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The Effect of Chemical Reactions on the Interfacial Tension
between Molten Iron and CaO-SiO,-AlLO, Slag

Hiroshi Oor,

Synopsis:

Tsutomu NozaxXl, and Yufaka YOsHIL

The interfacial tension measurements were made for liquid slag-liquid metal interfaces with the sessile
drop method. A radiographic technique was used to determine the profile of an aluminum-, or sulfur-con-
taining iron drop which was placed on an alumina substrate and covered by a layer of CaO-Si0,Al,0,

slag in an alumina or a graphite crucible.

An anomalous decrease in the interfacial tension was observed for iron melts containing more than 29
aluminum. This decrease, which resulted in the interfacial tension of less than 100 dyne/cm, was proved

to be due to brisk reduction of silica by aluminum.

For sulfur-containing iron saturated with carbon,

desulfurizing took place, and the interfacial tension was considerably decreased to less than 500 dyne/cm only

when the rate of sulfur transter exceeded 3 X 10-% mol/min/cm?2.

Whenever this criterion was exceeded,

marked disturbance resulting in a serrated interface was observed at the slag-metal boundary.
(Received June 10, 1971)
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a : Argon inlet valve f : Mercury manometer
b : Argon purifier g : Furnace for measurement
¢ : Rotary pump h : Oxygen analyser
d : Mercury diffusion pump i : Mercury pool
e : McLeod gauge
Fig. 1. Schematic diagram of experimental
apparatus.
L—‘ o
; b
S E\"“ﬁ
; ) ‘
e
k e
K

- - o

JU—

a : Prism g : Window

b : Metal suspender h : Crucible holder
¢ : Water cooler i : Argon outlet

d : PR5-20 thermocouple j : Argon inlet

e : Heating rod k : Alumina tube
f : Crucible 1 : X-ray film

Fig. 2. Furnace for measurement.
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Table 1. Chemical composition of iron-base alloys.

Chemical composition (wt %)

Specimen ' - - —- - - e ——— g :
C Si Mn P s sol. AL Ti
Pure iron 0-002 0-034 0001 | 0:002 0003 | 000 |
! ' :
Fe-Si 0-1 0:002 ' o011 0002 0:003 :  0-008 <0-003 |
1-0 2 100 1 4 6 < 3
10 6 10°16 7 3 2 < 3
Fe-Mn 0-1 | 0002 | 0002 010 0-006 0007 | <0003 |
10 3 3 1-07 6 8 < 3
10 . 3 7 J 10-45 5 10 | < 3
Fe-S  0-02 0-001 f 0-004 0-002 0-004 0-032 <0-003
0-05 2 | 6 3 6 72 < .3
0-1 5 3 6 4 126 | < 3
1-0 g 4 5 6 950 < 3
10 “ 7 6 3 69 | < 3
i i
Fe-Al 0-1 0002 |  0-008 ' 0-003 0-005 0-027 012 |
1°0 5 | 10 | 5 4 10 | 88 ‘
10 0020 | 0032 | 0006 0003 . 0007 ' 578
Fe-Ti 0-1 0:007 | 0-008 0-004 0-003 0-008 <0°003 0-12
1-0 0| 7 5 3 8 < 3 0-85
10 4 h‘ i H 7 9-57
(o Z2 1 p il SAKFHEOTE A 0 5 & D EEE
| o g BHohnEE
z . di, dy: 2 2V, 2T TOEEE
2 | x o
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Fig. 3. The method of BasarorTH and Apawms for
determining the interfacial tension.
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Fig. 4. The method of Dorsey for determining the
interfacial tension.

./

Fig. 5. The method of WorTHiNngGTON for the
determining the interfacial tension.
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Fig. 6. The effect of the distance between the
sample and X-ray filmTon%the thickness

of fade-out zone.
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Table 2. Variation of interfacial tension between CaO-Si0O,-Al,O; slag and pure iron (1620°C).

Interfacial tension (dyn/cm) . Average Standard s
Run No - —— - B 54 = deviation =x 100
40 min | 45 min 50 min 55 min 60 min ¢ X
TR-130 | 1219 | 1301 1027 178 | 1153 | 1176 89-7 7-6%
TR-131 © 1226 | 1281 1125 | 1260 | 1141 | 1207 628 52
TR-132 | 1052 | 1273 1020 | 1176 | 118 | 1143 90-7 79
TR-133 1122 | 1154 1288 | 1165 | 1023 1150 851 74
TR-134 1173 . 1111 1102 1253 1191 1166 55-4 4-8
TR-135 - 1015 ¢ 1212 1030 + 1036 1132 1085 757 7:0
TR-136 H 1099 | 1122 1129 1 1108 1049 1101 282 : 2:6
average I y1ea 1 831 73
! . b
ELwllE L #5822 Fig. 6 7R L7z. zone DOEAL Table 3. Analysis of synthetic slag after

1 0 1~0-3 mm THFHM I D FREEFHDEHKTH
Dfc. BT 4 ov AMIBEEEE 2540 215 mm 12 LTV
25, BIEFELSE UCHE 173 mm 2FHL T 5.
3-2 X@R&EAEBOERM

sl 1 v AR OERES 213 mm i —%E L, Hifli&
m—#s st X MiE-pUpiE o2 800-1 300 mm
DO TE X TAERERZHIZE LickEREFig. 7R L.
EEdKic 7 513 & fade-out zone DELIVIFA TS
Mk s, CofEREIERC LT X BiE-sUER s
wEd 1260 mm 1T LTV 5.
3.3 ERAECLZBRY

FED X 5 e FlHEERIC X o TE S i E AT AT R
HORESZGFEAWCHHRO 3 K5 TRR T 7 EHigkEE
A LT 1620°C iz, » & ViRt 40~60 min @

iz 5 BlDEIE 21774 5 e 7 BEA 2. HFohic
Oms #F LT Table 2 iR U oms DOFEHEEIE
9510 dyn/cm CIEHERZEIE 694 dyn/cm, ZEE)FRELC

(ex 100/ Xy 1X 7°3% Tl .
FRERERIZE D& X 0 IEFKAIE O A FEE SO fade
out zone OELRII/PILEH 0l mm THot. XEo
EEARED 1'5X1'5mm X h/phEL T3 LEb5 0
fade-out zone Z/NEL 45 EBHABFTE S5, KE
BREETIX T OBOERIITE ROk :
Vg =TT FRL Y BB LD TERED X
S 2 OLFESHTE30E — MO (T DR 2 Table
3R L7z, 60 minD EERIZICH AL VEI6 %D 7 v
LT ORMA D Bz, %7z FeO OHHRIIERE
0-4% T&HDo7z. Table 2 .TH LN 5 X 5 CREEE@IC
XD ELIT oms HA—5E U7CBEINE 70 B o i /s
mofc.
FREAROBAB P DO EFEDL{LE Table 4 iz
T Ui ERETHOOREL RERS S b THEE
FTrY v VOEWER FTTHAb i L&KL Ty

experimental runs.

. Mean value i
Synthetic . . Standard
Component Wt %) | of(ﬁﬁ;l:;s:s “deviation |
Si0, 40 l 37-756 1-065
CaO i 40 34-474 2-143
Al,O4 20 26167 2-256 30
FeO 0 0409 0-337
Total Fe 0 0459 0-331
Table 4. Comparison of oxygen in steel before
and after experiment.
. Solute content| O (ppm) O (ppm)
Specimen (wt%) before using | after using
FeSi 0-1 81 37
10 22 35
Fe-Mn 0-1 58 11
10 78 10
Fe-Al 01 25 50
5 8 7
5.
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Fig. 8. Effect of alloying element on interfacial
tension between iron and slag at 1 570°C.
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A
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time ( min) ) 2 ' 4 ] 6 8 T
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B 10 iz BEh1 L.
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ZRBI5ER Fe-79Ti-Ca0-Si0,-TiO, 2 5 7Bz E
PAOBERBI T H Z ENED L.

Ti OHEVIWIOREET ORI ATHRD Al DS
I niE, whnig 4 min T 125 dyn/cm THD/=D
»3 18 min 21z 1 106 dyn/cm {Z[E{E L Tv%. Photo.
| D TEROFEIXFHEENOEMOKESY Al DFE X
DEAREIC L B ATV 5.
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Fig. 9. Time variation of interfacial tension between

Fe-4-0124Al alloy and CaO-8i0-AlLO; slag
at 1 570°C.
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Evolution of the shape of iron drop.
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Fig. 10. Time wvariation of interfacial tension
between Fe-7:409,Ti alloy and CaO-
SiO-AlO slag at 1570°C.
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Fig. 11. Relation between interfacial tension and

concentration of Al in iron.
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Fig. 12. Relation between interfacial tension and

concentration of Ti in iron.

Fig. 13. Time dependence of interfacial tension
between Fe-9:802; Al and 53 CaO-47
Al;O; slag.
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4 Al+3(Si0p) =3Si +2(A1,05) «w-eeoeee (9)
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BTk OETCEG DEE SR DRFT 2 A 7.
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RIS iBsNIt BT 5 Al ORREAERD L \VWEENA
MR E L, RGEIAEY 20 min ¥ CRESIREE |
WERId &, Al DIREZLE (10) XTRbIND.
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dt 6V
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é : SEEREDEE (cm)
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Fig. 14. Comparison of decreasing rates of observed
Aluminum in molten iron with calculated
ones based upon diffusion-controlling rea-
ctions (calc.-1 : steady-state diffusion,
calc.-2 : non-steady-state diffusion).
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FEHHED BT Al OFSEE  (SI0, JRITHEED 13
Al BEEKIFLAEVWXS5THD, Fig. 14 75 Si0, o
IBTLEE ZFTHT 5 & 1'5%10-3 mol/ min/Ssy 3B L
iz, TZT Ssm Ex20 - 25 7OFRHEE (cm?) T
»5.

ZONSEREEERE, 18H, XBHW X5 40Ca0-
405i02-20A1,03 25 &' & RFEFFIFKEI D Si OB E)RE
LTI TS 1x10-35mol/ min/Ssy (1 600°
C) LIBE-HLTWBEZAH05, RificklT s SiO;
DEFTISHEERBTHL LERTE 5.
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G Y 1 OFESTRIS IR BT B0 55 b KK
JETH D, BRI LFMEMREITiibhTw5%.
NOEDOREE CO T AFERLES DT, HRAFEAZEF)N
XEFEEEEIC X 2T REES ORIE & R g TE 5
T EBFIBENI.

ZOEOWFNIE D v A3, P KOzZAREVITCHIDZS 3
%C, 0'7%S #&iEtk & CaO-Si0,-AL0; T 5 &
R RER S DB L ONCO # AH4EZRT HEE PR
HrTuwa.
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EERTEH Lo % # VB XU R T S D4 % Table 5
R L7 SN BRsk2 HEBM L CCR IV S %
THINLUTHED 72, AT 2y CaS % 2-29% iiinl 7.
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O Si GHBEDOBLE M B - DICFRER BRI vy ¥
BTrawd s ke haic E L. -
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RO LA 288 disk @ G1, G2 iz >wT Photo.
2t L7. Gl ik 0°512,S 4B aT, Wikok
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odc. BUBHRIN 6 min 12 £ CIIEE 2~6 mm DL
MO EEE BBV, BICHTERL Z LRI S.
8 min LUZIRSHIOFEE T FHOTRIPOAICIRE X 4, 7K
FEERED 6~9 mm DOKBIKIRATATRT A K EERL & 43 D
ELTVWHOREHEINDS.

G2 ¥x 2-5339%5,0°32% Si 2 &LHEC, WHOY
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Gl X REMNBKTSHS. X35 E 2 2 LORER
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NV DINEDS A T Z TG Gy L7 IRRESHEL S 7.

whg 15min 720 &, RMEE EFCMICK XD

Table 5. Variation of metal composition (%) by the sulfur removal reaction.

R “ Before using After using Slag composition (%)
Ml Dk o - - —_ ,
No | c ! s | os c | si | s | ceo | si0, | ALO, | Cas
G1 | Graphite | 368 | 0002, 051 | 4727 | 095 | 0-028| 482 | 346 | 150 | 22
G2 | 7 491 | 0'32 | 253 | 477 | 064 | 0015| 482 | 346 | 150 | 22
A ALO, | 077 | 0002 | 0-54 | —— Fig. 15 48-2 | 346 | 150 | 22
C v 335 | 003 | 200 | — Fig. 16 - | 48°2 { 346 | 150 | 22—
D v 489 | 0-08 | 0-01 | 434 | 0°18 | 0019 | 48-2 | 346 | 150 | 22
¢ N S R . _— - ———
time { min) 2 4 6 8 10 15 20 25 30
62 . .. L e, TR, ., " T ——
-time (min) 2 6 8 10 5 20 30 40 60

Gl : Fe-0'51%58, G2 : Fe-2-5394S
Photo.. 2. Evolution of the shape of carbon-saturated iron drop on the graphite disk.
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Photo. 3. Evolution of the shape of carbon-saturated iron drop on the alumina disk.
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. Variation with time of the interfacial
tension, sulfur and silicon content of

iron(A).
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Fig. 16. Variation with time of the interfacial
tension, sulfur and silicon content of

iron(C).

IR ST T ER»ok. REENIZ 10min 3
TIX 500 dyn/cm DIF T 5520 DAEARIT BhnL
C 40 min 213§y 1000dyn/cm iz b, %igho Fm

— 2] —



840 g o

% 58 4 (1972) w7 S

EEINMOEWEIZ O Tr 5. R C ol Fig. 16
WWRLA. ZoBEL A LERICE 15min THHAD S
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LA hT » Th o, FEENZH 0min £ T
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Wk L BAADSEERNT B L IBHRMS BT E DT L
AE|EDXNTE Y, BET150°CToREAickd L
EHEOERAE 50° LS L, RFEtEE (Work of
Adhesion) %X 3040 dyn/cm »BESH TV 5. Table
5058 Gl, G2 OERBREOSEHFEMSMEL, R
hnfe 30~60 min “CrXBEHEEIGITIEIERE TIGEVWIRREIZ
L5 EHLND. ZORESTHREEZL 1000 dyn/
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@O KDY Y HBILRISIE Fig. 15 X Fig. 16 1
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CHBX S5, Gl T 0°95% Si T Si B#LT
b, G2 TIREBBEN»S 032% Si 4 ATy
s, EEREETRET 0°64% Si & 0-329% Si DHMmmC
IEESTWaA. BREEE YY) AETRIGORTT 50E
OBBLRACFHEMEIIELERIN TR WIREBIL S D
SERHE LRV RV, BEBRTIRY Y 5BTEEG
Wkt U BB RS IR BT L, v ) B OETTRIG
BB SAMTIER TIRIESWT A LIERICE 2/ b D
LHBIENG. ZoZ LEHT 2%S 2&t G2 B
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BRIC XD SHBEHIC AT FhiTBiTLickdicy Y B
BB SBTEFRCIT R b EERAEr D e E Eb
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Bk E 25 VY OREHELN BRI EZE S /. Photo.
2 DFE G2 OIFRM 2~10min L OWTHLRS X
WIS R 5 R IKICEENLT, TDOUDFEE
25 1mm DL EDOEBERD 5. LD T I XESD/NHE
MA T FHRCHE URES R S h, $ElRoZe
L dhic 25 FAIREIC 2 5 5 - % 2 VOIFFROFLE
MWD SNz TDXSREORAZ FR~DEHE X
VB FS i 5 CO H 2 FEN L oMz BIE L <
WEZERTFREINSS, Al 27203 Ti 245 0HB0
B bikERBRVWHEND T EHH D/

CDXINIFEROERIEZA S FH~DIBEFHROFTEL
2F I LOTEEDBRELDT, RABER CTIIEELR
¥ Sc (Spreading Coeflicient) & LT (23) X TEKFRS
nas.

Se=0g—Om— Gms **+-rerreernreormaranaanans (23)
ggy, Om: AT T, A ZIWDERMMEN

gsm P AT Y, x ZIVEIORERN

HigkE REBRDOR T FOHE EDHIT os £ 600
dyn/cm, om % 1300 dyn/cm, oms #3479 1000 dyn/
cm CHoHH»H Sc i —1700 dyn/em THBH. Zh
LT G 0BRSS X T os H 500 dyn/cm,
#% 600 dyn/cm, oms #5 100 dyn/cm G Sc¢ ¥ —200
dyn/cm 27 9, PGRBEVBE LLETT20TRAR
BWTAZUBAT TRICGHTHORETSHEER
X DT/ CTIh®DIT, ZOXS5kA 2R3
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c) RESRIIDBRFANT &R B #EE

w8k - 2 3 o REmE NGB 1000dyn/ cm 1238
<, B RmEEDOR-S% 1'7 at% WML TR
HEGEFEE 700 dyn/cm iZiA LI-BEOEE TH 7.
(Fig. 8)

Zhickt LT Fig. 15, Fig. 16 iR Uiz &k 5 iRk
JEAMER LTV 5 & EORMERIE 500 dyn/cm PR
KT LTCWAE. WERBERNS 500 dyn/cm BIF &
BROMD 1/2 DTk o27288% BEERTEMSE
THE, TORNETEMI VLD X 51T S DA
BB EI2TWS. FZITIORMIRIT 5MGRE
fit Sem H¥/ch o S OBEFELZFHET L L, B A
Tk 3 1%10-¢ moi min-! Sgy~!, PCTIE 7°0x
10-¢ mo! min~! Ssy~! MBS, ¥ Y B DOFEITLE
BEVE 108 mol min~! Sy ! DA —F —TFD &N
V. 4% Al-Fe &0 Al oBEREEIX
mol min~! Ssy~! CTIHEOBHA L W BEEEIIKTDH
“Dfz. . ) .
DIEOFR X D IRREIGE X Uy V' OETEIGIc 3k
SBLTA#0 - 25 5 i 3x10-6 mol min—?! Sgy~!
CLEDOBEERECRISHEITT S L # 2V - 25 FHD
RERNIREOIRVHEED 12U TRECETT5
B IZNLUTOSENEE CRIGPETT 2B A I REE
N~DEET LT TH D7
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1) X#@E&Eic X3 Ca0-Si0,-AL0; 3 4 F X
7 7 RSO FER NI OBIE DR O XEE, 3,
1V ADEREICOWTHET L, BIEREDON LT 5 &4
R, .

2) Wiz Alx 2% DIES T & EREEH 100
dyn/cm DITKEFHTCETI2HFEZRVWHE LA Al
EEEN2%EBER IR I VEFEIS KT S L REE
F1¥x 100 dyn/cem BLFicie b, /Moiz b &% 1000dyn
Jem T 5. RREE Y 10 Al i X B iETKIG
Thy, BEBEERFLETA, NSEETHY,
gk O Al DEH E I IEER OIBREEE TRV
L MBbhroi.

1:5x10-5

e Ti 250880 Al LRBROEESH 2 ¢
EDRRD S,

3) SzELCEgagks L2 7 VMO REE N # 2
FANVYRBXOT VT FERIITRL disk vl
U7c BEBRESVE Y ) MERNIGIEE L TR T 0,
RIS EED/NE LI DT B Y ) 31 DBITTRIEHIESR
D, SOBEREES 3X10-!1 mol min~! S5y -1 I
LETHD L ESRERNOEFRTHE D 500 dyn/ cm
BAPIC7 273, MBS AEST L TRENRES /N E < /s
% Ly 1000dyn/cm iz BoFic BB 5.

Byn disk ZHV L ERIGERGERT, 248
FEVE L, AT VRIFREIT IR OB D HEr 4
L, EERO/NESIRA LA T -2 & v LB As:
B LT RIS EFTT 5.
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