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Synopsis: It is shown by the coexistence theory of slag structure that (1) Kﬂn=NMnO/
NFeO/E%M@] does not change with basicities and maintains constant at constant tempera-
ture; (2) the oxidizing capability of multicomponent slag systems expressed by NFetO=
NFeO+6NF9203+8NFe 04 agree well with the measured apg_ (; (3) the desulfurizing capa-
bilities Of-variots basic oxides in multicomponent sldg systems are different and Lg
calculated by

Lg=8(KgasWcaotKugsMgotKresireo) xxn/[%0]
also agree well with the measured values.
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A lot of paper have already been published in the field for application of the co-
existence theory of slag structure to the binary and ternary slag systems [}—Q]. In
this paper, some examples about application of the coexistence theory of slag structure
to multicomponent slag systems are given. First of all, a brief introduction to the
coexistence theory of slag structure is presented, then followed by examples about app-
lications.

1. A brief introduction to the coexiatence theory of slag structure

Fundamental facts the coexistence theory depends on are:

(1) Facts of crystal chemistry: The oxides in solid state, such as CaO, MgO, MnO,
FeO etc. are of (face—centered cubic) ionic cells of NaCl type, therefore. they exist
in the form of ions such as Ca2+, Mg+, Mn2+, Fe2+ and 02- already in the solid state,
in other words, the viewpoint that basic oxides dissociate into ions in the melting
process is unreasonable.

(2) Difference in electric conductivities of slags: basic slags conduct electricity
well, acid slags conduct poor and acid oxides don't conduct actually'ﬁ,8].These facts
show that not all slags can be regarded as electrolytes.

(3) In the slag systems of Ca0-510,, Mg0-5i0, etc., two liquids are formed in lig-
uid state at the SiOQ—rich end in the phase-diagram with the composition of one liquid
phase nearly to be pure Si02[9]. Regarding these as phenomena of saturation, the
above-mentioned facts indicate that SiO, can exist independently in the molten slags.

(4) Existence of molecules in slags is demonstrated by the congruent melting points
in the phase diagrams of various slag systems.

(5) Remarkable difference between lattice energies(1.2-1.6 x 102 KJ/kg) and melt-
ing energies(2-4 x 102 KJ/kg) of silicates shows that melting process is not able to
destroy the solid structures of slags completely [10].

— 244 —



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

6) Absence of the complex ions Si0%~ and

SiBO ~ as well as Ca3Si30 in the molten slags: . mole fraction 2§, s
The congruent melting point of CaSiOy in the 63203 020 040 o:b0 08 (Cg’+2F)
phase diagram of Ca0-5i05, the ionic nature of R}._
CaF2(0a2++2F“) both in solid and liquid state TN 5
and the linear relationship between viscosities ) . 1\ N o !
and mole fractions of CaSiOjy and (Caf*+2F~) in s Y -3\< i{? 9 i
: . . .2 b o Mole
the slag system Ca8103—CaF2 as shown in Fig.l E,O S 1
[11] tell us_that the arguments about the pre— 3 o i
sence of 51037, 5i308~ and Ca3Si;0, in molten S gt - o~
3 3¥9 3739 U ~ ~

slags are untenable. > —

(7) Consistency of thermodynamic data and l . ; :
the measured activities of various slag sys-— 0o 20 40 60 80 ’?
tems with their structures. Csidy GaF2%

According to the above mentioned facts, Fig.l Effect of CaF, addition on
viewpoints of the coexistence theory of slag viscosity of CaSiO3

structure can be summarized as follows: > > > 2
(l% Molten slags are composed of simple ions such as Na+, Ca +, Mg +, Mn +, Fe +,
02_, 57, F7 etc. and molecules such as 5i0o, silicates, phosphates, aluminates etc.
(2) There are mobile equilibrium reactions between simple ions and molecules, tak-
ing silicate for example:

2(Me2++02-)+(510,) = (Mep510,)

As Ca0, MgO etc. in solid state are of the ionic structure as that of NaCl, so the
concentration of MeO should not be expressed in forms of ionic theory as

ae0 = Nyeo = (Mye2+) x (Np2-)
but should be in the form as

Nyeo = (Nyg2+) + (¥52-)
(3) Chemical reactions in molten slags obey the mass action law.

2. Examples about application of the aforementioned theory
2.1 Manganese equilibrium between FeO—MnO—MgO-8102 slags and molten iron

A lot of basic research work has been done to study manganese equilibria between
molten slags and iron [12—14], though the authors are different, their results are sim-
ilar, i.e. at constant temperature, Kﬁn = NMnO/NFeO/[%Mﬁ] are not comnstant, but change
with basicities and compositions of slag, these of course, are contrary to the mass
action law, because according to the later, Kﬁn are dependent only on temperature. In
order to clarify this contradiction, manganese equilibrium between slags and molten
%r?n has been analyzed by means of the coexistence theory of slag structure as follows

1}.

On the basis of phase diagrams Fe0-3810,, Mg0—8102 ﬁS, 16] and research work [2},
considering that in Fe0-Mn0-Mg0-Si0, slag system there isn't any complex compound
formed from three or more oxides, structural units of this slag system are determined
as Fe2+, Mn2+, Mg2+, 02— simple ions as well as Si0p, FepSil0, MnSiO3, MnpSiO,,MgSiOy
and MgQSiO4 molecules.

Assuming slag compositions bl =ZnFeO’ b2 =3n no? b3 '—’ZnMgO and a =7._‘nSio2; mass
actin concentrations Ny = Npgqs Ny = Nypnos N3 = N%gO’Nﬁ = NSiO45 equilibrium con-
stants K) = Kpe,si0,0 X2 = Kunsioyr X3 = Kinpsio,s ¥4 = Kugsioys K5 = Kig,5104 [17-19]
and ¥n = total number of moles of ions and molecules, the calculating model of mass
action concentrations for this slag system can be deduced as

Ny N +N 341y +KoNoN  +K N 3N +K) NEN4+K 3NBN 4 +Ks N3N -1 = O (1)
bl[O.5+(K2+2K3N2)N4]N2—b2(0.5+2K1N1N4)N1 =0 (2)
bl[o.5+(K4+2K5N3)N4']N3-b3(o.5+2KlNlN4)N1 =0 (3)
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2 2 2
bl(1+K2N2+K4N3+K1N1+K3N2+K5N3)N4—a(O. 5+2K1N1N4)N1 =0 (4)
Sn = bl/(0.5+2K1NlN4)/N1 (5)
The reaction of manganese between molten slags and iron is
[Mn] +(Fe2*+02-) = [Fel +(Mn2++02-) (6)
! 1
Kin = Mino/Vpeo/ (0] 5 [t = Wygr0/Kn/Vpeo (1)
Ly = (@m0)/ [fAm] = 70.93755n [0.5+(Ky+2K3Np )N, |No/ (Atn] (8)
The calculated Ky, by literature data [20] are
shown in Fig.2. As seen in figure, Kl;ln are essen- b ; —
tially constant and there isn't any relationship S5t .
between Ky, and co_@?ositions(as well as basicities) K””u:'-., O e
of slag. Average Ky,(= 3.69644) at 1550°C is in g e NS e o °
good agreement with KI;In obtained from manganese 25 '; = !
equilibrium between FeO+MnO slags and molten iron 3 4550 7 8
at 15509C as given by the following equations. br—; I
/5T L i
LogKyy, =7572/T-3.599  (Ky,=3.58586) [21] Rl 0] WO i
15500C 3 + . . (TR (i .® J
R B B NI R
LogKyy, =6440/T-2.95  (Ky,=3.825) [22] Bra0
15500¢ o ] 1
Therefore, it can be said that the arguments K»lmj _.' o ol
for Kﬁn increasing with the increase of acid ox- 4 ot o it b .
ides, and decreasing with that of basic oxides, as 3r w gl
well as the presence of different values of Kﬁn in 2
case of acid and basic slags still need further Bugo
discussion and consideration. Fig.2 Relation between Ky, and
Bieo

Besides, as shown in Fig.3 and Fig.4, agree-
ment between the calculated and measured %Mx] as well as between those for Ly, shows
that the deduced calculating model of mass action concentrations for FeO-MnO-Mg0-5iO,
slags reflects actually the characteristics of this slag system.

12 500
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8, i
r§08 o . 6300_ /
=06 3 &
o4 , 100l -
0-2 o D 1 |
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1 1 1
0 52 04 04 08 10 F2 Lmnproct.
[4Mrdpract.
Fig.3 Comparison of calculated and Fig.4 Comparison of calculated and
measured [%Mrﬂ measured Ly,

Finally, it is necessary to point out, that there is a certain fluctuation of Kl:ln
calculated, which may be mainly due to unconsidered Fe203 content in the above men-

tioned slag system.

2.2 Oxidizing capability of multicomponent slag systems

2.2.1 CaO—FeO—FeQO3—Si02 melts (1258-1370°C)

2+ 2+ 2—

According to the phase diagrams [15] , there should be Ca~ , Fe ', O simple ions
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as well as Ca SiOs, CapSi0,, FepSily, CapFey0s5, CaFe305, 3Ca0-25i0p, CaSiO3, CaFep0y,
Fe3O y 9105, l?‘ezo molecules in this slag system. As for CaFeSiO4, presence of it in
the melts in the range of 1258-13700C can be demonstrated in the course of calculation
as shown later. '

Assuming by =3nca0s b2 =XnPe0s 21 =X853i0,5 22 =XNFey035 N1 = ¥ca0s N2 = Npeos
N3 = V51051 Wy = Wpep035 Ko = Keaysiogr K1 = Koapsiogs K2 = Kpepsiogs K3 = KeaFesio,
Ky = KcapPe,051K5 = KoaFe3055 X6 = K30a0.2510p0 K7 = KcaSi0y) K8 = KcaFep0,s XK9=Kre30,
[3, 4, 18, 23, 24] and y n=total number of ions and molecules, the calculating model of
mass action concentrations for this slag system can be formulated as:

2 2 2
KNPNG+Kq N1 N +Kgl N +KoNoN -1 = 0 (9)

0.5(byNy=boNq )+D; ( 2K N N 3 +K N 4)N2+( by=bs) (K3N3+K5N 4)N1N2—

by [3KON§+2K1N1+3K6N§N3+K7)N3+(2K4N1+K8)N 4]N1 =0 (10)
0.5a1 Np=boll 3-by (KoNE+K) I, +2K NEW 3+ )N N3+ [(2a1-b,) KMo+
(al—be)K3N]]N2N3+al(K5Nl+K9)N2N4 =0 (11)
aq [1+(k N1 +KgNo+Kg )N +KgN o Ny ~ap [1+( KNG +K) Ny +KNo+2KNEN 3+Kq )N+
KN5] Ny = 0 (12)
Tn = by/(0.5+2K NoN3+K N1 Ny +KeN Ny +K gl 1) /N, (13)

As (Fe0), (Fen03), (Fe304) are all oxidizing agent with respect to liquid iron,
according to the fo%lowing reactions.

(Pep03)+[Fe] = 3(Fe?*+027), (Fe30,)+[Fe] = 4(Pe2*40%7) (14)
the oxidizing capability of slag with respect to liquid iron can be given as:

N = Np,o+6N +8N. 1

Fe;0 = YPe0*6¥re,04+Vre 50, (15)
The actual oxidizing capability of slag is

1 /7(~6320/T+2.734)

ape,0 = [#0)/[%0] 5,y . = [%0]/10 (16)

Supposing K3 = G/K;K5, and using trial and error method, it is shown that when

C=20, the agreement between Npe. o and ape,o is most satisfactory, as shown in Fig.5.
This fact shows that, in the temperature 'range of 1258 —
13700C, the formation reaction of CaFeSiO4 is really going

X : (0] .0
on in the molten slag. ’%‘he relation between KB(AGCaFeSiO4) / ’(3:20//7/;‘?;
and temperature can be given as.
08 R 3
LogKy = 3811/T+1.53 (r = 1) (17) /s
A GBapesio, = -72996.8-29.3169T  J/mol (18) 0.6 ai 7
Hence the argument about CaFeSiO4 decomposition above 5;0_4 .._/'5‘
12309C still needs further discussion and consideration. ¢ /
Pt
2.2.2 Ca0-MgO-FeO-Fep03-Si0y-S melts (1550-1650°C) var A
2 .
Similarly, assuming by =cha0, by =ZnMgo,b =2 Npe(s 0 02 04 ofb 98 10
81 =2Ng5i0,1 82 =2Npey055 M1 = Ngaos Mo = NyggosN3= Npeos L2
N4 = Nslo2, N5 = NF8203’ Ngo = NSZ—,the calculatlng model Flg.5 Comparison of NFe.tO
of mass action concentrations for this slag system can be with apg. .o (using
derived as: Bodsworth's data
[25])
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2 2 2

+Kgl NoN 4 +KNEN o-+Ky QTN +Ky 1 Ny NpNF+K) pWENLNE+K) NN N1 p0-1 = O (19)
0.5( by N3-b3Ny ) +by (KN 3N5+2K7N§1\r 2)-03 [(Koli g +KoN 5 +K gl oN 4+K11N2N:‘]: N1+

2(Ks 4 +K N5 +Kq pNoN )G+ 3(Kq oKy oM )NPN,] = O (20)
0.5( byl 3=b3Np ) +bp (KNo+2KyN 3N )N 3~y [ K3Ng+(Ky +2KeNo+Kgh JN 4+ (Ky 1 +

Ky o1 +K1 3NF)N NS N, = 0 (21)
0.5a N 3=b3N 4+al(K V5 +2K N N 4)N 3-b3 [( KO+K5N1+K8N2+K10N§ Ny +2(Kg 4+

K12N1+K13N§)N1N2N4]N4 =0 (22)
0.5a,N3-byNo+ [(a2—b3)K4N5+2a.2K7N3N4]N3—b3[K3N2+(K2+K9N1)Nl:]Ns =0 (23)
3n = b3/(0.5+KNo+2Ks N3N ) /Ny (24)

Meanwhile, the calculated and actual oxidizing capabilities of this slag system
are also expressed by equations (15) and (16) respectively.

As shown in Fig.6, calculated Npe,o 1s in good agreement with apg. g. So it can be
concluded that the coexistence theory of slag structure is applicable to calculate the
oxidizing capability for multicomponent slag systems.

2.3 Distribution of sulfur between molten slags and
liquid iron

Desulfurization reactions between Ca.O-—MgO—FeO—Fe203—
Si02 slag melts and liquid iron can be written as:

(ca2* + 027) + [s] = (ca?* + 527) + [0]

Kcas-NcasN 03 /Neaol[s] =(%5) cas [#0) /80cqo (%8 Zn } (25) '

Loas = (#8)cas/[# = 8KcasNcao x X n/[%#0] 02 04 06 08 10
(g2 + 027) + [5]) = (g2* + s27) + [0] }(26) 2

Lygs = (#S)ygs/[#3) = BKygsMygo x Xn/ [%0)
(Fe2t + 027) + [s] = (Fe2* + 827) &+ [0)
Lpes = (#5)pes/ [#S] = BKpegNpeo x Tn/[%J)
Hence, distribution of sulfur between these slag melts and liquid iron is

Ly = [ (%) gast(B8)ygst () pes)/ (B3] = 8(RoasMoa0tKinasMugoKresipeo)x Zn/[#9 (25)

Using data from different sources [26—28] » calculated Lgy are compared with the
measured LSP as shown in Fig.7 and

Fig.6 Comparison of Npei0
with ape, o (using
}(27) data [26_?;9

Fig.8. 12 i T
As can be seen from the figures, /o-K.L Feﬁerffif-dﬁl’m",. | 5 OB S . | =
the agreements are well. - 4 |stiro Barya .
8 g = 0~M§oFepFalz
3. Conclusions Lsc e 3t melfsd-L-fi; o, * J
bt cne 1 Lse ol
The coexistence theory of slag 4 A £ ,.:_.,’
structure is applicable to the cal- -‘.'..-',‘  Faioret
culation of manganese distribution, 2 8T g 2
oxidizing capability as well as de-— ] ) . ) o 1 2 3 7 3
sulfurizing capability for multi- 0T Z 4 b6 & 1 12 L5P
component slag systems. Lsp
Fig.7 Comparison of calcu- Fig.8 Comparison of
lated and measured Lg calculated and
(28] measured Lg[26]
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