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MATHEMATICAL EXPRESSION OF SLAG-METAL REACTIONS IN STEELMAKING PROCESS

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[1]
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(1961)[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:

AE% = A}_{i = RTIN § ¢ cvevt e sttt e (1)
RTlny ; = %‘a’in% + ZJ“?{((ZIJ ¥ @ik~ ajk)Xij ............... (2)

where X; is cation fraction, and a;j is the interaction energy between
cations, i.e., (i cation)-0-(Jj 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:

RTlny ; = Z'a'l‘jX?-j + Z.éfc(a'ij + @ik = @)Xy Xp + I cevemeaises (3)
J J
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



4th International Conference on Molten Slags and Fluxes, 1992, Sendai, ISIJ

of (1) the composition range in which the regular nature is satisfied, (2)

the value of the interaction energy, and (3) the conversion 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).

\\;\\\i\> Fez+ Fes+ Mn2+ Ca2+ Mg2+ Si4+ P5+ Al3+
F62+ -18660 +7110| -31380| +33470| -41840| -31380(| -41000
Fe3+ -18660 -56480| -95810 -2930| +32640| +14640|-161080
an+ +7110| -56480 -92050| +61920| -75310| -84940| -83680
Ca2+ -31380| -95810| -92050 -100420(-133890(-251040(-154810
Mg2+ +33470 -2930| +61920|-100420 -66940| -37660| -71130
Si4+ -41840| +32640(| -75310|-133890| -66940 +83680|-127610
P5+ -31380| +14640| -84940|-251040| -37660| +83680 -261500
Al3+ -41000{-161080| -83680|-154810| -71130(-127610(-261500

Table 2. Interaction energy between cations of other components.

(i cation)-(j cation) @;; (J) (i cation)-(j cation) a;;j (J)
Li* —gg4* - 142 130 gt-rit + 1 500
Nat -Fe?* + 19 250 H*-Na*t + 9 750
Nat -Fe3* - 74 890 Ht-g* + 13 520
Nat -si4t - 111 290 Ht-Mg2t + 15 800
Nat -po* - 50 210 HY-calt + 15 100
gt —gitt - 81 030 H-Mn2* - 8 230
Ti4*-ca%* - 167 360 Ht-a13t - 24 400
Ti4+-Mn2* - 86 940 H*-si4t + 30 000
Tid*-Felt - 37 660 HPpS+ + 7 700
Ti4*-Fedt + 1 260
TitF_gya¥ + 104 600
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Table 3. Conversion factors of activities.,
Reaction Free energy change (J)
Fe,0(1) + (1-t)Fe(s or 1) = FeO(R.S.) 46 = - 8 540 + 7.142T
810,(4~tr) = Si0,(R.S.). 40 = + 27 150 - 2.054T
Si0,(8-cr) = Si0,(R.S.) 4@ =+ 27 030 - 1.983T
$10,(1) = Si0,(R.S.) 460 =+ 17 450 + 2.8207
MnO(s) = MnO(R.S.) AP = - 32 470 + 26.143T
MnO(1) = MnO(R.S.) AP = - 86 860 + 51.465T
Na,0(1) = 2NaOg 5(R.S.) 460 = - 185 060 + 22.866T
ca0(s) = CaO(R.S.) 4@ =+ 18 160 - 23.309T
ca0(1) = CaO(R.S.) AGP = - 40 880 -  4.703T
MgO(s) = MgO(R.S.) A6 = + 34 350 - 16.736T
MgO(1) = MgO(R.S.) 460 = - 23300 + 1.833T
Py05(1) = 2P0, 5(R.S.) A = + 52 720 - 230.706T
2. Oxygen Distribution between Slag and Metal
The equilibrium relation of Fe0O-Feg03-MnO-Si09-Mg0O-Ca0 slag with
oxygen in metal can be written as follows by the model[4,8,9].
Fe(l) + O = FeO(R.S5.) sttt eittititttencetsnsnenann (4)
RTlHKO = RTln(XFeO/aO) + RTlnyFeO GRS B B W E e e (5)
AG O = 128 100 — 5T7.99T (J) +vvvvemmmnnn e tiiitiiinnnenss.. (6)
RTlnypep = - 18 860Xfenq 5 + 7 110Xgn0 - 41 840X&50, + 33 470Xfg0
- 31 380Xgq0 +744 930XFeO1 57'XMnO - 93 l4%XFeO1.g'XSiOQ
+ 17 740XFeO1, ‘XMgO + 457 0XFeO1,5'XCaO + 40 b5 OXMnO'-XSiOQ
- 21 340XMpno- MgO * 67 780XMno*Xcao + 58 570X8102'XM 0
+ 60 670XSi02'XCaO + 102 510XMgO'XCaO (J) oo %7)
In Fig. 1, the oxygen contents in 1500 Fe,0-5i0-Ca0-Mg0

O Shim and Ban-ya
O Suito, Inoue and

iron calculated by above equations of

the regular solution model[8] were Takada R

compared with the measured values for I D aibebii ol

the typical measurements of previous 5 Chioman &‘{4“ 034

works. From the results, it is con- o yO- & va o

firmed that the oxygen content in E . Qe°“:'§/q .

liquid iron in equilibrium with slag ) AP

can be estimated within the accuracy é e s 1
& o J

of + 10% by the model.

Fe,0-5i0;-Ca0

The reference state of FeO activ- 5} A Fetters and Chipman
ity in the model is taken to the hypo- s o

thetical stoichiometric FeO of regular o5

nature. However, the reference state
of conventional iron oxide activity is

500 1000
[ppm 0] calculated

Estimated values for oxygen

1500

Fig. 1.

the pure iron oxide in equilibrium centents by regular solution model
with metallic iron. The conversion of and the measured values in liquid
the reference state 1is written as iron equilibrated with Fe;O0-(CaO+
follows from Table 3[5,10]: Mg0)-SiOg slags.
Fe;0(I) + (1 - t)Fe(s or I) = FeO(R.S.) +reorcrrrenriennnn, (8)
AGO:._B 540+ 7.142]‘ (J) ................................. (9)
RTlnape,0(1) = RTlnapeo(Rr.s.) — 8 540 + 7.142T (J) +v-rv--- (10)
In Fig. 2, the activity of iron oxide, afe,0, in Fe{0-Ca0-SiO2 ternary[9]

in equilibrium with liquid iron estimated by the model was shown to compare

with the
referred to Fig.

was excellent over the wide range of slag composition from acid

experimental results

1.

of many previous

investigators,

who were

An agreement of both measured and calculated values

side to
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Si02

basic side except for extremely FeO

rich region of Npg,(>0.7. Are 0
t o 09-1
o 0.8-0.9
3. Ferrous-Ferric Iron Equilibrium g Qi-08
in Slag . 0i0s
0 0.3-0.4
The quantitative treatment of the s o 0B
ferrous-ferric iron equilibrium in "0 -0 o %
slag was very difficult due to the [
complicate variation by the slag ”'} .
composition and temperature. The A- #e ARy A0
ratio = Fe3t/Fe2+ can be given by the Ao ‘;;:;
model as follows[4,8]: Yo, Yo, B nf ,u--'%;'
S .-80-2

FeO1 . 5(R.S.)= FeO(R.S.)+ 1/409(g)
11)

...................... ( \ { \
ca0 02 4 O\v‘\o?&’_ﬁg%%mm"% 0
a : . . k e
RTInKpe = RTln(Xreo/Xre0; s) NFe,0 '
+ 0.25RT1nPg Fig. 2. Estimated values for
+ RTln(7}:\60/27/1:‘601 5) Qre;0(1) by regular solution
--------------------- 112) mode)JLf and the measured values

in Fet0-Ca0-Si0y slags equili-
AG©O = 126 820 - 53.017(J) (13) brated with liquid iron at 1873K.

log(Fe3+/Fe2*) = 6 625/T - 2.77 + 0.251lo0gPy
+ (RT1ny peqg - RTlnyFeo1 5

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

F/(19.1T) «vvenn. (14)

4. Equilibrium of Manganese Distribution

The equilibrium relation of manganese distribution between slag and
liquid iron can be written as follows[7]:

FeO(R.S5.) + Mn = Fe(I) + MNO(R.S.) v evrrrureunnennnennn., (15)
ETInKMp = RTIn[XMno/(2Fe0(R.S.) aMn)] + RTIn?Mno(g.s.) - - (16)
AG O = — 141 400 + 66.28T (J)  *+ v vvrrnnnmeumenenneenneennnn. (17)

In Fig. 3, the equilibrium con-
stant of manganese distribution in
Fe t0-Mn0-Ca0-Mg0-Si0y slag were plot-
ted against the silica content to

examine the validity of model. As 6 T T " T T ; 1
seen in Fig. 3, the values of logKkvn Feg':"oﬂ"}iﬁ?&mkuchi . SiofzaK
treated by the mo@el. were all‘HOSt a ar v Fi‘::h):'& Bardenheuer |l Kérber&os:l'éen
constant value within experimental s (18032 20K )
error over the wide range of slag »|o r ]
composition. ga |—o -—eb—'ﬂﬂm—

The effect of temperature on the 5 or &% L 1
logkyn 1is expressed with Egq. (17). o|@ F610-MNO-Ca0-MaO 5102
This equation was determined by the g -2r ) o ’?-a s 7
data reported by eight research & Fe,0-Mn0-HgOyy,-S102 " Kr.mgse'scm,d(mann
groups. A @ Bell O Winkler & Chipman

O Bell, Murad & Carter A Suilo & Inoue

5. Equilibrium of Phosphorus Distri- -6 ! 02 ’ 0% ' 0.6

bution Nsio2

The equilibrium relation of Fig. 3. Relation between equilibri-
phosphorus with slag can be written um constant calculated by regular
as follows[6,11]: solution model and NSiOg at 1823K.
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P+ 2.5 0 = (POg 5)(R.G.) sreervreeriiiiiiiiiiiiiinene, (18)
RTanPl = RTln[XPO2.5/(aP'a8'5)] = RT1117P02_5 [(B.B.) ‘fesrmmsss (19)
AGO = - 326 520 + 162.88T (g = 13 810) (J) crerer oo (20)

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 8
groups. The results obtained by §“°“m-mncw“'§“°““*?"3%££” |
different kinds of slags and by many 815 Fe0-Fe0,;-POLs-Mg0sal. k FeO-Fe0,3-POy;-Ca0-Hg0sal ) Present
different investigators were in fairly 4 8 FeO-FeOys-PO1s-510; sal. RTINS RS,
good agreement with each other, and LT I,
Eq.(20) was given. & P AN T
The equilibrium relation of o °j;: _________ LIRS ° )
phosphorus in iron with iron oxide in = _,[ 4
slag can be derived as follows by the 3, wolmee] #f al. fogKpy = 17060/T-8.510
combination of Egs. (6) and (20): A [- DrhaneL <3k (g=0.4 ) T
sk T winkier et al § Kor i
P + 2.5(Fe0)(in slag) N § Suilo et al. | ‘
= (POg.5)(R.S.) + 2.5Fe(1) ~--(21) 0.50 0.55 T"I‘IO-:K"O.SO 0.65
AG By = 6 280 + 17.908T Fig. 4. Temperature dependence of
(o =13 810) (J) =veveens (22) logKpy -
Figure 5 shows the comparison of -3 . . . i
the activity coefficient of P505 %%x&fz%rcwﬁmeruh
between measured and calculated L osuito et al : |
values. In the past, the slag models, 4 Balajiva et al. Qoo
proposed by Flood and Grjgtheim [13], s ?;E&T?ﬁfms“ hY
and Turkdogan and Pearson[12] were g?'”'ﬂﬁmﬂelﬂ [
accurate enough to predict the phos- 4 2
phorus distribution for basic slag, = s A -
but the models of the same idea were O AR @ﬁmﬁmrm”{w
not successful to predict the oxygen a7k Osirota et al. |
distribution. However, in the case of FeO-FeOr.5-P02.5-5i0; 5al,
the regular solution model, the dis- TSR, ¢ o Tromel et al
tribution ratios of both oxygen and B T T P Fa— -9
phosphorus can be estimated within the ﬂ@aqg+ggaqq&rawﬁxun3mgn

error of + 10% over the wide range

from basic slag to acid slag. +10g(Xo, 4/ Npyo, )+ 2754/ T-12.05

Fig. 5. Comparison between measured
6. Estimation of Hydroxyl Capacity and calculated 1057P205-

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

l/ZHZO(g) = H00_5(R.S.) D A (23)
RTlnky,0 = RTlnXHOO.5 - l/ZlogPH2o # RTanHOO.S(R.S.) """ (24)
AG f,0 = - 19 800 + 26.327 (J) (1430 - 1873K) «oor-vvvvvee (25)

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

RTInCdy = RTInKy.o - RTlnyy

0.5 (&
RTanHQO - ?LV)CZH 1% SZE(CZH it ag-j - @ij)XiX; (26)

Inn

Figure 6 shows approximate validity of the model for the hydroxyl capacity
of seven kinds of silicate melts.

7. Correction of +the Interaction Energy with Other Physico- Chemical
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Properties o0e
The heat of mixing of multicompo- 5
nent regular solution can be expressed §
is follows: et Someraos
& o A oo
AWM = PRai; Xp X5 e (27) R
1] ;Kurk?iln 2 Russell & Sosinsky et al.
As a rough approximation of Eq. (27), R Tot6 ket Bussell  C0-Si0y-rind.
the heat of formation of binary com- Copmeasurea) B I & T
plex oxide, AH 9gg, can be written as Fig. 6. Comparison of estimated
follows: values of Cly by regular solution
model and the measured values in
AH Qg8 = @35 Xy Xj w»i-nnn (28) molten silicate slags.
Figure 7 shows the relationship be- o ao .%ﬁﬁ-
tween the heat of formation binary gﬁﬂt:?:gw
complex oxides[5], AH 9gg, and the T e\
term of @ j;X;X;j related to these com- f ) fl@ﬁ%:m
plex oxides. A good correlation is : Auoasioe h;&,
found between them, especially in the PRl B s o
range lower than AH 9gg = -41.8 kJ. R S ererorn
It is said that the bonding energy of
. . y & 5 i [ X
(i cation)-(0)-(Jj cation) ion pair are - * Ltoan,
affected by the valence and radius of crbro VR
cation. Therefore, Fig. 8 shows the T My
relationship of ionic radius and va- Fig. 7. Correlation between inter-—
lence for ape2+-Mzt+ as one of the action energies and the heats of
example of many interaction formation of complex oxides at
energies[9]. A good correlation was 298K.
also found among the ionic radius, 40 >
valence and interaction parameter °M9 -1
except for Tid+. _20} N °2 Na" o]
E . oMn?
8. Conclusion T of Ao Fel'e
=

It was confirmed that the regular

, &(Fe?
N
o
:
/ w
!
~
B (e]
n
L
ks N
N/
i

solution model for silicate melts was SN . ca?™d
valid to estimate the activities of swf Mot TO®

slag constituents, the capacity of ;ﬁzfe'“
.slag and the slag-metal reactions oo o 03s —
concerning steelmaking process. ryz-(R)

Fig. 8. Relation between interac-
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