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BY QUADRATIC FORMALISM BASED ON THE REGULAR SOLUTION MODEL 
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Synopsis: An attempt has been made quantitatively to describe the slag-metal reactions in 
steelmaking process by the relation of quadratic formalism based on the regular solution 
model. The approximate validity of the model was quite enough to formulate the oxygen 
distribution, the ferrous-ferric iron equilibrium, the manganese distribution, the phos­
phorus distribution, the hydroxyl capacity and the activities of components. 
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1. Introduction 

During the past three decades, the available data for the physico-chemical properties 
of metallurgical slags have been exceedingly improved by the efforts of many investigators 
in the world. The selected values of activity and chemical properties for numerous bi­
nary, ternary and quaternary oxide melts have been compiled and published in Germany[l] 
and Japan[2], However, useful data in multi-component slags are quite a few to describe 
the slag-metal reactions in steelmaking process. This paper will describe the outline of 
our recent studies on the application of regular solution model to formulate the activi­
ties of slag constituents, the capacities of slags and slag-metal reactions concerning 

. steelmaking processes. The regular solution model has been proposed by 
J.Lumsden(l961)[3]. Recently, the approximate validity of the regular solution model has 

· been proved for many kinds of silicate, phosphate and aluminate slags of multi-component 
systems by the extensive studies of Ban-ya and his co-workers[2,4-7]. The activity coef­
ficient of component, i, in a multi-component regular solution is expressed by the follow­
ing equations: 

Li Gf = Li Hi = RTl n /' i ...................................... ·· .. (1 ) 

RTln71 = 1·a1jXJ + 1·1<a1J + aik - aj]c)XjXk ............. ··(2) 

where Xj is cation fraction, anci a ij is the interaction energy between 
cations, i.e., (i cation)-0-(J cation). The reference state of the activi­
ty in this case is taken to hypothetical pure liquid, which has regular na­
ture. 

Many experimental results showed us that the activity coefficient of 
silicate melts can be approximately expressed with the following Eq. (3), 
even if this melts is not strictly regular solution: 

........... (3) 

where I' is the conversion factor of activity coefficient between hypothet­
ical regular solution and real solution. In order to apply the regular 
solution model for silicate melts, one should know the next three matters 
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of (1) the composition range in which the regular nature is satisfied, (2) 
the value of the interaction energy, and (3) the rionversion factor for the 
reference state of the activity between regular and real solution. These 
three matters obtained are listed in Tables 1, 2 and 3. 

Table 1. Interaction energy between cations of major components in steel­
making slag, aij(J). 

~ Fe 2+ Fe 3+ Mn 2+ ca2+ Mg2+ Si 4+ p5+ Al 3+ 

Fe 2+ ~ -18660 +7110 -31380 +33470 -41840 -31380 -41000 

Fe 3+ -18660 ~ -56480 -95810 -2930 +32640 +14640 -161080 

Mn2+ +7110 -56480 ~ -92050 +61920 -75310 -84940 -83680 

ca2+ -31380 -95810 -92050 ~ -100420 -133890 -251040 -154810 

Mg2+ +33470 -2930 +61920 -100420 ~ -66940 -37660 -71130 

si 4+ -41840 +32640 -75310 -133890 -66940 ~ +83680 -127610 

p5+ -31380 +14640 -84940 -251040 -37660 +83680 ~ -261500 

Al 3+ -:-41000 -161080 -83680 -154810 -71130 -127610 -261500 I~ 

Table 2. Interaction energy between cations of other components. 

(i cation)-(j cation) a .. 
1.J (J) (i cation)-(j cation) aij (J) 

Li+ -si 4+ - 142 130 H+-Li+ + 1 500 
Na+ -Fe 2+ + 19 250 H+-Na+ + 9 750 
Na+ -Fe 3+ 74 890 H+-K+ + 13 520 
Na+ -si 4+ - 111 290 H+-Mg 2+ + 15 800 
Na+ -p5+ 50 210 H+-ca2+ + 15 100 
K+ s·4+ - 1 81 030 H+_:Mn 2+ 8 230 
Ti 4+-ca2+ - 167 360 H+-A1 3+ - 24 400 
Ti 4 +-Mn 2+ 66 940 H+-si 4 + + 30 OOO 
Ti 4+-Fe 2+ 37 660 H+-p5+ + 7 700 
Ti 4 +-Fe 3+ + 1 260 
Ti 4+-si 4 + + 104 600 
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Table 3. Conversion factors of activities., 

Reaction Free energy change (J) 

Fe eOC 1) + (1-t)Fe(s or 1) FeO(R.S.) Ll cP = - 8 540 + 7.142T 
s102 C.8-trl = Si02 (R.S.J . Ll cP = + 27 150 - 2 . 054 T 
S 10 2 ( ,8-cr) = Si02 (R . S.) Ll cP = + 27 030 - 1. 983 T 
Si02Cll = Si02 (R.S.) tlcP = + 17 450 + 2.820T 
MnO(s) = MnO(R. S.) tlcP = - 32 470 + 26. l43T 
MnO( 1) = NnO(R . S.) tlcP = - 86 860 + 51.465T 
Na 2oc 1) = 2Nao0 . 5 (R.S. l tlcP = - 185 060 + 22.866T 
CaO(s) = CaO(R. S.) tlcP = + 18 160 - 23 . 309T 
CaO( 1) = CaO(R . S.) Ll cP = - 40 880 - 4. 703 T 
MgO(s) = MgO(R.S.) Ll cP = + 34 350 - l6 . 736T 
MgO(l) = NgO(R.S.) tlcP = - 23 300 + 1. 833 T 
P205 (1) = 2P02,5(R.S.) tlcP = + 52 720 - 230.706T 

2. Oxygen Distribution between Slag and Metal 

The equilibrium relation of FeO-Fe203-MnO-Si02-Mgo....:cao slag with 
oxygen in metal can be written as follows by the model[4,8,9] . 

Fe(l) + Q = FeO(R.S.) . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 4) 

RTlnKo = RTln(XFeolao) + RTlnl'FeO ........................... (5) 

LlG o = 128 100 - 57.99T (J) ................................. ( 6) 

RTln 7Fe0 = - 18 660X}eo 1. 5 + 7 l lOX~nO - 41 840X~i0 2 + 33 470X~g0 
31 380Xtao + 44 930XFe01 ~ ·XMnO - 93 140XFe01.5·Xsio2 

+ 17 740XFe01.5"XMgO + 45 '7'70XFe01.5·Xcao + 40 580XMno·Xsi0;2 
- 21 340XMno·XMgO + 67 780XMno·Xcao + 58 570Xsio2·Xi~gO 
+ 60 670Xsio

2
·Xcao + 102 5lOXMgo·Xcao (J) · · · · · · · · l7) 

In Fig. 1, the oxygen contents in 
iron calculated by above equations of 
the regular solution model[B] were 
compared with the measured values for 
the typical measurements of previous 
works. From the results, it is con­
firmed that the oxygen content in 
liquid iron in equilibrium with slag 
can be estimated within the accuracy 
of± 10% by the model. 

The reference state of FeO activ­
ity in the model is taken to the hypo­
thetical stoichiometric FeO of regular 
nature. However, the reference state 
of conventional iron oxide activity is 
the pure iron oxide in equilibrium 
with metallic iron. The conversion of 
the reference state is written as 
follows from Table 3[5,10]: 

0 500 1000 1500 

[ppm O] calculated 

Fig. 1. Estimated values for oxygen 
contents by regular solution model 
and the measured values in liquid 
iron equilibrated with FetO-(CaO+ 
MgO)-SiOz slags. 

FetO(l) + (1 - t)Fe(s or 1) 

LlG o = - 8 540 + 7.142T (J) 

FeO(R.S.) ..................... ( 8) 

................................. ( 9) 

RTlnaFetO(l) = RTlnaFeO(R.S.) - 8 540 + 7.142T (J) ......... ( 10) 

In Fig. 2, the activity of iron oxide, aFetO• in FetO-CaO-Si02 ternary[9] 
in equilibrium with liquid iron estimated by the model was shown to compare 
with the experimental results of many previous investigators, who were 
referred to Fig. 1. An agreement of both measured and calculated values 
was excellent over the wide range of slag composition from acid side to 
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basic side except for extremely FeO 
rich region of NFeto>0.7. 

3. Ferrous-Ferric Iron Equilibrium 
··in Slag 

The quantitative treatment of the 
ferrous-ferric iron equilibrium in 
slag was very difficult due to the 
complicate variation by the slag 
composition and temperature. The .11-
ratio = Fe3+/Fe2+ can be given by the 
model as follows[4,8]: 

Fe01.5(R.S.)= FeO(R.S.)+ l/402(g) 
...................... ( 11) 

RTlnKFe = RTln ( XFeOI XFeO 1 . 5 ) + 0. 25RTlnPo 
+ RTln( YFeorYFe01 ) ................... :i 12) 

LIG o = 126 820 - 53.0lT(J) ( 13) 

Ofe 10 
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a 0.7 -o.s 
• o.s-0.1 
• O.S-0·6 
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+ 0.2 -o.J 
v 01 -0.2 
T 0 - O·I 0 
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.,...-+·. ~. 
vv ----- 'O 

f
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Fig. 2. Estimated values for 
Q..FetO(l) by regular solution 
model and the measured values 
in FetO-CaO-Si02 slags equili­
brated with liquid iro~ at 1873K. 

log(Fe3+/Fe2+) 6 625/T - 2.77 + 0.25logP0 
+ (RTlnYFeO - RTlnYFeO f/(19.lT) 

1. 5 
....... (14) 

It was confirmed that Eq. (14) quantitatively described the redox reactions of iron in slag. 

4. Equilibrium of Manganese Distribution 

The equilibrium relation of manganese distribution between slag and liquid iron can be written as follows[?]: 

FeO(R.S.) +Mn = Fe(l) + MnO(R.S.) ........................ ( 15) 

RTlnKMn = RTln[XMno/(aFeO(R.S.)'aMn)J + RTlnYMnO(R.S.) ..... ( 16) 

LIG o = - 141 400 + 66.28T (J) .............................. ( 1 7) 

In Fig. 3, the equilibrium con­
stant of manganese distribution in 
Fe tO-MnO-CaO-MgO-Si02 slag were plot­
ted against the silica content to 
examine the validity of model. As 
seen in Fig. 3, the values of logKMn 
treated by the model were almost a 
constant value within experimental 
error over the wide range of slag 
composition. 

The effect of temperature on the 
logKMn is expressed with Eq. (17). 
This equation was determined by the 
data reported by eight research 
groups. 

5. Equilibrium of Phosphorus Distri­
bution 

The equilibrium 
phosphorus with slag 
as follows[6,ll]: 

relation of 
can be written 

s~-~--~---.---..---.-----.----, 

Fe 10-Mno,.1.-SI02 1823K 
1, 0 Ban-ya, Hino S. llikuchi Fe10-Mn0-Si0>, 41. 

-4 

'V Fischer 8. Bardenheuer 
( IOOJ!20K) 

• KOrber 8. Oelsen 

Fc10-MnO-Mg0,.1,-Si01 

• Elell 

O Bell, Murad S. Carter 

I 

0 -·2 

Fe10-Mn0-Ca0-Mg0,.1.-SiO! 

t:. llrings a. Schackmann 

O Winkler S. Chipman 

,.. Suilo & Inoue 

0-4 

Ns;o2 
o.s 

Fig. 3. Relation between equilibri­
um constant calculated by regular 
solution model and Nsio2 at 1823K. 
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£ + 2.5 Q = (POz,5)(R.S.) .................................. ( 18) 

........ (19) 

LIGO = - 326 520 + 162.88T (o- = 13 810) (J) ................ ( 2 0) 

The effect of temperature on the 
logKp1[6] treated by the model was 
shown in Fig. 4, in which the data 
reported by other five research 
groups. The results obtained by 
different kinds of slags and by many 
different investigators were in fairly 
good agreement with each other, and 

+ FcO-FcOu-POu-C1.0s.al. 2 FcO-Ft'01.,-P?~t-aSriOs1io~:~1.) } 

I fcO-FcO"-POu-MQOUI. f FcO-Ft'Ou-PO,,,-CaO-M90nl.. Prcst'nl 
:t · work . 

2 FcO-FcOu-POu-SI01UI. tJO' ----- · -·------· 

Eq. (20) was given. J 
o ~~~~~~-~~E~~-~:~:::=~-~~= 

The equilibrium relation of ~ 

phosphorus in iron with iron oxide in - _2 

slag can be derived as follows by the 
combination of Eqs. (6) and (20): 

P + 2.5(FeO)(in slag) 
= (P02,5)(R.S.) + 2.5Fe(l) .. ( 21) 

Ll G J32 = 6 280 + 17. 908 T 
(o- =13 810) (J) ....... '(22) 

Figure 5 shows the comparison of 
the activity coefficient of P205 
between measured and calculated 
values. In the past, the slag models, 
proposed by Flood and Gr jf6theim [ 13], 
and Turkdogan and Pearson[l2] were 
accurate enough to predict the phos­
phorus distribution for basic slag, 
but the models of the same idea were 
not successful to predict the oxygen 
distribution. However, in the case of 
the regular solution model, the dis­
tribution ratios of both oxygen and 
phosphorus can be estimated within the 
error of ± 10% over the wide range 
from basic slag to acid slag. 

6. Estimation of Hydroxyl Capacity 

i' Td.imt'I t'I Al. 

-I. 2»<.ntipprl cl .al. 

logKp1= 17060/T-0.510 

(<1=0.4) 

_
6 

! Wlnltlt'r t'l al. ~ /{or 

! Sulla rl al. 

-6'-------~-----~-----~ 
O.SO O.SS 0.60 0.6S 

T"' I 10·' K'' 

Fig. 4. Temperature dependence of 
logKp1. 

Fig. 
and 

0 -13 
~-
01 
0 

-15 

-17 

-19----~-~-~-~ 

-19 -17 -15 -13 -11 -9 

2((tcx'i Xj • f~Ccx,i •cx,k-cxjk)XiXk )/2.JOJRT) 

+ log(X~0, 5 /Np 0 )•2754/T-12. 05 
. 's 

5. Comparison between measured 
calculated log7p 2o5

. 

The equilibrium relation of water vapor solubility in silicate melts 
is written as follows by the model: 

l/2H20(g) = H00,5(R.S.) .................................... ( 2 3) 

RTlnKH20 = RTlnXHoo.5 - l/2logPH20 + RTlnl'HOo.5 (R.S.) ... ···(24) 

LlG g
2
o = - 19 800 + 26.32T (J) (1430 - 1873K) .............. (25) 

Therefore, the hydroxyl capacity defined with mole fraction base, C6J.1 1 is 
expressed as follows: 

Figure 6 shows 
of seven kinds 

- RTlnl'H9,o 5(R.S.) 
- ~aH-iX1 ._ L;'~(aH-i + l1'H-j - l1'ij)XiXj (26) 

l l J 
approximate validity of the model for the hydroxyl capacity 
of silicate melts. 

7. Correction of the Interaction Energy with Other Physico- Chemical 
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Properties 

The heat of mixing of multicompo­
nent regular ~olution can be expressed 
is follows: 

LlHM = ~L:.aij Xi Xj · · .. · · ·(27) 
l J 

As a rough approximation of Eq. ( 27), 
the heat of formation of binary com­
plex oxide, LI H 298, can be writ ten as 
follows: 

LI H 298 :;: a ij Xi Xj · · · · · · · ( 28) 

Figure 7 shows the relationship be­
tween the heat of formation binary 
complex oxides [ 5] , LI H 298, and the 
term of a ijXiXj related to these com­
plex oxides. A good correlation is 
found between them, especially in the 
range lower than LI H 298 -41. 8 kJ . 
It is said that the bonding energy of 
(i cation)-(0)-(j cation) ion pair are 
affected by the valence and radius of 
cation. Therefore, Fig. 8 shows the 
relationship of ionic radius and va­
lence for l2'Fe2+-Mz+ as one of the 
example of many interaction 
energies [ 9]. A good correlation was 
also found among the ionic radius, 
valence and interaction parameter 
except for Ti4+. 

8. Conclusion 

It was confirmed that the regular 
solution model for silicate melts was 
valid to estimate the activities of 
slag constituents, the capacity of 

. slag and the slag-metal reactions 
concerning steelmaking process. 

REFERENCES 

"' 0 .. 
~ 0.008 
.!< x 
;_,0 

0.006 0.016 

COHCmtasurtd) 

CaO-SiCi 
• lguchi rl .11. 

1:a20-Si02 
a>Rutsl'll 
• Kur• ji,l\I. Rusull 

K20-Si0 2 
T Kurkjiu1 t Russrll 

Li 20-Si0z 
•Kurkjian I. Ruurll 

CaO•S i02-.1..12o3 
O l9uthi 1'1.al . 
9 Sacl1dr"' rl Oii. 
c Billt\-ya rt 11 . 
CoaO-S i02·M~O 
o lguchi &.Fu"'" 
l:J. Sosins•y rl at. 
.A Ban.ya rl.1\. 
CaO•SiOz·MnO 
0 lguchi I. f'u,..1 

Fig. 6. Comparison of estimated 
values of C6H by regular solution 
model and the measured values in 
molten silicate slags. 

Fig. 7. Correlation between inter­
action energies and the heats of 
formation of complex oxides at 
298K. 

_20 

0 

Ti'· • 

• Ban-ya et al. 
o Others 

Q.25 o.so Q.7 5 J.00 
rM2.(A) 

Fig. 8. Relation between interac­
tion energies and cation radii. 

1) Slag atlas : VDEh., Verlag Stahleisen M. B. H. Dilsseldorf,(1981). 
2) Chemical Properties of Molten Slags : ed. by S. Ban-ya and M. Hino, 

ISIJ, Tokyo, (1991). 
3) J. Lumsden : Physical Chemistry of Process Metallurgy, Part I, Inters­

cience, New York, (1961). 
4) S. Ban-ya and J-D. Shim : Can. Metall. Quart., 23(1983), p'.319, Tetsu-

to-Hagane, 67(1981), p. 1735, p. 1745. 
5) S. Ban-ya, M. Hino and H. Takezoe : Trans. ISIJ, 25(1985), p. 1122. 
6) R. Nagabayashi, M. Hino and S. Ban-ya : ISIJ Int., 29(1989), p. 140. 
7) M. Hino, I. Kikuchi, A. Fujisawa and S. Ban-ya : Proceeding of the 5th 

International Iron and Steel Congress, ISIJ, Nagoya(l990), p. 264. 
8) S. Ban-ya and M. Hino : Tetsu-to-Hagane, 74(1988), p. 1701. 
9) S. Ban-ya and M. Hino : Tetsu-to-Hagane, 73(1987), p. 476. 

10) S. Ban-ya, M. Hino and N. Yuge Tetsu-to-Hagane,71(1985), p. 853. 
11) R. Nagabayashi, M. Hino and S . Ban-ya : Tetsu-to-Hagane, 74(1988), 

p. 1585. 
12) E. T. Turkdogan and J. Pearson : J. Iron Steel Inst., 175(1953), 

p. 398. 
13) H. Flood and K. Grj~theim : J. Iron Steel Inst.,171(1952), p. 64. 

- 13 -


