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Permeabilities of Oxygen through Molten Ca0O-SiO,-AlLO,

System with Fe,O; or CaF,

Synopsis:

Minory SASABE and Yutaka KiNosurra

The permeabilities of oxygen through the molten Fe,O3~CaO-~SiO,~AlL,0, and CaF,-Ca0-Si0,-AL,0,
systems were measured by means of an experimental procedure which was developed by the authors. Those
trough the Fe,04-CaO-SiO;~AL O3 and CaF,~Ca0-SiO,~AlL,0, melts were found to be in the range of
1x107% to 1x10~% and 5x 107'% to 5x 10~ moles Oy/cm s, respectively. The permeability was raised
by a factor of 10 to the 10th power when 0.2 wt%, of Fe,O3 was added to 40 wt% CaO—40 wt%Si0,—20 wt9,
Al,O3; melt. The permeabilities through the molten slags with Fe,O, are proportional to the 1/4th power
of oxygen partial pressure in the atmosphere. The permeabilities through the molten slags without Fe,O,
are directly proportional to the oxygen partial pressure in the atmosphere. They increase when CaF,

is added to the Fe,0,-CaO-Si0,;-ALO; melt.
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Fig. 1. Schematic illustration of the permeability

of oxygen through molten slag.
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Fig. 2. Schematic diagram of the experimental
apparatus used for the measurement of
oxygen permeability through molten slag.

v ARSI A TILAE 6mm, SME 10mm Db DEH
Win, v— A FEOSMAzIE 700 cc/min DFED 7 v
% vk, v—A FEORMIIETERERET v T EOBR
AL T 100 cc/min DFFEDOHRER L. ThbD
BT, AT 7EMEH LX) ieifiEs LTEES
hic. BEA S 7 OEEEB L TECRRL Y-V FE
SMlE B 7 v = VICRA LCRIBEREINT, MR
PR B A RE L TRERBEH S h 5. RISEHRNE

DEF I D, FARODEZATH Smm O
KEZ e,

BEPR KB OFEGEREIRES 12 =7 T, &
R OBEZE S FEIR Ni & NiO OFHmMESEE L.
RERSLBEBIFN T ABES IO T = vihD
R EAYBERATHE LNy 7 77V PR H D
Fr. B, MERREWME Y- FL T TS 30
mm F, Ibcrhkbh 250mm B IO Fig. 2
TR LTFTE DALIBE D 3 o Pz R RE LR O
EXRIT, 3FBLIA—DOBEFELYRT I L2H2T
A5 FEYEB LUICBEN T VT VICEECER IR T
W5z EEHER L.

WIEERE T 1350, 1400 ¥ 1o¢ 1450°C o3& L
7o

StEHT, 40wt%Ca0-40 wt%Si0,-20 wtZ%ALO, %
= A x—2A5 7L L, hic Fe,0; Bk CaF, %
MRS D\ I E R RN L., Fe,O ¥WNEL
0.2wt% 7 5 10wt% % <o 54K, CaF, (% 3.5wt%
M 20wty EFToO4MERE L. CaF, 28675
HPHEA S e Catt f v DEAHBREDRAES <
Ax—AZ o Cat f A vDEAREFA L LS X
5 AR H D T

TR0 RIKD Lo LTHA L. CO %
CaCO, %713 F52F kAN 1000°C 1 THE L
I B ETMEL, BHEIEEYTCRFE L.
SiO, 7 u~t 735 7R, ALO; Fe,O; 5L CaF,
RS E AV e, CaF, DAhoRIETFFER I 200
°C wemsL+ohikiefTolkcd o BilBEARE%Y
BHICHE L. CaF, XBABKARB AR T 120
°C RTCHEELTEWELORFER L. BREEOFHR
REBIIASL TES L, RReET 120°C oEERMEH
CREL, BEOHER Y b THERT VI F50F

Table 1. Chemical compositions of the specimens after experiments

Nominal composition (wt%) Composition analysed (wt2%)
Specimens

Fe,O4 CaO SiO, ALO; T.Fe FeO CaO Si0, AL O,
A 0.2 39.9 39.9 20.0 0.16 0.036 36.99 40.30 22.54
B 1.0 39.6 39.6 19.8 0.72 0.04 38.09 37.97 23.40
C 3.0 38.8 38.8 19.4 3.12 1.44 38.06 39.14 21.30
D 5.0 38.0 38.0 19.0 4,12 1.62 38.02 37.63 20.63
E 10.0 36.0 36.0 18.0 9.12 3.95 34.35 36.46 19.96

CaF, CaO Si0O, Al,O4 CaF, CaO SiO, Al O,
F 3.5 37.1 39.6 19.8 2.06 26.16 37.65 32.72
G 6.9 34.3 39.2 19.6 4.08 26.45 36.44 31.36
H 13.4 28.9 38.5 19.2 9.38 23.30 37.10 26.19
I 19.7 23.6 37.8 18.9 12.56 23.67 37.25 25.70
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Fig. 3. An example of the decay of EMF during
the measurement of background and
oxygen permeation with a solid electrolyte
kept at about 800°C. The specimen is
35wt2,CaF,-37wt9,Ca0-39. 5wt9,Si0 -
20wt95 AL, O, at 1450°C.
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Fig. 4. Schematic view of the shape of molten
slag used to measure the oxygen permea-
bility. The profile of the slag surface is

parabolic.
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Fig. 5. Relationship between permeability calcu-
lated and dividing number, n.
When the specimen is divided into n
equal parts (see Fig. 4)
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Fig. 6. Relationship between the logarithm of
permeability, log P, of oxygen through
the molten Fe,03-Ca0-8i0,-Al,0; sys-
tem and reciprocal temperature, 1/T.
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Fig. 7. Relationship between the logarithm of
permeability, log P, of oxygen through
the molten CaF,-CaO-Si0,-ALO; system
and reciprocal temperature, 1/7.
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Fig. 8. Relationship between the permeability, P,
of oxygen and Fe,O; contents of the
Fe,03;-Ca0-5i0,-Al,0; system.
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Fig. 9. Relationship between the logarithm of
permeability, log P, of oxygen and CaF,
contents of the GCaF,-CaO-5i0,-Al, O,
system.
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Photo. 1. X-ray transmission photographs of the
specimens in liquid and solid states.
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PHEL, 50wty BLSREE F T 1+ v R
0.95 LI ETHBZ LERLTWS., KPR Avi-A
5 73 Ebgks 10wt LT CH B DO TA + vRHEE T
HdDEEZLR, T EZL @2l RodhEx itged
5.

A5 FHhDEFEEN positive hole 1© L >TH U,
Z DA BIHE ORI

Fez++@=}3‘es+ (23)
5L, BYRORIGOFEER K; 12
Ky= aFeZ+a®/aFe3+ (24)

ThY, BERERI—ED L EL, (17), (A7) KX
CHRIDY
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Table 2. Estimated diffusion coefficients of positive hole and data used for the calculation.

Fe,O5 (Wt%) o (g/cms3) 7 =) Cpes+ (mol/cm3) | P (O,mol/cm-s) Dg (cm?/s)
1 2.6 0.79 2.6x10-4 4.8x10-7 7.5%10~3
3 2.63 0.80 7.9%x10-4 1.4%10-¢ 7.5x10-3
5 2.69 0.81 1.4%10-3 2.9 10-¢ 8.2x10-3
10 2.73 0.82 2.8x10-3 6.1x10-6 8.8x10-3
Linh. 2T, @ iL positive hole &R L, Ky 1%
EHCHS. -5
p0,(A)>po,(B) DX, 24" L2DHXXD = o~
P=K,Dpp8:(A) /4=D@C/4 -+ --nwsnws+-+ (25) @ \
Lieh, B LR EETHAZ ShOBEOEREPIL 5 o\
Do H—ED L X p8; 1, Fibby—n FER c‘f 10 5
BOBMEIED 1/4 FcflT 52T THS. 3
APHgeRsRci, Fig. 10 WRT IS, <AX—X E
5 7B IV CaF, & HT5 A5 7 CRERERIERE & sl
BROBMESECHAL, BSEEETIAT 7Tk g
1/4 e KBILI. LEBRDT, JAX—AT 7 HL - \
CaF, #&HTHAT /R CRBEL O, #A L LTHE 0 5 n

BU, BEREETZAT I TRBRIAS 7t
SeysfE | o O L XA Ui positive hole & O2- 732
S PR BENIT S, L\WH T EREEIND.

4-3 AIEMOZHEDORE

AR OPEE & B C ¥ 5 oBf7eE ORIE ML KLY
S DT, (25) Kok AV Tk R S Lo AR (b
» 1550°C =331+ % positive hole O JEEU{RE % #5E L
RERME SH T HBEOIERARE L 21T 5. (25)
KD Co % Fed+ 4 VOREE Cre+ ELWVEL
T Do HZRD5.

Cop=(2/160) pj(%Fe,O3x10-2)  (mol-cm~3)
R ¢49))

T p lEAT FDEE, j=Cres+/(Cres++Crerv),
(%Fe,05) 1247 /DML OBEREZ THD. o B X
O § AR AR L F—0 b 00 A0
T, p I3EMEES L CaO-Si0,-ALO;" DEE % LB
L, jrowTit Ca0/Si0,=1.2 ki) 5E? %
v ie. SFERAGIEER LR OME & SRR % Table
2 R L.

2% 59 | 23EL FeO-Fe,0;, f7>, STRACHAN® 3R
FeO-Fe,04,-CaO thod, 450 1% FeO-PbO-
SiO, HhOME L SOHEIMFERZEMEL TS, &
noOMRIBRKOBESEY AR LI ERLE
DAZ s Fe 14 4 v ORERLD B VIEIRESED
b DR G A KD TE D, 2 TRDLRTD
IEBURB TR LSk D Hls i A 7o IR TR (25) R Do

h ( poise)

Fig. 1l. Relationship between the logarithm of
the permeability of oxygen through the
molten CaF,-CaO-Si0,-AL,O, system
and its viscosity at 1 500°C.

ER—DEREE LT %, ki 3 F0IkEERBL10-8
cmz.s—1 235 10-2cm?.s~1 DEIICH B, ELEHO B
5\ T STRAGHAN® [Tk 5 bak D4 o WEIR T oL EL
{ZE 10-3cm2.s~1 DA — KX —Th v, Table 2 &R
U IEBUR BT — DEREPI LT B DT, AR TR
DI b A S HIREIA 5 VR OBEDOEREIZE Y
LoThb, EHE L.

CaF, % &1L 2 DEREOWEMS FYh L o il
HTLFERIRHERV2, E£E DL Ca0-Si0,-
ALO; RYFEhA 5 S~ DEEROBRER, BENLEFL
WS O/NI WA S DR 5 BNBERRENKEL
KAZERREHEL, T0ORT IR THBEFADOERLT
WABFTLY Y ¥ — DRy b7 — 27 QPR TR\
By, LHEE LIV, AWgen CaF, 25 RDAS 7d
DERZE W A DINERECE WIE LT\ Tn b O CH R % 3t
ETECD, F—ROBEIA F ZhOBERN A DI
BHOTER BB LTh F — £ =2 Eh 5 X 5 I k%
LisV, EWIRERDRBRN DTS L, BROFEBEIX
BHEC L ) RKEEELTWS. Lo, FA—R
DA 5 ZFOBEVILERE 0K X XDIEFIIEBE DOIF
FERAUEELTI\W. Fig. 1l X CaFy 2 @A77
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Fe,03 5\ i3 CaF, 2 &3 5 1Al CaO-8i0,-A1,0; R OBMEDBEEE 1735

L T TR TR TR TR PR TR TR TR

Fig. 12. Presumed flow pattern of molten slag
and metal in an ESR apparatus.
(after INOUYE and IwASAKI®)

thdd 1500°C CORERD FldE L Ritko BIRAER Lk
bDTHD. FEXNR OWEM & HEERD L A,
Fig. 11 1%, BBEOKE A5 23V NE Wz &
ERLTED, BEFVARRLIEDL YV r — DXy bV
— 7 DYIIRERBE L CERT S b0 LHEESh, WE
SNIEBE OR/PBERCFEIR IS,
4-4 ESR BESOEIR(LEREDHE

ESR #BEROZITBMILEEY, <7 7BEELTO
MBIETHBD, LuvbhTuwby, o CcIx
. S ETCRAMRERE AT, ERBEE Y
ET 5. FHELEE® 3 ESR #BErhoxs 7Lz x
NOEBE HEEL, AT 7OBHED Ax—- NI BIL
Fig. 12 oXswhksz xR EL, F1, Thith
DB RT A HWES ftELTB. 4, 27 7doD
positive hole o JLKE» R Lo HEERETHS & L, K
DESKBbDEFTAEE LD, Tibb, ZRCEMM

NIZ positive hole % 5. % 7o B oSk, N T 2 &
APDEER TR S 7O L HBHO LY, BRFOBMEL
G LT positive hole % 7 LB 2 # Ak
T35, LWvWiboThB.

L, BREBMLCVWSHAT5 7OBMNEKCER L,
DA T IR TR TITOC A 2 4 L%
BAtE L7cKEf%d t=0, X 2V BRI CHF2TA Z A
0 HEEN BRI OR% t=1 9%, A F 70D po-
sitive  hole XK Lo TBET5 L L, B« DR
T A % VAT L7z positive hole D& Mor i1, &
REDWEFOKEE LTHS &

M@e=2C% 1/ Dar/n -+ -wremeeeeeseesenneeens (27)
kleh. 22T Cp° BBEREFHE L TCNBAT FhD
positive hole DR De 1% positive hole DIEE{ASL
THB. Tle, A5 7OV BREER v, A ZALT—1D
FEERET DL, c=v/R THHM1D, BAEMS-
h @ positive hole D 2 2 Lth~DBITE Mo Ik

Ma=May/t =201 Do /R rweeeereeee (28)
L7e%. ESR 25 7ol bgiE 138 Iwty Th b,
215 DR EL 1550°C fECit p =2.5g-cm=3 ¢
B35, ESR 25 7D jfi (=Cre3+/(CFes++CFe2+) &
WML 03, CaO-8i0,-ffbgk R D CaO AFNT
WEZADERRAGS LEGHTIE j=0.95 TH5.
Z ZC positive hole ® mol EEEIT Fe3* S+ v
mol BELELWELT5 L, Cp°=(2/160) pj(%Fe,O,
%x10-2) =3.0x 10-4mol-cm-3, TH%. ESR x5 7
FDHDIEDNTD D ZHITE LTV Isuhs,  KBFge
THEIhI: Do LhHF &bt EEZ, 4.3 T
HEE L 1wtHFe,O3 DOILFES Dp=7.5%x10-3cm?.
st MV, HEOOHMED b v=5cm s~ AL
ms &,

Mg=6.6x10-5/1/R (mol-cm=2-5-1) cueeue (29)
L7t %, positive hole > 1mol ¥ 8g DOEEEICAHYS
50T, AXAVPROETRYBILI L IMER Mo 10
B33,

Mo=8Mg=5.3x10"4/v/R (gfh3K cm~2.571)

LTWB RS ZASHRIERSCAS 7O FHIcIB b A% R L))
AZNEEMEPBRIAEL, A ZANEEMLICAT SRR Lisb.
Table 3. Measured and calculated oxidation rates of metal pool during ESR operations.
Radius of mold Oxidation rate observed Oxidation rate calculated
Observer (cm) (kg /h /cm?) (kg/h/cm?) References
Masui et, al. 9 4 5.4%10-4 6.3x10-4 13)
Suzuki et, al. 40 ) 1.3% 104 3.0%10-4 (16)
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BEH 512 e — L FEFE Gem, HARB® DE—
FHEE 40cm o ESR o Z2RE(LIEE © FHIE &,
(30) K LI E L BEMALEE © k% Table 31cR
L7. Table3 Z{EZitdHch, $HARLITBILEE D
BELTWRWOTEENFERDhOF — 20 LiE
L7z, Table3 -CidSEHlE & HEEEILD TR v —FK%
ALTW5.

T, AT 744 REfE CTOAZ 7O
positive hole DIREAESEERE & # 2 728, BEHD
BREED S X hie positive hole MKAHH-2 5 7 R
TR AT 5 ENEETHOTH, &< FUREK:
BTHTENBTES.

5. & =

WA 5 SR OBROBREYNETHH E L & &
L, BE#ED 2Ry Y 2GR/ THAS S
DBREDOHEBERHE Liz. AF 71t 40wtZCaO-40
wt%Si0,-20wt%AlL,O, #=A K —AF 7k 1L, FeO,
% 0.2wt% 25 10wty T, H AWk CaF, % 3.5wt
% 95 20wt% FTERIMUI. TORRRDOZ &3
D7z,

Fe,0, %330 0.2wt% RN U720 G, g DE
BEEITEY 1010 A XL Teh, SLIKRMEYEMTS
EHEBERRMBEAILTREL LS.

CaF, 2T 281 AS 7o Cazt £+ vDEN
KA Ax oo X o CaFy 2N Lics, CaF, O
BN % LBMEOHERE XN T 5.

BHKOMENELRE 2 THREOHBREDIBRIED
REMEE LB, FORERMI D, Fe,O 2B THR T
I TCRBMBEIAS ZIALEERLTCERL, CaF, &
HTHAS 7 CIIWERBRRLCERT D, Wi i%
HeE L.

A O XEFEBFEILKEKFETERARS TR O
BMEHZLRAWRZEDOA R » 7OH 4 P LT\
Bk, CEBBLEB T ET. ¥, BERIER
ZOXEAMEBLALEERPEL VWKW LTS

Haxdm BT E3. Tk, FRo—FrEL LT hT
ETERPZFEMEROECHELYELET.

AR O—EE, B 52 FEAK - RERERS
I X OBMMER AN AL REEET2OMRRE L2

/= Ly Fm L2 L LI
Tirnic ¢ 52/ 5.
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