JPEDAV (2016) 37:277-292
DOI: 10.1007/s11669-016-0454-2
1547-7037 ©ASM International

@ CrossMark

Thermodynamic Assessment of the Fe-Ca-S, Fe-Mg-0
and Fe-Mg-S Systems

David Dilner, Lina Kjellqvist, and Malin Selleby

(Submitted December 2, 2015; in revised form February 5, 2016, published online February 18, 2016)

Thermodynamic descriptions of the Fe-Mg-O, Fe-Ca-S and Fe-Mg-S systems are all important
in order to perform thermodynamic calculations related to the steelmaking process. The
experimental information of many sulphur-containing systems, including Fe-Ca-S and Fe-Mg-S,
is lacking and they are here thus approximated to behave similarly to the corresponding oxygen
systems. This study presents a description of the Fe-Mg-O system in good agreement with
experimental information. Additionally, descriptions of the Fe-Ca-S and Fe-Mg-S systems are
presented. These descriptions may be reasonable estimations considering the lack of experi-

mental information.
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1. Introduction

Calcium and magnesium are two elements of great
importance for the steelmaking process. Calcium oxide
(lime) is one of the main components in many slags.
Additionally, calcium additions are the most common
additives for sulphur refining. Ladle walls are often made
of magnesium oxide (magnesia) bricks. Since calcium and
magnesium belong to the same group in the periodic
table they have quite similar chemical properties, including
the same oxidation number in compounds and similar
electronegativity. The main differences between them are
their ionic radii and their atomic weights. Due to their
importance in the steelmaking process it is vital to have
thermodynamic descriptions containing these elements
together with iron, oxygen and sulphur. The Fe-Ca-O
system has been assessed previously!'* using the ionic two-
sublattice model.>**! But two of the ternary systems are
missing, i.e. the Fe-Ca-S and Fe-Mg-S systems. The Fe-Mg-
O system has been assessed by both Fabrichnayal®' and
Jung et al.,') but is reassessed in this work. Fabrichnaya’s
assessment!®! is mainly concerned phase equilibria at high
pressures. A simplified model for the spinel phase was
adopted and the liquid phase was excluded. Jung et al.[%!
assessed the Fe-Mg-O system using the modified quasi-
chemical modelt”! for the liquid phase. No assessments have
been reported previously for the Fe-Ca-S or Fe-Mg-S
systems. However, the Ca-S system has been assessed
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previously, as a part of the Ca-O-S-C system!® using the
modified quasi-chemical mode.

Parameters were taken from existing assessments of the
Fe-Ca,m Fe-Mg,[Q] Fe-S,“O] Ca-O,[z] Fe-O!' and Mg-O[lz]
systems, respectively. Due to lack of experimental data
concerning the Ca-S and Mg-S systems the liquid param-
eters from the corresponding oxide systems Ca-O*! and
Mg-O"% are used. The aim of this study is to obtain
databases for phases in the Fe-Mg-O, Fe-Ca-S and Fe-Mg-S
systems in order to describe experimental data at atmo-
spheric pressure using the compound energy formalism
(CEF) to describe the solid phases and the ionic two-
sublattice liquid (i2sl) model for the liquid metal and slag.
The principal phases in the Fe-Mg-O system are liquid, solid
iron (bcce, fec), solid magnesium (hep), halite (Fe;_Mg,O,
0 < x < 1), spinel (Fe;_,Mg,0O4, 0 < x < 1) and corundum
(Fe,053). In the Fe-Ca-S and Fe-Mg-S systems the principal
phases are liquid, iron (bcc, fcc), magnesium (hep), calcium
(bec, fec), alabandite (Ca, Fe, Mg)S and pyrrhotite (Fe;_,S).

2. Thermodynamic Models

In this assessment the systems are described using the
CALPHAD-method.""®! All solution phases are modelled
using the compound energy formalism.!'*!3]

2.1 Liquid

As mentioned in the introduction, the liquid phase is
modelled using the ionic two-sublattice model.'*'* This
model can describe the metallic liquid, the ionic liquid, and
in the case of sulphur systems the liquid sulphur. In general
the ionic two-sublattice model can be represented as:

), (Aj/‘, Va@, B,‘g) ,

where C denotes cations, A4 anions, Va vacancies, B neutral
species and v charge. P and Q are variable size of the
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sublattices to maintain electroneutrality. The molar Gibbs
energy in the general case can be described as:

Gm = Z ZyC[y;/GC;:A,» + vaa Zy(éiGC[ 4 QZyEkGB,(
i j - —

+RT (P > yelnye, +0Q (ny‘f Inyy, + yvalnyva
i J

+>_vm 111)’&) ) +5Gn
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where °G,.4, denotes the Gibbs energy of pure ionic liquids,
°Gg, the Gibbs energy of pure metallic liquids, °Gp, pure
neutral liquids, e.g. liquid sulphur, and £ G,, denotes the molar
excess Gibbs energy. yc,, V4, Yva and yp, represent the site
fractions of cations, anions, vacancies and neutrals respec-
tively. The binary part of the excess energy is given by:

fe= ZZZJ’CJ’CJ’A Ciy iy

i >0
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where the different L are the different interaction parame-
ters. For example Le, c;):va is the interaction parameter for
two cations with vacancies on the second sublattice, i.e.
mixing of two metallic atoms. In addition to these binary
interaction parameters some reciprocal parameters or ternary
interaction parameters may be needed in some systems.

2.2 Halite and Alabandite

The monoxides, CaO and MgO, as well as the mono-
sulphides, CaS and MgS,!") all have a NaCl structure. It is
known that all NaCl-monoxides of importance for steel-
making, including FeO and MnO, are strongly ionic.
However, for sulphides this is not always the case, for
example with MnS, which is a semiconductor with a
bandgap of about 3 eV.'”! The solubility of oxygen and
sulphur in the sulph1des and oxides respectlvely is reported
to be very low, as in the MnO-MnS system "'®! or unknown.
Due to this the monoxides and monosulphide with the
NaCl-structure are treated as two separate phases. The
notation is halite for the oxide phase and alabandite for the
sulphide phase, to be consistent with previous descriptions

of oxides, see e.g., Ref 1, 2, 19-22 and sulphides.m] It is
known that the halite exhibits some non-stoichiometry with
respect to oxygen when it dissolves Fel''! and Mn.**! The
non-stoichiometry in MnS is very low!®*! which is likely the
case also for CaS, MgS and metastable [NaCl]-FeS.

Halite: (Fe™?,Fe™, Ca™?, Mg™?, Va) (07?)

Alabandite: (Ca, Mg, Fe)S

2.3 Spinel

The spinel phase consists of magnetite (Fe;O4) and
magnesioferrite (MgFe,O4). In the stoichiometric spinel
structure, cations occupy tetrahedral (first sublattice) and
octahedral (second sublattice) sites, while the oxygen ions
form an fcc lattice (last sublattice). Depending on the
distribution of cations between tetrahedral and octahedral
sites, the spinel structure can be normal or inverse. In the
normal spinel structure, divalent ions occupy tetrahedral sites
and trivalent ions octahedral sites. If the tetrahedral sites are
occupied with trivalent ions, the spinel is referred to as
inverse. A common way to express the degree of inversion is
to give the site fraction of trivalent ions on the tetrahedral
sublattice. At low temperatures, both magnetite and magne-
sioferrite are inverse spinels with Fe™ on the tetrahedral sites.
At higher temperatures, the degree of inversion decreases.
The model for the stoichiometric spinel is thus:

(Fe+27 Fe+3, Mg+2) . (Fe+2, Fe+3, Mg+2)2 (072)4

The spinel phase can deviate from its st01ch10metry both
toward excess metal and excess oxygen. Fe™ is introduced
into the octahedral sublattice to model the deviation towards
higher oxygen potentials. Vacancies are formed to maintain
electroneutrality:

(Fe'FZ7 Fe+37 Mg+2) ) (Fe+2, Fe+3, Mg+2, Va)2 (0—2)4

To model the deviation towards excess metal, Fe™ and
Mg are introduced as interstitials on an extra octahedral
site which is normally empty:

(Fe+2’ Fe+37 Mg+2) X (Fe+27 Fe+3, Mg+2, Va)z
(Fe™,Mg*?, va),(07?),

Thirty-six combinations are possible, and each of the 36
compounds is given a Gibbs energy value. In practice, the
number of independent parameters is smaller, since most of
these end-members have a net charge and can be present
only in neutral combinations. Of the 36 parameters, 12 were
fixed during the Fe-O assessment ') and 4 were fixed in the
Al,03-MgO assessment.””®! The 20 remaining parameters
were derived in the present study. Only 3 parameters are
assessed, the remaining parameters are obtained through
reciprocal reactions. Detailed descriptions of modelling of
the spinel phase have been given in preV10us work.[19:21:27]
The magnetic transmon of the spinel phase is given by the
model from Inden® and Hillert and Jarl.”?
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2.4 Corundum

The corundum phase represents the mineral hematite,
Fe,03, in the Fe-O system. Corundum can dissolve vacancies
on some metallic sites giving rise to a small under-stoichiom-
etry. Corundum is described by (Fe %, Fe),(Fe >, Va),(02);
as in the assessment of the Cr-Fe-Ni-O system.!"”

2.5 Pyrrhotite

The pyrrhotite (Fe;_,S) phase has a NiAs structure. The
description of this phase is adopted from.!"®! Solubility of Ca
and Mg in pyrrhotite is assumed to be very low as no solubility
data have been reported.”%*"!" The non-stoichiometry is
treated with vacancies on the metal sublattice: (Fe,Va)S.

2.6 Metal phases

Steels have either a bec or fcc structure depending on
temperature and composition. Calcium has a bec structure at
higher temperatures and a fcc structure at low temperature.
Magnesium has an hcp structure. In general the metallic
phases can be described as:

(Ca,Fe,Mg, S), (O, Va),

The value of b is 3 for bec, 1 for fcc and 0.5 for hep.
Sulphur is assumed to be dissolved substitutionally as in the
Fe-S descriptions!' “which is used in this work as well as the
Fe-Mn-S description.””?! Oxygen is assumed to dissolve
interstitially as in.!'") The sulphur solubility in all phases
with pure Ca and Mg is assumed to be very low.

2.7 Optimization

The optimization was performed using the Parrot module
in the Thermo-Calc software.** Comparisons will be made
with all experimental studies mentioned, but not all were
used in the assessment. In the optimization of the com-
pounds MgFe,0,, CaS and MgS no attempts were made to
fit the low-temperature Cp data, instead the Neumann-Kopp
approximation was used in the present work.

When optimizing the spinel phase, a parameter describ-
ing stoichiometric MgFe,O, was first determined using
thermochemical data, where low weight was given to the
enthalpy of formation and Gibbs energy of formation. The
magnetic transition temperature was fixed to the experi-
mental value 690 K, and the Bohr magneton number was
used as an optimizing parameter to fit the shape of the
lambda transition. The degree of order was then used to
evaluate the ordering of Fe™ and Mg on the octahedral
and tetrahedral sublattices. The FeO-MgO and Fe,O5-MgO
interactions in the halite phase are assessed in a first step
mainly using oxygen isobars in the halite single-phase
region. When the solid oxides in the Fe-Mg-O system had
been roughly evaluated, all parameters were included in the
optimization, also involving experimental information on
invariant equilibria and measured oxygen potentials in the
two-phase regions. After the solid oxides had been deter-
mined, the liquid phase was assessed using data on the
phase boundaries between liquid oxide and halite in the
iron-saturated section and the invariant temperature in air.

In the Fe-Ca-S and Fe-Mg-S systems, solid CaS and MgS,
i.e. the alabandite phases, were evaluated using thermochem-
ical data. Liquid CaS and MgS were described using Neumann-
Kopp. Since no heat of fusion data is found, the melting entropy
from MgO is used for both sulphides. The reason assuming that
all the sulphides and oxides in this study have the same melting
entropy is that this value contains the entropy difference
between a strongly ionic NaCl-crystal and a strongly ionic
liquid. The interaction parameters in the FeS-CaS and FeS-
MgS pseudobinary systems are optimized starting with
interaction parameters of the alabandite phase. The liquid
interaction parameters are optimized as the alabandite param-
eters have been fixed. The optimized parameters for Fe-Mg-O,
Fe-Ca-S and Fe-Mg-S are found in Tables 1, 2, and 3
respectively and functions are found in Table 4.

3. Result and Discussion

3.1 Fe-Mg-O

Many experimental investigations have been reported in
the Fe-Mg-O system. There are mainly three types of
experimental information: thermochemical and structural
data for the spinel phase, non-stoichiometry of the halite
phase and the phase equilibria Fe-halite, halite-spinel and
spinel-corundum at different oxygen potentials.

3.2 Spinel (Fez_xMg,04 0 <x < 1)

3.2.1 Heat Capacity, Heat Content and Entropy. The
heat capacity has been measured by King!**! up to 300 K and
at ambient temperature by Reznitskii et al.**! The two sets of
measurements disagree as the values measured by Reznitskii
et al. are considerably higher than those reported by King.**!
The magnetic transition of MgFe,O, is observed at around
650 K according to Reznitskii et al.®* The heat content of
MgFe,O,4 has been experimentally determined by Bonnick-
son**! and the entropy of MgFe,O4 at 298 K is reported by
King.**! The calculated heat capacity and entropy at 298 K is
143.8 and 115.1 J/mol/K respectively compared with 143.7
and 118.4 J/mol/K, as reported by King.**! The calculated
heat content is shown in Fig. la together with the experi-
mental data from Bonnickson.!

3.2.2 Enthalpies of Formation. The enthalpy of forma-
tion of MgFe,0, from MgO and Fe,O5 have been discussed in
some studies.***% Navrotsky and Kleppal*® reports the heat
of formation to be -15.5 4 1.0 kJ/mol at 970 K. According to
them this is in good agreement with Tretjakow and Sch-
malzried®® who estimated the heat of formation to
—24.1+£1.7 kJ/mol at 1273 K and —20.1£1.7 kJ/mol at
298 K from the temperature dependence of EMF data.
However, Shearer and Kleppa®® make a correction of
11.7 kJ/mol to the data by Navrotsky and Kleppal*” as they
use an incorrect value of the enthalpy of solution of MgO in
lead-cadmium-borate, which gives —6.7+2.1 kJ/mol at
970 K. This agrees reasonably well with Koehler et al.*”!
who reports the heat of formation to be —2.6 4= 1.5 kJ/mol at
298 K. The calculated heat of formation at 970 K is
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Fig. 1 Calculated (a) heat content and (b) Gibbs ener;%y of formation for the MgFe,O4-spinel, using MgO (halite) and Fe,O3 (corun-

dum) as references, together with experimental datal*>*!

—20.3 kJ/mol. A further complication regarding thermochem-
ical data of spinels is due to uncertainties re%arding the cation
equilibration, as is discussed in Navrotsky.””)

3.2.3 Gibbs Energy of Formation. Tretjakow and Sch-
malzried®®  determined the Gibbs energy change of
MgFe,0, relative to the component oxides using a CaO-
ZrO, solid state electrolyte cell. They employed an air
reference electrode and MgFe,O4 + MgO + Fe as the
working electrode in their cells and report the Gibbs energy
of formation to be —24.06 + 0.00134 T kJ/mol in the
temperature range 1100 to 1700 K. Wang et al.*'l deter-
mined the Gibbs energy of MgFe,O, relative to component
oxides using a solid state cell incorporating MgZr4(POy4)e
and a single crystal of CaF, as solid electrolytes. The
reversible EMF of a solid state cell was measured as a
function of temperature in the range 950 to 1200 K. Low
weight was given the Gibbs energy of formation data in the
assessment procedure. In Fig. 1a and b the heat content and
Gibbs energy of formation of the spinel phase is plotted
together with experimental data.

3.2.4 Structural Data. MgFe,O, is known to be an
almost inverse spinel at room temperature with Fe™ on
tetrahedral sites and Mg™ and Fe™ on octahedral sites.
With increasing temperature it changes gradually into a
more normal structure.'*>***! At low temperatures, the cation
distribution does not have time to reach equilibrium. On the
other hand, at high temperatures, it is difficult to retain the
equilibrium distribution of cations on quenching. Trestman-
Matts et al.l**) and Nell et al.®® measured the degree of
inversion in the Mg, _,Fe,., O, spinel solution at 1000 °C.
O’Neill et al.l*?! report the ordering of Fe™® and Mg on the
octahedral and tetrahedral sublattices. In Fig. 2 the calcu-
lated degree of inversion as function of temperature in the
MgFe,0, spinel is plotted together with experimental data.
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Fig. 2 Calculated degree of inversion of MgFe,O4-spinel with
experimental data from!**~*%!

3.3 Halite Fe;_,Mn,0, 0 <x < 1

3.3.1 Non-stoichiometry. Experimental data on the
non-stoichiometry of halite are quite scattered. Several
investigators’®>' ! have reported the Fe™* content as func-
tion of composition. The calculated molar ratio np.+ /ng-2
in the halite phase in equilibrium with iron is shown in

280 Journal of Phase Equilibria and Diffusion Vol. 37 No. 3 2016



0.12 ' '
1433 K:
\ AKatsura and Kimura, 1965
P 1573 K:

2 0.10 - O Sreéec et al., 1987

% \ © Simons, 1980

£ Ym K

= 0.08 - \ -
;3_ 1433 K\

Ij: \

~ 0.06 - -
.2 @

- N

S 004 i
c . & \\ <

.g \\\

? 0.02- @ N -

g A\~\‘
A
0 T T T | T | | —
A 0 01 02 03 04 05 06 07 0.8 09 1.0
Mg/(Fe+Mg)

Fig. 3 Calculated cation distribution in halite as function of Fe/
(Fe + Mg) in equilibrium with iron at 1433 and 1573 K with
experimental data from!>'->%

Fig. 3 together with experimental data. As can be seen in the
figure only a slight temperature dependence is found, both
experimentally and in the calculations. The calculated
values are within the experimental scatter. It was found
that it was not possible to decrease the npg: /ng- ratio and
simultaneously fit the log (PO,) isobars in the halite single-
phase region and the halite + spinel two-phase regions
without using very large ternary interaction parameters in
the halite phase.

3.3.2 Phase Diagram. Halite solid solutions in equilib-
rium with iron were studied at different temperatures and
oxygen partial pressures by several authors.>'*%] These
data show how the total Fe and Fe™ contents in halite
depend on oxygen partial pressure and temperature. The
phase diagram (spinel-corundum, halite-spinel, Fe-halite
equilibria) of the Fe-Mg-O system at various oxygen partial
pressures for temperatures between 800 and 1600 °C was
studied by many authors.?%31:343¢-58-68] Halite decomposes
into Fe + spinel below about 564 °C in the binary Fe-O
system. This dissociation occurs also in the ternary system,
and was measured by Schmahl et al.l® The calculated
dissociation temperature is shown in Fig. 4.

MgO-Fe,0;. The phase diagram in air has been investi-
gated by several authors®***"% from 800 to 1750 °C. The
calculated phase diagram in air is shown in Fig. 5. The true
binary system MgO-Fe,O5 can be calculated by inserting a
very high oxygen potential which is also shown in Fig. 5.

FeO-MgO with Excess Iron. The iron-saturated region
(“FeO”-MgO), where the iron oxide consists mainly of
FeO, was studied by many authors.”'"">! Solidus temper-
atures were measured by Schenck and Pfaff!”"! Liquidus
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Fig. 4 Calculated dissociation temperature of halite as function
of Fe/(Fe + Mg) together with experimental datal’"]
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Fig. 5 Calculated pseudobinary MgO-“Fe,O;” phase diagram
in air (ap, =0.21) with experimental phase boundary
data.’?¢%7%7) The dashed line is the MgO-Fe,0O5 phase pseu-
dobinary calculated by setting a very high oxygen activity

temperatures were measured by several authors,’*"! but
the results are rather scattered. Metallic iron is always
present, in different modifications depending on the tem-
perature. The calculated phase diagram with excess iron is
shown with experimental data”'”>! in Fig. 6. The experi-
mental solidus temperatures are reasonably well described
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Table 1 List of assessed parameters in the Fe-Mg-O
system for phases that have been assessed in this work

Table 2 List of parameters in the Fe-Ca-S system for
phases that have been assessed in this work

Lo
By, = +GFELIQ™
Gygrya = *GLIQMG™Y
Gperp2 = +FAGFEOLIQM!
Gyg2.02 = Y2GMGOLIQ™
Greos = +2.5GFEOLIQ-89819 + 39.962T('"]
0 = 9]
L]Fe{z_’Mg‘zzVa = +61343M+ 15T
LFe”.Mg*Z:Va = —2700
Lge2 pgr.0-2 = — 20000[*]

0 = [11]
L?”:O sy = +176681 — 16.368TUlJ
Lgemio,:_ya = —65655 + [3](1)].869T
LFeJ'Z:O’z.FeO”2 = —26362

! = +1335311

Fet2:072 FeO*/?
Lytgi2.0-2.y, = 1182000 + 26.8T!'?]

LFe”:Va.FeO”z =+1 10000[2]
Halite
Gre2.02 = FGWUSTITE!'!
Gpetro2 = +1.25AWUSTITE + 1.25GWUSTITE!!!
G202 = +GMGOSOLP”

L) 2 pesg2 = —12324M1
Ll 2 g = 7200701
LFe”.Mg“;O > = +5200[*]
Fe'? Mg'?:0? = ‘2000[*]
Lgc+3=Mg+z:O—z = +24000[*]
Lll“e”.Mg“:O’z = -6800[*]

Spinel
Gre2pevan 2 = FIGFE304 + BFE304!M
Gress per2vao2 = FTGFE304]
Grepervan> = +IGFE304M
Gretper a2 = F1GFE304 — BFE304!M1
Gre>yavan 2 = FSGFE304 + CFE304!'
Gresvavan> = +SGFE304 + CFE304 — BFE304!'!!
Gyig g 2va0-2 = TNSPINEL + 2ISPINEL + 4RTIn(2) — 2
REFSPAAV™!
Gytg#vavao-2 = PNSPINEL + 2ISPI-
NEL + 8GGAMMA + 2RT(6In(6)-5In(5)) + DGREC — 6%
REFSPAAV!
Gre2g2vao = TNSPINEL + 2ISPINEL + 4RTIn(2)-2RE-
FSPAAV + 7GFE304 — GMGFE204 + DGMF[*]
Gretpg2vao = T2GMGFE204 — 7
GFE304 + BFE304 + 4RTIn(2) — 2IMGFE204[*]
Gyg ey = TGMGFE204 + BFE304[*]
G e avao? = TGMGFE204[*]
Grorerro2 = Grvan2 = T2GFE304 + DFE304 — BFE304['"!
G202 = Groyao> = F2GFE304 + 8MSPINEL —2
NSPINEL — 4ISPINEL — 4RTIn(2) + 4REFSPAAV?¢]
Magnetic properties (p = 0.28)
For compounds containing only Fe cations 7 = +848 and
B = +44.5411
For compounds containing only Mg cations Tc = 0 and B = 0%
For compounds containing Fe + Mg cations 7T¢ = +375 and § = 0[*]

OﬂFe“:Fe’3.Mg+Z:Va:O’2 = _85[*]

* parameters assessed in this work

compared with the experimental data by Schenck and
Pfaff.”"! The liquidus temperatures are scattered, but the
values from Scheel et al..’*! are well reproduced.

Liquid
Gea = GLIQCADP®
Gre = GFELIQP¥!
Gs = GLIQSSP™
Geass = 2GLIQCA + 2GLIQSS-826244 + 97.303607T*]
Gre:s = 2GFELIQ + 2GLIQSS + 2GLIQFES!'”
Leapeva = 1207052
Leasva = Leaoya) = 17331
Lca:s-2,s0 = 100000[*]
Leafes = —55000[*]
OLpe:sva = 103758 — 46.3734 71
'Lesva = —27530M1
OLpes2g, = 96626 —43.61471'7
Wpes2s, = —145966 + 494297117
Alabandite
Gca:s = GHSERSS + GHSERCA — 476000 + 57.2217*]
Gres = GHSERFE + GHSERSS + GFES + 5380 — 2.3771%!
Lcqpe:s = 46000[*]

* parameters assessed in this work

Table 3 List of parameters in the Fe-Mg-S system for
phases that have been assessed in this work

Liquid
Gre = GFELIQP®
Gmg = GLIQMG™®
Gs = GLIQSSP®!
Gre:s = 2GFELIQ + 2GLIQSS + 2GLIQFES!”
Gwugs = 2GLIQMG + 2GLIQSS-619140 + 94.71262T
Lfesva = 103758 — 46.373471°]
Liesva = —275301'%
OLpes2g, = 96626 —43.614717
WLpes2s, = —145966 + 49.42971%
OLpemgva = 61343 + 1,571
lLFe,Mg:Va = —2700™
Lugsva = Lvgova = 182000 + 26.877*]
Lgemgs = 18000[*]
Lytgs-s, = 100000[*]
Alabandite
Gre:s = GHSERFE + GHSERSS + GFES + 5380-2.3771*
Gwg:s = GHSERSS +GHSERMG + 351456 + 50.257T*]
OLFe,Mg:S = 8140[*]
'Lremg:s = 4900[*]

* parameters assessed in this work

FeO-Fe,0;-MgO. Philips and Muan'®” studied the isother-
mal section FeO-Fe,03-MgO at temperatures from 1673 to
1873 K. Oxygen isobars in the FeO-Fe,03-MgO ternary
were measured by several authors®*¢%%37¢1 at various
temperatures (1433 to 1673 K). Calculated isothermal
sections of the FeO-Fe,03-MgO phase diagram are shown
in Fig. 7 for the temperatures 1433 and 1573 K with
log(Pozg isobars. The experimental data from Katsura and
Kimural®®! as well as Speidel!®! are in reasonable agree-
ment with the present assessment.
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Table 4 List of functions used in the descriptions

Table 4 continued

Functions

Functions

GFELIQ (298.15 < T < 1811) = +GHSERFE + 12040.17 — 6.55843T
3.6751551E — 2177

GFELIQ (1811 < T < 6000) = —10839.7 + 291.302T — 46TIn(T)
GHSERFE (298.15 < T < 1811) = +1224.83 + 124.134T — 23.5143
TIn(T) — 0.004397527° — 5.89269E — 087> + 77358.5/T

GMGLIQ (298.15 < T < 923) = +GHSERMG + 8202.243 — 8.83693T
8.0176E — 20T’

GMGLIQ (923 < T < 3000) = +GHSERMG + 8690.316 —9.392158T
1.038192E + 287°

GFEOLIQ = —137252 + 224.641T — 37.1815TIn(T)

GMGOLIQ (298.15 < T < 1700) = —549098.33 + 275.724634T
47.4817TIn(T) — 0.00232681*T> + 4.5043E — 08T° + 516900/T
GMGOLIQ (1700 < T < 2450) = —585159.646 + 506.06825T — 78.3772
TIn(T) + 0.00973447% — 8.60338E — 07T° + 8591550/T

GMGOLIQ (2450 < T < 3100) = +9110429.75 — 42013.7634

T + 5298.548TIn(T) — 1.30122485T° + 5.8262601E — 05T° — 3.24037416
E + 09/T

GMGOLIQ (3100 < T < 5100) — 632664.468 + 589.239555T — 84TIn(7)
GWUSTITE = —279318 + 252.848T — 46.12826InTIn(7) — 0.0057402984
T2

AWUSTITE = —55384 + 27.888T

GMGOSOL (298.15 < T < 1700) = —549098.33 + 275.724634T
47.4817TIn(T) — 0.002326817° + 4.5043E — 087> + 516900/T
GMGOSOL (1700 < T < 2450) = —585159.646 + 506.06825T
78.3772TIn(T) + 0.0097344T> — 8.60338E — 07T° + 8591550/T
GMGOSOL (2450 < T < 3100) = +9110429.75 — 42013.7634

T + 5298.548TIn(T) — 1.30122485T% + 5.8262601E — 05T° — 3.24037416
E + 09/T

GMGOSOL (3100 < T < 5100) — 632664.468 + 589.239555T — 84TIn(T)
GFE304 = — 161731 + 144.873T — 24.9879TIn(T) — 0.0011952256

7 + 206520/T

BFE304 = 46826 — 27.266T

CFE304 = +120730 — 20.102T

DFE304 = +402520 — 30.529T

NSPINEL = +GMGOSOL + GCORUND — 27600 — 627 + 9In(7)
ISPINEL = +NSPINEL + 51600 — 39T

MSPINEL = +GMGOSOL + 58000 — 187

GGAMMA (298.15 < T < 600) = —1689977.34 + 469.458181T
70.54527In(T) — 0.0707947° + 1.491345E — 057° + 981165/T
GGAMMA (600 < T < 1500) = —1708389.72 + 791.591946T — 121.754
TIn(7) — 0.0075467T> + 2.89573E — 07T° + 2222750/T

GGAMMA (1500 < T < 3000) = —1758861.74 + 1110.41976T
164.253TIn(7) + 0.007753057> — 6.8247E — 07T° + 13162750/T
DGREC = +108000

REFSPAAV = 10.5NSPFEAL — 3.5GFE304 — 0.5BFE304 + 32900
GFE203 = —858683 + 827.9467 — 137.00897In(T) + 1453810/T
GCORUND (298.15 < T < 600) = —1707351.3 + 448.021092*T
67.4804TIn(T) — 0.06747T° + 1.4205433E — 05T° + 938780/T
GCORUND (600 < T < 1500) = —1724886.06 + 754.856573*T
116.258TIn(T) — 0.0072257T> + 2.78532E — 07T + 2120700/T
GCORUND (1500 < T < 3000) = —1772163.19 + 1053.4548*T
156.058TIn(7) + 0.007091057% — 6.29402E — 071° + 12366650/
GMGFE204 = +GFE203 + GMGOSOL + 20100 + 13T

JMGFE204 = +52100

DGMF = +40000

GLIQCA = +5844.846 + 62.4838T — 16.31387InT — 0.011104557°
133574/T

GHSERSS (298.15 < T < 368.3) = —5228.956 + 55.401762T — 11.007
TIn(T) — 0.026529T% + 7.754333E — 06T°

GHSERSS (7 < 368.3 < T < 1300) = —6513.769 + 94.676922T
17.9418397In(7T) — 0.0108951257° + 1.402558E — 067° + 39910/T
GHSERCA (298.15 < T < 1115) = —4955.062 + 72.794266T
16.31387In(7) — 0.011104557% — 133574/T

GHSERCA (1115 < T < 3000) = —107304.428 + 799.982066T
114.292247TIn(T) + 0.0237338147° — 1.2438E — 06> + 18245540/T
GHSERCA (3000 < T < 3001) = —3703.12 + 192.63995*T — 35TIn(T)
GLIQSS (298.15 < T < 388.36) = —4001.549 + 77.8896867 — 15.504
TIn(T) — 0.0186297° — 2.4942E — 07T° — 113945/T

GLIQSS (T < 388.36 < T < 428.15) = —5285183.35 + 118449.585T
19762.4TIn(T) + 32.79275T% — 0.0102214167T° + 2.646735E + 08/T
GLIQSS (428.15E < T < 432.25) = —8174995.23 + 319914.078T
57607.3TIn(T) + 135.30457% — .0529973333* >

GLIQSS (43225 < T) = —219408.801 + 7758.83993T — 1371.85
TIn(T) + 2.8450357% —0.001013803337°

GFES = —107518 — 18.197 + 1.78TIn(7)

GLIQFES = —104225 — 1.479T

3200 | 1 | 1 1
AFetters and Chipman, 1941
L o Schenck and Pfaff, 1961
3000 ©Gokcen, 1956 -
+ Shim and Ban-Ya, 1981
2800 * Scheel, 1975 =
<
o 2600 -
=
© 2400 B
Q
=3 .
£ 2200 o
(]
-
2000 -
1800 - s AT L
1600 T | T | T | | |
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Fel(Fe+Mg)

Fig. 6 Calculated pseudobinary MgO-“FeO” pseudobinai
phase diagram assuming excess iron with experimental datal’!-7*]

FeO-Fe,03-MgO Oxygen Partial Pressure. Activity mea-
surements have been performed at various temgeratures,
at 1073 K[ 1173 K636 1273 K [56-8.63.65.66]
1373 K [5456:58.63:651 1473 K [63:65] |573 KIS462:64] 4 g
1673 K.1°"! Phase diagrams at various temperatures show-
ing oxygen partial pressure versus composition are pre-
sented in Fig. 8. The calculated phase boundaries are within
the experimental errors.
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Calculated isothermal section in FeO-Fe,O3;-MgO at
1873 K with experimental data on solubilities in the
liquid'®® and stable phases®” is shown in Fig. 9. The main
discrepancy between the measurement and calculation is the
MgO content at the liquidus, which is higher in the
measurements than given by the calculation. But, as can be
seen in Fig. 5, the reported liquidus composition within the
spinel field is in disagreement with other measurements. The
data from Schiirmann and Kolm'®®! was not used in the
assessment procedure.

Activity of FeO. Activity measurements of FeO in halite
were performed in two studies."***) As can be seen in
Fig. 10 the calculated activity is more ideal compared with
the experimental results. This disagreement coincides with
the disagreement of the cation distribution in halite as was
shown in Fig. 3. However, it could also be a result of the
fact that a “FeO”-MgO solution contains FeO, rather than
FeO. The disagreement is acceptable in order to obtain a
good fit to other experimental results.

3.4 Fe-Ca-S

Despite its metallurgical importance, only limited exper-
imental information is found for the Fe-Ca-S system and
even the Ca-S system. Heat capacity of CaS at low
temperature have been measured by Anderson.””! In
addition, the heat capacity has been calculated using DFT
within GGA by Choutri et al.’®! The experimental heat
capacity values are used to derive an entropy value, by
numerical integration, which gives 57.22 J/K/mol at
294.9 K. The heat of formation has been reported by
several authors.””** In this study the compiled value

Calculated

R tzgzsoz;fjgz ALog(Poz)= -0.68
02)==% _

—-—- Log(Po;)=-5.89 mLog(Po2)= -4.04

—-— Log(Po,)=-6.82 &Log(Poy)= -5.89

________ togggoZ;:g 1.0 < Log(Poy)=-6.82

"""" 09(Fo2)=- £ _

— — — Log(Po,)=-10 0.9-4 v Log(Poz)=-7.65-8.34

— — — Log(Poz)=-11 4 +Log(Po;)=-8.75-9.42
Log(Poz)=-12 8 ¢ Log(Por)=-9.73-10.45
Log(Po)=-13

% Log(Po;)=-10.97-11
©Log(Poy)=-11.98-12.5
#Log(Poy)=-12.7-13.2

Corun +
Spinel N

@ 001020304050607080910
Mole fraction Fe,0,

(a)

Katsura and Kimura, 1965

Fig. 8 Stable phases at oxygen partial pressure versus Mg/ »
(Fe + Mg) at (a) 1173 K, (b) 1273, (31373 (d) 1473 and (e)
1573 with experimental data.l>'->*36 58-6 # Woodhouse and
White,”?x Willshee and White,'*®! p Wallace et al.,[*" v Srecec
et al., fs11 # S[peldel,[éz] ® Hahn and Muan,’*! X Paladino,®!
* Kang et al.,® + Maja and Abbattista,”®! = Schmalzried and
Treg]akow (651" & Wallet and Marion,*®! A Trinel-Dufour and Per-

—476 kJ/mol from Mills®®* is chosen since it is in
agreement with most of the reported values. The meltin %
point has been measured as 2798 K by Juza and Biinzen.'®
No heat of fusion data has been reported for CaS, which is
also the case for MgS. For this reason, the melting entropy
for MgO is used for both CaS and MgS. This value is 25 J/
K/mol accordmg to the Mg-O description by Hallstedt,!
which is about the same as for the Ca-O description by
Selleby and Sundman.!*! Except for pure CaS no data have
been found for the Ca-S system. Therefore, parameters for
the liquid from an assessment of the Ca-O system'?) are used
as an approximation. This interaction parameter is rather
low and thus no miscibility gap is formed on the metallic
side of the phase diagram. This might be incorrect but given
the lack of experimental data it is assumed that the Ca-O
system is reasonably similar to the Ca-S system. In the Cu-
8,119 Fe-S"% and Ni-S® systems there is a miscibility gap
between sulphidic liquid and pure sulphur. Due to the high
melting point of CaS there the existence of a miscibility gap
in the CaS-S part of the system is uncertain. However,
considering the larger ionic character, the immiscibility
between CaS and S is likely higher than that with Fe, Cu
and Ni. Thus the Lg , 5 parameter is set so that a miscibility
gap, which would be larger than the FeS-S miscibility gap if

Calculated Paladino, 1960 Speidel, 1967
— — — Log(Po,)=0 Y Log(Po,)=0 [Log(Poz)=0
tgggﬁﬂ 968 1aLog(Po;)=-0.68 ALog(Po;)=-0.68
— o 5
.. Log(Pog=2  XLoslPoa=21.0 % ©Log(Poy)=-1
________ Log(Po,)=-3.41 0.9+ ZLog(Poy)=-2
"""" Log(Po;)=-6 B VLog(Pg;)=-3.41
— — — Log(Po,)=-7 Log(Po,)=-6
— — — Log(Poy)=-8 tLog(Poo)=
Log(Poy)=9 *Log(Poy)=-7
Log(P02)=-10®Q X Log(Poz)=-8
OLog(Pg2)=-9
S

#Log(Po,)=-10

A
0 01 02 03 04 05 06 0.7 08 09 1.0

Mole fraction Fe,0;

(b)

Fig. 7 ga) Calculated FeO-Fe,05-MgO isothermal section at (a) 1433 K with experimental data®! and (b) 1573 K with experimental

datal®>%3
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A schiirmann, 1988 - Liquid boundary
[ Phillips and Muan, 1962 - Liquid
<& Phillips and Muan, 1962 - Spinel
* Phillips and Muan, 1962 - Halite

0 01 02 03 04 05 06 0.7 08 09 1.0
Mole fraction Fe,0;

Fig. 9 Calculated Fe-Mg-O isothermal section at 1873 K to-
gether with experimental data®”-¢*
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Fig. 10 Calculated FeO activity usin% halite as reference to-
gether with experimental data from®*®°

CaS had the same melting point as FeS, is formed. The
calculated Ca-S phase diagram is shown in Fig. 11.

The CaS-FeS binary section has been studied by Ref 30,
31, 86. These studies measured the solubility of FeS in CaS,
which should be around 1 mass%, according to Vogel and
Heumann,®® but Huemann™® later reported 2.1 mass% as
the correct value. Skinner and Luce®' reported the
solubility to be less than 1 at.% FeS at 1273 K. In addition
Vogel and Heumann!®”! reported the eutectic point to be at
20 mass% CaS and 1393 K. Further on they report the data
on two liquidus temperature close to the eutectic point.

3500 :

3000

2500 r

2000 -

1500 - L + Alab Alab +L |

Temperature (K)

1000 BCC + Alab B

FCC + Alab
500 T T T T T T T T

A 0 01 02 0.3 0.4 0.5 06 0.7 0.8 09 1.0
Mole fraction S

Fig. 11 The calculated Ca-S phase diagram with the gas phase
suspended

However, as with the solubility of FeS in CaS, Heumann!®®

later reported new values on the eutectic point, i.e. 12
mass% CaS and 1373 K. This study also presents new
liquidus data close to the eutectic point and reports problems
with sample purity in the earlier study. The study by
Heumann'®® is chosen due to the higher sample purity.
However, the shape of the liquidus curve rather than the
eutectic temperature is believed to be most reliable, thus the
eutectic temperature is set to 90 K lower than reported
experimentally. It should also be emphasized that the study
by Heumann'® can be fitted using fewer interaction
parameters than that of Vogel and Heumann,* which is
an indication that the study by Heumann is more reliable.
The description of [NaCl]-FeS (alabandite) is adopted from
the Fe-Mn-S description.”*] The experimental data is
compared to the calculated FeS-CaS pseudobinary section
in Fig. 12.

The only ternary information that has been reported is
phase diagram data for an isoplethal section at low calcium
content as reported by Vogel and Heumann.*” Their phase
transition data is shown together with the calculated
isoplethal section in Fig. 13. In the calculation, the bcc
phase is ignored thus using the fcc phase to represent any
solid iron phase. The reason for this is that Vogel and
Heumann just report solid iron, and thus do not report bcc
and fcc separately. The phase regions agree well with the
experimental data but some phase transitions are missing in
the experiments. Calculations predict a miscibility %aéo
which has not been reported by Vogel and Heumann.””!
However, one could assume that the reported L/(L + CaS)
phase boundary is in fact the miscibility gap. Using this
assumption these experimental points show a reasonable
agreement with the calculations. Given the uncertainties of
the study by Vogel and Heumann®® and because this
isoplethal section is rather close to the accepted Fe-S binary
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section it is decided not to set any parameter in the low-
sulphur ternary section. The calculated isothermal section at
1873 K is shown in Fig. 14.

3.5 Fe-Mg-S

The experimental information concerning the Mg-S and
Fe-Mg-S systems is limited. The heat capacity of MgS at
low temperatures has been measured by Stull et al.’*”! and

3000 | | | | | | |
AVogel and Heumann, 1941
{Heumann, 1942
[MdSkinner and Luce, 1971
2500 B
<
Q 2000 ~
=
)
o
2
& 1500 ¢ ;—
- 1
1000 I~
Pyrr + Alab
500 T T T T T T T

| I
0 01 02 03 04 05 06 0.7 08 09 1.0
Mole fraction CaS

A

Fig. 12 The calculated FeS-CaS pseudobinary phase diagram
with experimental data from[%3!8¢]

has also been calculated using ab initio, in the same study as
CaS.I”® The entropy is integrated numerically from the heat
capacity which gives 50.25 J/K/mol at 298.15 K. There are
some reports on the heat of formation.””#**8%%1 Oyt of
these, the compiled value given by Mills®**! is used since it
agrees with most reported results. Since sulphur has weaker
bonds to magnesium than oxygen it is also assumed that the
melting point must be below that of MgO, i.e. 3073 K.['*!
According to Tiede and Schleede®") the meltin% Point
should be at least 2273 K. However, the only study”’* that
reports a value of the MgS melting temperature states that it
is 2264 K. This melting point is accepted as it is the only
reported value and since it is very close the lower limit
suggested by Tiede and Schleede.”!! As in the case of CaS
the melting entropy of MgO!'? is used for MgS. Except for
MgS, no experimental data has been reported for the Mg-S
binary. The liquid interaction parameters from the Mg-O
binary description''?! are used to model the Mg-MgS side.
In contrast to the Ca-S system this results in a really large
miscibility gap in the metallic side of the Mg-S phase
diagram, which is due to the different oxygen description
used as approximations. The immiscibility might be too
large considering that oxygen has a higher electronegativity
than sulphur but it is a reasonable assumption considering
the lack of experimental data. As in the case of Ca-S the Lg_
»,s parameter in the liquid should be set to a rather large
value. Estimating the same value as in the Ca-S system a
liquid miscibility gap is formed at high sulphur contents due
to the lower melting point of MgS, as can be seen in Fig. 15.

The solid phases in the FeS-MgS system have been
studied by Skinner and Luce®'! and Andreev et al.”*! The
calculated FeS-MgS pseudobinary is shown in Fig. 16
together with experimental information. It is also studied in
McCammon et al.”*! No data has been found for the Fe-
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Fig. 13 The calculated isoplethal section at the mass ratio Ca:Fe = 0.07 with experimental phase boundary data from,

1391 with gas and

bce suspended. Note that the experimental study does not report any liquid miscibility gap. The phases were named CaS (alab), FeS

(pyrr), S (L) and Fe (FCC) in their publication
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Fig. 14 The calculated Fe-Ca-S isothermal section at 1873 K
with the gas phase suspended
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Fig. 15 The calculated Mg-S phase diagram with the gas phase
suspended

Mg-S ternary section. In Fig. 17 the isothermal section of
the Fe-Mg-S system at 1873 K is presented.

3.6 Similarities Between the Systems

As mentioned throughout the paper the systems Fe-Ca-O,
Fe-Ca-S, Fe-Mg-O and Fe-Mg-S are similar from a
chemical point of view. A main difference is the fact that
sulphur has a lower electronegativity than oxygen. This
causes the melting point of the sulphides to be somewhat
lower than their oxide counterparts. Additionally, given that

2500 | | | | | | | | |
[MSkinner and Luce, 1971

X Andreev, 2006
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&
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Fig. 16 The calculated FeS- M%S pseudobinary phase diagram
with experimental data from

L,+L,+Alab

g 0 01 02 03 04 05 06 0.7 08 09 1.0
Mole fraction Mg

Fig. 17 The calculated Fe-Mg-S isothermal section at 1873 K
with gas phase suspended

sulphides are less ionic than oxides the mutual solubility
between the solid sulphide and solid oxides is very low.
Another difference is the ionic radius of calcium and
magnesium. Since magnesium has a similar ionic radius as
iron this means that [NaCl]-MgS can dissolve high amount
of [NaCl]-FeS, as was shown in Fig. 16, and likewise that
[NaCl]-FeO and [NaCl]-MgO have complete mutual solu-
bility. In the case of CaS and CaO this is however not the
case since the calcium ion is significantly larger than the
iron(I) ion. It should also be mentioned that for this reason
CaS and MgSP" and CaO and MgOP**! have large
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Fig. 18 Pseudobinaries calculated with corresponding oxide and sulphide liquid parameters, (a) FeS-CaS with its normal parameters
(black) as well as FeO-CaO (dotted red) and FeS-MgS (red) parameters and (b) FeS-MgS with its normal parameters (black) as well as
FeO-MgO (dotted red) and FeS-CaS (red) parameters (Color figure online)

miscibility gaps. It is reasonable to assume that the ionic
radius has less influence in the liquid phase. Given this and
that liquid sulphides behaves strongly ionic it is reasonable
to assume that all these liquids behave similarly. This
assumption is used considering the entropy of fusion, which
is set equal for CaO, CaS, MgO and MgS. Additionally the
liquid parameters for Ca-S and Mg-S have been set using
their oxygen counterparts due to lacking experimental
information. To investigate this similarity the sulphide
pseudobinary phase diagrams are calculated using liquid
interaction parameters from their corresponding systems,
sulphide and oxide, as is shown in Fig. 18. In these
calculations all parameters are taken from this work except
the FeO-CaO parameters which are taken from Selleby and
Sundman.”) As can be seen, the graphs for the sulphide
systems are reproduced rather well by their corresponding
oxide systems. It is worth to mention that even selenides and
sulphides can be really similar as is shown for the CaS-MnS
and CaSe-MnSe systems.!”® Approximating parameters in
an alkaline earth metal sulphide system by using a similar
alkaline earth metal sulphide, is however not as good
approximation as using the corresponding oxide systems.

4. Conclusions

Thermodynamic descriptions of the Fe-Mg-O, Fe-Ca-S
and Fe-Mg-S systems have been presented. The description
of the Fe-Mg-O system reproduces both thermochemical
and phase diagram data well. Despite the fact the Fe-Ca-S
and Fe-Mg-S descriptions are largely based on assumptions,

they can probably predict the unknown parts of the phase
diagrams reasonably well. The reason for this is that most
assumptions are based on the fact that Ca and Mg as well as
O and S are quite similar from a chemical point of view.
However, it is still desirable to fill this knowledge gap with
experimental studies. Since both oxygen and sulphur are of
importance for steelmaking a natural next step would be to
combine these systems.
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