—Si+200D
EFTH, HIB—ESRmEIC BT ALERIGIT X > THE
ENTVWBEIZEEFREL TW5EDS, Fig. 3 ofifsEihe
PSS~ DEE &Vvﬁf,ﬁawcé<ﬂ@ﬁ6TL
FBREO X A7 BEBRORTF R BUSEE T
bBZ LMD, AEROREICOETS, RICHEK
B ALEREGI IO TEEIND EZXTENLS 5,

4.2-4 AEEBCITHPERICOET

ZZ THUCAERICST S Si PHEERIGCOET 2 BT
L.

R COEEIC X2T, A EBTDH SiFHRRC
SiQ; ARABFEETHIO R &Ed v 2 TsHEYR
DOVBREBENRREICORE CETF T5 £EX HREC
&, ERAEROREEZRMGD, ERNTEDOFE LR
HBLTWEWZ LR EZALM™T LD :J‘”C%Zrb s
REEEOMMETRL TR, Liai>TAENDE L E
O R C EROBA &, FEIREOEHMSE |
FEmZ & 2o H a2 T 5 &, AEBRCRIFMEERK
ENT—RNEWIEENT A CFLL, REEER
R EF 5L, BREEIR Fig. 21 WRLAX S LR

Oxygen content in liguid iron

0 5 19} 15 20 25

Time {(min)

Solid line: total oxygen
Dotted line: dissolved xygen

Fig. 21. Change of oxygen content in liquid iron
after addition of Si in the experiment A.
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FERRR & 7 VIRV E L e 5 FHEERRE T 5 &
HETEDL. LB IORTE, 5 minblE—RAEIO
EOLBREXIFFICPLELLBREDIOTH B, tnlid
—RKNEWBZORET, BEAEFELTVWEVEY
5T & ThEZw.

fok z4E Si 0°07% OIPAIYE, 6,7min TITEFE
WAKEE T BES 528, 6 min TR L 2-8tkHcix, Fig.
CBDXSE—RNEWMEAELERS p Lo TR
EE02%EEFELTVS. WELRWFiE 107/cm3
ETDL, TOXSLNEMT 2X103/cm?® HFEEL T
WhHZricis.

o O I EIGREGRICOREL VWD L %
FRLUT, 5 minDEERE-RAEDCERE T
LEREBIIEDDTHETH D L.

AZEBRORERRM, HoOPHBLERMLYERLAD
DTIEWVWEZETHib oD, Z0k5 BEGNED
PELWEL, HEL T, BEOFERESEREINDD
Wi, BN ORMEETS LEXLNEPLTHD.

=T Fig. 7 THMHLAL ST, BERERDITT
Si0; THH bbb T, EWEFEE IIHBEME
X OTHRED, FHBR@AOBMIC X 2T, FER

BG &2 LERMN BRI NS L EDOEE 25,

AEBTRAEMRE & K, HHBPREE S REETO
BT CH 05 &8 KD —RMEDH FLE L%
I, &L THBRERC R 5 BIGIC XD CIsMEE £
BTT5LELLNS.

VERRER IS DIBNEO S CETL, E-RECS
TAEERISE L TRRERAT S &,

%
Si+20 = Si0; ---
—
k
IR SLG OVERER R LR, (35), BO)R»bkod D

ZEBTES.

B 1))

"dC 2F —

ERE  —— ="k (Csir C3—K)
' [N G 1))
dC 2F —

BEIE =" - k(K'—CsiC}) - (36)

Co,Csi : IR DOEEE, v ) I iRE(EEY)
K': > ) a iEEEOFEERK

F i — sk R miE

V o EeRTR

. ?:lOcm-l- sec™! r LAt EOFEER &
DTRLTA, THBERENTS

2F
v
Fig. 2

*RETHEHETE

008 }
2F 7. <t -t
V—-k-l cmi' sec
005
004
I
< oos k\
S
ol s !
\ D 1635°C
ooel N\ >R
g\ o= 1600°C
""/—‘,— _‘___ |635°C} 025
001 [ ] .
o
g PR N oo l635°c}|.z
s g = 1600°C
O 1
o] 5 10 15 20 25 30 35 40
Time (min)

Fig. 22. Change of oxygen content in liquid iron
calculated by the equations (35), (36).

1) Si>0'3% <TiI, FIFFEELICTFECIEETS.

2) WEEBUSIC2WTIE, ¥IERFRIREIEGERRITIE
LAEEELL .

3) HifE eI EEIGETS.

4) Si<0°3% kb L, SIBEDKTL & HICEH
BLEITEMS 22D o '

5) IEFEW RV AR AN EET 5.

ZD3b 1), 2) b, 4, HORFEEEL
ELHEL TS Fbb(35), B6)zho x>
M7 RS E 70T, BN G OEST 2 SR 8iTidd
BTETh, AREROEHEZERENCHMPTERVE
EMEHGM» E D7 o

Lo TInboRIIBLOES» SETXLEL

B, ETEUBRHLAFRERSEVOR, RS
RECHEITZRERSICRSESCRETFORETH

5.

Fig. 23 1o EATEIEmRRT & TSt 2 E o %
BRUICH, Zhi Kmcery HiC X% Fe-O ROKMH
Ay ORIERH R EXILL TH5 & (Fig. 24888), WH
IR ELL TH Y, FHAOBENKEESN & HE
KEBELTVWa T L EEInS.

L Liehs Fig. 4 KRL7-X 51, AEBCHESE

DEMENEZ T FEHI, 62 UDS%E 0007% Ik
L Th, EEBEEEREEHREIN IR, Thbb
FEENETODDH, HIEOETFTITEEL TWHDTHE
W LIS »TH D, o 07

(35), GO)RDFRETIE, HICRETLIEK W T
LIRERHE—THD L LT, BHRSVI OBELZ(LE K
DIcHF ThHBHH, BRIREL EDITEMENPETT
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Fig. 23. Relation between equilibrium oxygen and
the time required for the attainment to

equilibrium.
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Fig. 24. Effect of S and O on the surface tension
of liquid iron.
(F. A. HaLpEN and W. D. KINGERY®)

52, SIOPELRETL L, KEXA,-LLHALPK
X 5w,
1 dr
RT dlnCo
I RmEaEixEE 4
EEENIBSETIC AN BEX D bAFITRESN T
L rEE®RLTED, LEBOTERCINSHEE
5 Si BEOKVWEE T, RIGRECRTS5BER
FE L FSHTOMEY X LR L, COHEREELR
LT, ETEFARCORE S — b ZBEILKRBT 5%

= RN Y

ERdD. ‘ _ . .
BESRGORES —LEWL THZ L ITE2T,,

Fig. 7\ B biuze & 5 nREEEEE ICk XIS T HIBHE

OBHESEBRCHBTED Z EEMT L.

¥ - EEEWFEIEEEE S DESEE C—RANCR b
LEHHOT, MEBEIGKF T, TOMmDORER
EFCEVLTH, RALPOE TEELEEZL X
FFC SRy, (o & REBRERIE™)

SOEHEE LT SRV, EFRERGT
FERBESELB L THSS. , _

SEHHRAEDSERR S B DV, EHHFGDOEENEL
LI BFETHY, BE, FEMEESF—THIEL —
WAL S PEFEL TWeE L Th, REOFHERR
O X5 CHEEFEZICFECEET S L aMFEh D
MmETHSE. S o

oYL, FIGEFHHO—RE L THRICESh
~SHEE-C A DA, FOHBEO 12& LT, ERGTRE
FIGE 0 dRSOERBESNIVENS, DEDLS
KEZFOHD T LEEERMCHBEL TR S,

*FBEBRTIE, 5 minTWERKELTHELALER
EDETHE SRV, Si01% FEHNTIX 107/ cm?
DNEDREEL TS EEZL N5, HTFEFER
2 minDEETTFH g £1, ¥ 2 mine 5 min @
BFHRE— &g, T O2RmBEBRARRY
D~2cm? E755. THUEY LT T — & OEREER A
RrfEfEY7c b ~3 cm?) X DL L APMEV. D IiThF
SRR IR A T B C L EBE L Th, BFREHK
PIEMERE VI35 PCREL LD LRDHHXBVE
3B bNLS. Lsso TERMANE Tb —HRICESHE
45 =g, YABRFEEHRLTIVRTTHS.

G BEEER T, ERFE CRSIIEEALETLER
WhiFTH B, Thid Si BRE b TERHEIE—E
T Do, FEH—TARL RV LERAED O
RECET 5 RSO BMMECKRTAEL L, Bt
REC KT DR —BERBRI ) X ahrokicd L
5.

TRV TAER TR, SBETH TR LESIZE
EHEEE Do, THEREBHFHITEEL T 2, 3secii
BE5EVHRMEEZEDTVWHDT, SUNRRKE
SROEMBTIEMRL, E—IZERTE T ORS CHEE
MICEEC B, LMk Si OYEEIL 7B TH— B A KA
HEnsn, AR, BFREC S DIR0TRSERER
AEELCTETTARTTHY, ELEEED SiO: £
ARCIE Table 3 A OERISND X5, »Eh 0B
SME R UE LT 50T, T L AR TR
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—EERBPRI S L RFBL OV, L AEMEZD

BEARCTETSE Si REMWHT, BEECH—BER
WIS TD LB DOBEEBMITHSS. Lird4k
L 7o R X > CERRIIC S — 583 5 2 L 13RS
TSV, BER, NERERSEL, B—BERic
T4 THBH, TH—ZERCII+5OBEMES
DOTERSHFET S LD, DX LESOH
B—EHRFETCOLANE—GERBRI D, RSIES
¥5.

BLEGERBNRINME DR G—AEROR & » Ficow
T 1 SO\ RAZR~, HHIENELSTE T—RIC RIS EST
THELRAEZONGE VI L, ERIERSDIED BERG
X DIRIEEREREONE VW EZEALE.

LDX5 I RBTHEAVE, HEAIOTRINEH & K
DEFNT MR T b Y 2T, FERTHEBAO Kt
(Fo & 21EZ&E Si » Ferro Si 7 &) &, Hhnhs:
KEREDT, RSEFORRBE L CHBIND T L
ZFREALTIV.

RGBT OWTo I boEMER, RELSER
HTHY, KBETLHETLTETHS.

4.3 %3, BRABRCHIZNEDOER

CIREREONEMER & BHTL T, DhRICEE LT
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HAH5. s BIE, bhbhBHEET 50EDE, X
HNEINABCTERD LA RKREL 2 AEED, LITL
EHDH>%2LTHY, ¥TDORFCX>TIE, BEE
BAROIEEBL DD DM, o7 REDER DD DIT
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AETHE, A, BEEBROFE Y S L -/ E e
TICDH EOWTEEL LHEREFE-MITES, VW on
OREERZREL THR.

. 4.3.1 &E}ﬁ:

Photo. 3 iZ7RL 72 X 5 et RNV, BHPITB
BL TR FABERCERLCD DO TRZ L, ma-
trix PSRBARITRET 5 & &, BECHTHL 2R ANE
MTHHZ LIE, TOEEIPSRTES {Hpdlay.

% TR NMEDOLR Z RE GBI BEE ¢ T
KT HEX, ETFERED SRR L oAb st ho
NEBDOERZBFTLTHRLS . L THEINhSNE
WREFTRXTZRNEDTH Y, BHNEEERICBT SN
EMDOERZEFZ, FDBEMLL2EHOD & THEET
HIENTELPLTHS.

Fig. 8, 9, 10, Photo. I TZMBL- IS5, AER
OFFRED DR U BN, SIEIC Lo TivE
L EEE—ENEOREN T, HERNEDR X 'S ik

B EBERL 00 LToMMFAETNTEY, &
D5 HRAIZEL, Si007% DL E, ALIITAEL,
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ST S, O ZEUHABEAE LI EERINIEZ
KNEWE, BERORKECERLT, 280k5%3
BHEODDIERIL ATNIES Sig .

1) BEIBALAET, RERES TR T 50K, ¥
@BEC Lo CREMESERIh, BERT 5,

2) BEETS, BRERECHE SN EEMEIT X
DTEERT 5.

3) BREDETCAY, #EI~OBERERF OB X
2T, BEMENSER I, BERTS.

—REHITIE, ZOES BRI AR L e — RN EY
BEERTVS.

INSEEORPTHRERHORIEVIOI, 1)
THERLIAEWTH Y, 2) CTERELEANEDS, &
B CIRREMEORLBIIZ b THL®, Lrd
ERWE IR B CRERCHIEINS LE X 5NEDT
20, REREERDIE .
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ER LTI S,
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BN FrARODESHMRELFII b0 L i
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WE D) THERLRERTFRERTS L, T0O¥Y
BLFEREN, Si 0°07% Ti3~2p, Si 0°6% DBAIC
E~1p T, W 1 EOERIIFTEN L 8 £k
Ve UL SBIERNEMIT 0007% 0L S TEB8HEEL
TV o5, FHNFEOANMNIFEEHEED 2 (~150
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Fig. 25. Cooling curves for liquid irons of
various content of silicon.
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40 sec 2 min

5.

6 min 7 - 10 min

Photo. 9. Morphological change of SiO; particles and den-
dritic inclusions with the lapse of time after 0-339,
silion addition (experiment A)

. 004% Vimmedia;érlsri‘;;fter ‘ ”7077‘7(7)77% immediately after

N

0-0496 4min 0-08%% 2min
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han .

0°119% immediately after

7 0°13%5 5 min
Photo. 10. Morphological change of SiO; particles and dendritic inclusion with the lapse
of time after addition of small amount of silicon (experiment B)
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Photo. L1. Formation of strawberry inclusion.
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BExHTHIEEEBY TV, 2RI Z0EER
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E—FEANTV AR WE BV, R d 2T Young OB
P BELPTHE. HHOHBEIL, SHHTHNE
WiEbDEVDLIT SR LV, FEOEERE, LA
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EED Si FHEEOITN I D REVEWI R ENLD, 135
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