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Activities of Fe,O in Molten Slags Coexisting with Solid CaO and Ca,SiO,-Ca;P,0O; Solid Solution
Kohei Miwa, Ryota Matsucl and Masakatsu HASEGAWA

Synopsis : In steelmaking processes, there are incentives to reduce slag volume and CaO consumption. The key to meet these requirements is the bet-

ter understanding of CaO dissolution mechanism into molten slag, which relies on the knowledge of the thermochemical properties of slags

and fluxes used for dephosphorization. In this study, the liquidus compositions coexisted with solid CaO and Ca,SiO,-Ca;P,Ox solid solution

simultaneously were determined in the quaternary system CaO-SiO,-P,0s-Fe,O at 1573 K. Measurements were also conducted on the Fe,O

activities at temperatures between 1542 K and 1604 K by virtue of an electrochemical technique. By using the present experimental results,

phosphorus distribution ratios were estimated.
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(a) [EMACaO 2NVARI A 7 NS L, Ca,SiO MK S
5 Z X120 Ca0 & Sio, 2B XN B, (Fig.1 (a))
(b) HIXFEIIZ TR 2 5 2 h D FeO Wi 28 L4 5, Zhic
L DU 72 FeO DG EAEIZHE - T, Fe*' 3 CaO ]
KON 27 ZMOMITIZPREL L, [k CaO WTH5 12

13 CaO-FeO JgA B & h 5, (Fig.1 (b))

P EDRTEOMRA % 5 £ 2, Kiff4¢ Tl CaO-SiO,-
P,05-Fe, O MU TC R IZ 6 W Tl A Ca0 ¥ & UF Ca,8i0,-Ca;P,04
[t & A5 2R 2 7 2 DMK L Fe OGR4 5
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P,0s = 0% DS M XY % Fig2 () 128 ¥, K&kD,
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ThHdEnhs, mBLETIE, TieoEidksHWS,
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Formation of Ca,SiQy,
or Ca,8104-Ca;P,05 solid solution

(a)
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CaO v OO 4 slag
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Molten Ca0O-Si0;-P,0s5-FeO

(b) Ca0-FeO layer

Increase of FeO content

Fig. 1. Schematics of reaction mechanisms between solid CaO
and molten slag”.

C,S = Ca,Si0, = 2Ca0 - SiO,

C,P = Ca,P,0; =3Ca0 - P,0;

{C,S-C,P) ss = Ca,Si0,-Ca,P,0, A K

C,S = Ca,Si0; = 3Ca0 - SiO,

CS = CaSiO0, = CaO - SiO,

C,P = Ca,P,0,=4Ca0 - P,0O;

L3 : Ca0-Si0,-Fe,0 =I5 TOHA

L4 : Ca0-Si0,-P,0s-Fe 0 WUJL% TOWAH
(mass% i), WK Z 7 7O i DYRE
(mass% i) g5 (C,S-CyP)ss H DKy i DYRE
[mass% i]p, @ WD i DIRIE
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Fig. 2. (a) Iso-thermal section of the CaO-SiO,-P,0O; ternary
system at 1573 K?. (b) Schematic diagram of phase
relationship in the CaO-SiO,-P,0s-Fe,O quaternary
system at 1573 K.
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NIV H A EFBX T,

FigdlZffinz k512, Ry Hid-—mPACOY L2
=7 % (Nikkato Corp., Japan) &S L CTH 72 Mo +
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Fig. 3. Experimental apparatus used for phase equilibrium
study. (A) Gas outlet, (B) Water-cooled brass flange, (C)
Molybdenum rod, (D) Magnesia crucible, (E) Mullite
reaction tube, (F) Gas inlet, (G) Plastic plate, (H) Pt-
PtRh13 thermocouple, (I) Robber stopper, (J) Alumina
sheath, (K) Thermos bottle, (L) Liquid nitrogen, (M)
Iron crucible, (N) Oxide pellets, (O) powdery oxide.

Table 1. Starting materials used for phase equilibrium study.

Compound Preparation
CaCOs, Obtained from Nacalai Tesque, Inc., Kyoto, Japan, and dried at 413 K.
SiO, Obtained from Nacalai Tesque, Inc., Kyoto, Japan, and dried at 413 K.
C,P Obtained from Nacalai Tesque, Inc., Kyoto, Japan, and dried at 413 K.
CaO CaCOs heated at 1273 K for 2 hours.
C,S CaCO; mixed with SiO,, and fired at 1573 K for 24 hours.

<C,S-C;P>ss

C;P mixed with C,S, and fired at 1573 K for 24 hours.
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Table 2. Bulk and equilibrium compositions of the three-phase assemblages at 1573 K.

Bulk composition (mass%)

Equilibrium composition (mass%)

; Phase - log L5
CaO Si0, P,Os Fe, O CaO SiO, P,O;s Fe O (mass%CsP)ss
CaO 87.44 0.61 0.15 11.81 -
71.02 9.55 2.75 16.68 <C,S-C;P>ss 60.61 28.72 8.38 2.29 18 1.398
L4 30.10 1.31 0.34 68.27 -
CaO 88.15 0.72 0.29 10.84 -
70.84 8.83 3.66 16.67 <C,S-C;P>ss 60.31 26.33 11.19 2.16 24 1.319
L4 30.25 0.87 0.39 68.50 -
CaO 86.50 0.59 0.23 12.68 -
70.60 8.02 4.73 16.65 <C,S-C;P>ss 61.28 23.02 13.56 2.14 31 1.463
L4 27.72 1.21 0.65 70.43 -
Table 3. Bulk compositions of slags used for measurements of
Fe,0 activities. log[ B, (ref)/atm | = +8.84-30,100 /(T / K) e (6)"

Bulk composition (mass%) Remark
CaO Si0, P,0; Fe,O (mass%C;P)ss
79.39 9.54 2.75 8.33 18
79.17 8.84 3.66 8.33 24
78.92 8.02 4.73 8.33 31
A «—P
B
C H
D
E | —J
F || — K
G T——L
M
N

— O

Q

Fig. 4. Experimental apparatus used for activity measurements.
(A) Iron rod, (B) Water-cooled brass flange, (C) Mullite
reaction tube, (D) Pt-PtRh13 thermocouple, (E) Alumina
sheath, (F) Alumina crucible, (G) Iron crucible, (H)
Molybdenum rod, (I) Zirconia cement, (J) ZrO,(MgO)
solid electrolyte tube, (K) Mo + MoO, reference
electrode, (L) Slag, (M) Liquid silver, (N) Alumina
pedestal, (O) Rubber stopper, (P) Gas inlet, (Q) Gas
outlet.
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D Ca0 + C,S + (C,S-C;P)ss + L4 B L U C,S+C,S + (C,S-
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F 7 AREBHRR R IZ 35T, Si0, & PO, DR 3K T
KA & 7 > 720 AWFZERER K0, [EfkCa0 B KO (C,S-
CiP)ss & HAFT 2 WitR 2 7 713 IZ CaO-Fe, 0 TLR
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Fig. 5. Liquidus compositions plotted against the C;P content in
C,S-C,P solid solution at 1573 K. (a) Fe,O, (b) SiO,, (C)
P,0s.
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Fig. 6. Phase relationship projected on the CaO-(SiO,+P,05)-
Fe,O pseudo-ternary field at 1573 K.
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Fig. 7. P,Oy distribution ratio between solid solution and liquid
slag plotted against Fe,O content in liquid slag.

Table 4. Experimental results for activity measurements;

(mass%C;P)=18.

No. T/K E/mV log(Py, / atm) log a0
7-3 1552 76.49 £0.10 -11.28 —0.264
7-4 1563 78.82 £ 0.08 -11.17 -0.260
7-8 1543 76.94 £ 0.04 —11.41 —-0.283
7-10 1545 74.56 £0.05 -11.35 —0.264
8-1 1577 83.85+0.03 —-11.05 —0.269
8-2 1591 86.61 +0.06 -10.91 —-0.262
8-3 1552 79.45 £0.04 -11.32 —-0.284
8-4 1563 81.38 £0.02 -11.20 -0.277
8-5 1583 84.99 +0.06 -10.99 —0.266
8-6 1603 88.75+0.08 -10.78 —0.256
8-7 1573 82.42£0.11 -11.08 —0.266
8-8 1543 76.95 +0.04 —11.41 —-0.283
8-9 1563 80.22 £ 0.06 -11.18 -0.269
8-11 1552 80.79+£0.10 -11.34 -0.292
8-12 1573 76.98 +0.02 —-11.01 —0.231

PEDRINIZ S H OB HETH 5,

KIZ, Fig.6 12/ L 7z (C,S-CyP)ss & 773 5 M i 12
Mo TAT DY) VAREZEZ 5, 2T TEHTHD
i, 25 o EERIHOB O ¥ AidlkTad 0, X (9)
TEHEIND,

(mass% POy )

LSS/I_ — p .
’ (mass%PzOs) ©)

L

NBELSPE) ¥ I 2T SH B 7201243, FKL 7%
PO & M I ZL T 2 A RWEEZEZ SR, LD
EABWNEEAMETA S, KIFRTHRE LAY —
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Table 5. Experimental results for

(mass%C;P)s=24.

activity measurements;

Table 6. Experimental results for

(mass%C;P)s=31.

activity measurements;

No. T/K E/mV log(Py, / atm) log aro0 No. T/K E/mV log(Py, / atm) log ar.o

51 1575 8635+008 1111 0.288 1-1 1573 87.86+£0.03 1115 20.301

53 1595 85.58+0.12  —10.84 ~0.249 12 1595 90.80£0.02  —10.91 ~0.282

5.4 1552 75.64+£0.12  —11.27 20.259 1-3 1544 81.66+£0.05  —11.45 ~0.312

5.5 1583 8321+0.09  -10.96 ~0.254 14 1559 84514005  —11.29 ~0.304

5-9 1603 87.61+0.08  —10.77 20.249 1-5 1584 88.46+0.10  —11.02 ~0.286

6-1 1576 83.77+0.11  —11.06 ~0.270 2-1 1573 81.93+£0.02  —11.08 ~0.263

62 1593 88.85+0.12  ~10.91 ~0.273 22 1593 9632+£0.08  —11.00 ~0.321

6-3 1552 79.07£0.06  —11.31 ~0.281 23 1583 85724004  —11.00 ~0.270

6-4 1582 86.45+0.06  —11.02 0277 2-4 1542 7578 £0.09  —11.40 0.277

6-7 1574 8454+0.13  —11.10 ~0.278 26 1572 80.86+£0.05 1119 0316

6-8 1583 87.02+0.12  -11.01 ~0.279 3.2 1551 94.95+£0.08  —11.53 20386

6-9 1583 85.11+£0.12  —10.99 ~0.267 3-8 1562 85.04+0.07  —11.26 ~0.302

6-10 1552 7833+0.11  —11.30 ~0.276 39 1551 81.92+£0.12  —11.36 ~0.302
6-11 1544 75054006  —11.37 20.269 3-10 1542 79544008 1145 ~0.302

6-12 1564 7951011 1116 ~0.263 3-11 1573 81234008  —11.07 ~0.259

6-15 1572 8137+0.09  —11.08 ~0.261 314 1604 9327+0.12  —10.83 ~0.283
6-16 1603 93.46£0.13  —10.84 ~0.286 315 1554 82214007  —11.33 ~0.298
6-17 1562 79.80£0.11  —1L.19 ~0.268 317 1594 87.09+0.10  —10.87 ~0.260

6-18 1551 76154008  —11.29 ~0.264 318 1574 84924008  —11.10 ~0.281

6-20 1592 91.09+£0.08  —10.95 ~0.289 3-19 1542 71.80£0.08  —11.35 ~0.251

6-21 1573 84.01£008  —11.10 ~0.277 41 1570 8122+0.10  —11.11 ~0.264
6-22 1542 73584008  —11.38 ~0.263 42 1570 81.16+0.10  —11.11 ~0.263
6-23 1542 73424006 1137 ~0.262 43 1591 86.1740.08  —10.90 20.260

6-24 1553 7547£007 1125 ~0.256 4-4 1591 83.83+0.06  —10.87 ~0.245

6-25 1573 83.63+0.06  —11.10 ~0.274 4-5 1553 83.69+£0.13  —11.36 ~0.309

46 1553 7586 £0.05  —11.26 ~0.259

47 1589 83.56+0.06  —10.89 ~0.246

R 255 DL O % Table 212, L & (mass%Fe,0), ;‘2 iji zjz‘z’ . ggz _1‘1”13; jjzz
DB & Fig 71089, CHUZ K4S, L oF A& e 4-10 1574 8436+0.10  —11.09 0277
(mass%Fe,0) , DWIZIZFIEEBRAH D, ZOBRITIZE 411 1543 7479+0.10  —11.38 ~0.269
A CIRIEIRAF L VW EBE ST a8 KIS 4-12 1543 7443+£010 1137 -0267
RO S k<L 7 413 1543 73.00£0.06 1135 ~0.257
4-14 1584 7875£0.04  —10.89 ~0.224

3:2 FeOBFENAIZE 4-15 1584 83.62+0.05  -10.96 ~0.255
AWFFETIE, CaO + (C,S-CiP)ss + L4 = FHILAFRHIRIC &5 4-16 1584 82924003  -10.95 ~0.251

1} % Fe, Ol B ap,o % HITE L 72, (mass%C,P) 7518, 24, 31
DL EDFRIZONT, ZhZNTable 4, 5, 6I2F LD/,
£ 77 Ao D FHE P X B & VRS O W D B £ % Fig 8 1278,
RANZHFIT KD, RYPEAE A KT ERERES TRED & 5
B oshz,

1075
logay, ,= 0.418—mi 0.009 (mass%C,P) =18... (10)
195
logay, , =—0.393+ @3 +0.009 (mass%C;P) =24
- (11)
1211 )
logay, ,= 0.493—mi0.022 (mass%CyP) =31... (12)

1573 KIZ %5 F % Fe, O & & (mass%C,P) O B #% & SCifik
" & &b CFig9 (a) 1278 ¥, Fe, 0% i3 CaO +C.S

26

+ (C,S-C,P)ss+L4dH % W 1XC,S+C,S+ (C,S-C,P)ss +
LA VYA HAZRERIZ 5 W T/ & 2 D, CaO + (C,S-C4P)ss
+ L4 Z M IATHEIR TIRIRIE 0 & & > 724, T Of#EAE
Al U 72 H P D Fe OURIE & (mass%CyP) s D BEfR (Fig.5
(@) LBAELTWWES A 5,

BEIZ3R 7z & 512, T4 Ca0 & Ca0-Si0,-P,0s-Fe, O 1A
2.5 BRRIBT 5 & & Fe,OW mAAIC & - TIHIA Ca0k
312 CaO-Fe O @2 EK T 5 Z L s T 37 (Figl
b)) 27 7 RIEM L 2 EAAEKREF LY 20T,
Hamano 513 C,S & HAF T B Fe OB L L 72k 2 5 7' &5
KU 25 7 DFe,0WEH % 1573 KICBWTZENTZ
110.85, 027 L EH L7227, AWFEASHRIC LU, CaO-Fe,O
J& X[l A CaO ¥ & OF (C,S-C,P)ss & [FlHR 12 A7 4 % Wik %
FIIHRHIBTHEE L LN, FeOWMEIZ 1573 KIZBWT
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Fig. 8. Relation between logarithmic value for Fe,O activity and
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(mass%P;0s)ss
0 5 10 15
T T T T | T T T T I T T T T | T T T
0.6 = ]
S o4 O Ca0+<C3S8-C3P>ss+L i
g (Present study)
= B A CaO+C38+<C,8-CaP>ss+L W ]
0.2 O C38+Cy8+<C,8-CiP>ss+L 10 |
(a) A CaO+C3S8+L 20
i B C5S+C,8+L 20 I
0 1 1 I 1 I 1
-25
(b)
. L o
=
é" 26 -
)
=)
- B 1573K T
_27 1 | 1 | 1 | 1
0 10 20 30 40
(mass%C;P)ss
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Fig. 10. Phosphorus distribution ratio between liquid slag and
molten iron plotted against Fe,O content in liquid slag.

57 ORI THIH S M 72 Fe OB ROAR™ & FF L
B oz,
3.3 RERFTEBHOEOUECL

1573 KIZ 511 % (C,S-CiP)ss D C,P DI RITAIKE T
NEFAVTRADE kI hB @G shTnE 2,

loga,., =6.80x107 +2log¥ +3.81x107 x (1= )" s (13)

AhOYVidEmLEE R L, KATERI NS,

Y=2ncxp/(ncls+2nqp) (14)
n, B EBORSY D E L

Table 2278 L 72 & 912, CaO+ (C,S-C,P)ss + L4 = fHILAF
I G B AR D Fe O IREEIE 2.5 mass% LA T dh
%728, “AMHEAFREIRNTO CPIHREIEA (13) 2 65 &
NBMWIZHELWEIRET S, 22 CHEIKCaO BFEET 5 2
EMDECaOERIZ I TH 720, ZMHILAFHEIKP T O P,0;
WEE, CGPOERKIEEZHNTTRROLI KB 5N D,

3Ca0+P,0, =C,P - (15)

log K (15) =loga,. , —3loga,, —loga,, =24.80 at1573K
.............................. - (16) 2

loga,,=loga. ,—24.80=-24.79+2log Y+3.81x107'x (1-Y)’
(17)

Fig.9 (b) 123X (17) » 6 &5 L 721573 KIZ ¥ () 5 POk
HEAR LD, CaO+ (C,8-C,P)ss + L4 = fHILAF IR ¢
(mass%CyP) s EA-T 512D TP,0 W& IZE < & - 72,

22T, R (18) TEHEINDIWAR T 7 —EHDY
VBRI DO W T EER T 5,
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LL/Fe _ (maSS%P)L

v [mass”oP]Fe (18)

B8k L U TRRAIN Fe-C-PIRIA A4 H A 4UL, B8O
P @ Henry HHEDFE IR A TEIATE %,

logh, = log[mass%P]Fg +ep [mass%C]Fe +e, [mass%P)
=log [mass"oP]Fe + (—0.005) . [mass%C]Fe
+0.062-[mass%P],,

Fe

(19)

KD e/ 12V ORI O M FAE MR E TH b,
[mass%C] j, (&% 2 THIF U 72 VA 8h O ik KRS 2 29, 1
(2), (18), (19) kv, Afiff2E THIE L 72 Fe, 07 & (X (10),
(11), (12)) LA T 7hDY) ViRE (Table 2) B KO
PO, 7 (R (17)) ZHWviuE, CaO +(C,S-C;P)ss+ L4 =
MHAFZ 5 712 DONTL Dl ERD B Z N TE S, Gt
AR A 1573 KIZ 61 5 STk 2 & &b+ T Fig. 10 1278
¥, &k, TTTEMLAELIE, B VICHELS T ImE
THMRA T THDFe,0 L IEHEOM O IS Tk E 5 &
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WETHE I N TS CHME & LT 2720 Th %, BiY
v Bk (1) 12 Le Chatelier DJFFE 2 FH 4L, L™
DAEHE 5 1 B BSOS L Fe, O 06 1 & K P,0 76 &=
(BIEHEE) TH B L5450, (CS-CP)ssBXUCS &4t
T WM IR > 7= L O 24iE, B ¥ BHEFT D 4
fFE#EE LTz,

4. #ES

KA 7% T 1 Ca0-Si0,-P,05-Fe O U TT R 12 %5 1} % CaO +
Ca,Si0,-Ca,P,0 [l & T + M o0 = A H fFpEsgic 5 H L,
EMPA % W T 1573 KIZ ¥ 2 MRAH DR % B 5 A 12
L 72, Si0, & P,Os DR K i3 M TIK <, [EfkCaO ¥ KO
Ca,Si0,-Ca;P,O; [ElVA TR & AT 2R 2 7 7103, 1FL Al
CaO-Fe, O TR E L TP TESL Z ENyh o7, T2,
U3 = 7 FEKEMRE & S DEIZ K D Fe O &
ZMIE L 720 AR TRD 72k 2 5 7 #lk I & UFe,0
WL, G CaO MVERL 2 T 7 Hh NIRRT B BSR4 7
a0 Th0, I L 2K Z 5 7 —EHmo Y V55
Bkt & Ca0-Si0,-P,05-Fe,0 ML DAHF-H BRI TN U %
"oz,
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