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Abstract Phase equilibria and thermodynamic data in the

FeO-Fe2O3-SiO2 system were critically reviewed. New

experiments were undertaken to resolve discrepancies

found in previous data. The liquid oxide/slag phase was

described using the modified quasichemical model. New

optimized parameters of the thermodynamic models for the

Gibbs energies of slag and other phases in the selected

system were obtained. The new parameters reproduce all

available phase equilibria and thermodynamic data within

the experimental error limits from 298 K (25 �C) to above

the liquidus temperatures at all compositions and oxygen

partial pressures from metal saturation to 1 atm of O2. This

study was carried out as part of the development of a self-

consistent thermodynamic database for the Al-Ca-Cu-Fe-

Mg-Si-O-S multi-component system.

Keywords CALPHAD � experimental phase equilibria �
phase diagram � phase equilibria � thermodynamic

assessment

1 Introduction

The FeO-Fe2O3-SiO2 system is essential for most

pyrometallurgical processes, as well as for many other

fields, such as ceramics and petrology. The system

describes the chemical basis for sintering of iron-contain-

ing ores, slags in steel making, and non-ferrous sulfide

smelting. Accurate description of the phase equilibria and

thermodynamic properties of the system over a wide range

of conditions is required for calculations and simulations to

assist in the evaluation of the performance of the industrial

processes.

The FeO-Fe2O3-SiO2 system has been extensively

studied. Several researchers investigated the liquidus of the

slag in equilibrium with metallic iron[1–4] and air,[5,6] and

the miscibility gap of the slag at high temperatures.[7,8]

Experimental data were reported by various researchers on

the equilibria between gas and fully liquid slag;[6,9,10]

between gas and two condensed phases (slag ? solid iron,

liquid iron, wüstite, magnetite, or tridymite);[1,3,6,10–17] and

between gas and three condensed phases (three solids, or

slag ? two solids).[1,3,10,16,18–29] The experimental data

were obtained using various experimental techniques

including: (a) gas equilibration and quenching, followed by

microstructural analysis, wet chemistry or

EPMA;[1–8,10–13,15,17,20,23–25] and (b) gas equilibration and

various types of online measurement, such as, thermo-

gravimetric technique, e.m.f. technique with zirconia solid

electrolytes or gas analysis technique.[9,16,18,19,21–23,26–29]

The enthalpy of dissolution of solid SiO2 in the FeO-Fe2O3

melt at 1693 K (1420 �C) was measured using a high-

temperature calorimetry technique.[30,31]

There are several comprehensive assessments of the

FeO-Fe2O3-SiO2 system available in the literature. Goel

et al.[32] modeled the system by considering Fe, FeO,
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FeO1.5 and SiO2 species in the liquid phase. Bjorkman[33]

described the slag phase as an ideal solution made up of

FeO, FeO1.5 and three iron–silicate complexes Fe2SiO4,

Fe3Si2O7 and Fe3Si6O15. Wu et al.[34] described the FeO-

SiO2 slag using the quasichemical model. Selleby[35] and

Fabrichnaya and Sundman[36] modelled the liquid phase in

the Fe-O-Si system using the sublattice formalism. The

liquid solution in these studies[35,36] covered wide range of

compositions from liquid metal to molten oxide. The most

recent work was carried out by Jak et al.[37] in which the

slag was described by FeO, FeO1.5 and SiO2 components

using a modified quasichemical model.

The phase diagram of the Fe-O-Si system at 1473 K

(1200 �C) is shown in Fig. 1.[38] The present study focuses

on the FeO-Fe2O3-SiO2 part of the Fe-O-Si system. The

FeO-Fe2O3-SiO2 sub-system was previously assessed by

Jak et al.[37] and has been re-optimized to provide better

description of phase equilibria and thermodynamic data in

the system and to incorporate new experimental data

obtained in the present study.

A thermodynamic ‘‘optimization’’ of a system using the

CALPHAD approach involves critical simultaneous eval-

uation of all available phase equilibria and thermodynamic

data to obtain one set of model equations for the Gibbs

energies of all phases as functions of temperature and

composition.[39] The accuracy of the database can then be

tested by back-calculating the thermodynamic properties

and the phase diagrams from the model equations to ensure

that all data have been reproduced within the experimental

error limits. Thermodynamic property data, such as activity

data, can aid in assessing the phase diagram and phase

diagram measurements can be used to derive the thermo-

dynamic properties. If discrepancy in the available data is

found during the development of the model, new experi-

mental measurements can be undertaken so as to provide

the data essential for further refinement of the model

equations. The present thermodynamic optimization was

performed using FactSage thermodynamic software pack-

age[40] as part of the development of the self-consistent

thermodynamic database for the Al-Ca-Cu-Fe-Mg-Si-O-S

multi-component system.

2 Present Experimental Work

In most of non-ferrous smelting processes, the operational

window for fayalite slags is typically limited by spinel and

tridymite liquidi. Targeted experiments in the FeO-Fe2O3-

SiO2 system were carried out in the present study using

equilibration/quenching/EPMA (Electron Probe x-ray

Microanalysis) technique focusing on the slag, spinel and

tridymite equilibrium at fixed oxygen partial pressures and

at selected temperatures to resolve discrepancies found in

previous data.[1,16,20]

Several sets of equilibration experiments at oxygen

partial pressures of 0.21, 10-5, 10-6 and 10-8 atm were

conducted to determine temperature and slag composition

at the equilibrium with spinel and tridymite in the FeO-

Fe2O3-SiO2 system by systematic variation of CaO con-

centration followed by the extrapolation from the CaO-

FeO-Fe2O3-SiO2 system to zero CaO content. This

approach was necessary because in the CaO-free system

the equilibrium between slag, spinel and tridymite at fixed

P(O2) is an invariant point. Direct determination of this

invariant point in the CaO-free system is experimentally

difficult.

2.1 General Description

The experimental procedure used in the present study is

similar to that described previously by the authors.[41,42]

Initial mixtures were prepared from CaO obtained from

99.0 wt pct pure CaCO3 powder (calcined at 1173 K

(900 �C)), SiO2 (99.99 wt pct pure 1-3 mm fused lump that

had been ground with an agate mortar and pestle), Fe2O3

powder (99.99 wt pct pure) and Fe powder (99.9 wt pct

pure) (supplied by Alfa Aesar, Ward Hill, MA). The

powder mixtures were pelletized and less than 0.3 g of

sample was used in each equilibration experiment. A

10-mm 9 12-mm envelope made from 0.025 mm-thick

platinum foil was used to contain the sample in each

experiment.

For the experiments in air atmosphere, the inner part of

the reaction tube was exposed to the surrounding air

Fig. 1 (Color online) Phase diagram of the Fe-O-Si system at 1473 K

(1200 �C) and P = 1 atm. Calculated with the database optimized in

this study. The FSstel database[38] in the FactSage software[40] was

used for the Fe-Si phases
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atmosphere by opening both ends of the tube. For the

experiments at fixed oxygen partial pressures between 10-5

and 10-8 atm, stream of gas with various CO/CO2 ratios

was introduced into a sealed furnace. Premixed 5 pct CO

diluted in high purity Argon gas (Beta standards with

±0.02 pct uncertainty; supplied by BOC, QLD, Australia)

and high purity CO2 (99.995 pct pure; supplied by Core-

gas, NSW, Australia) were used to achieve the target CO/

CO2 ratios. The proportion of gases required to achieve the

target P(O2) was calculated using the FactSage software

and databases.[40] The flow-rates of the gases were con-

trolled using U-tube pressure differential type gas flow-

meters. The total flow-rate of the gas inside the reaction

tube was between 400 and 900 ml/min and the fluctuation

of the gas flow-rate was found to be less than 1 pct of the

total flow-rate.

An oxygen probe made from Y2O3-stabilized ZrO2 solid

electrolyte cell (SIRO2�, DS-type oxygen probe; supplied

by Australian Oxytrol Systems, Victoria, Australia) was

used to confirm the oxygen partial pressure achieved within

the furnace. The oxygen partial pressure was controlled

within the accuracy of the DS-type oxygen probe, i.e.

±0.1 log10[P(O2), atm] units.[43] A pre-calibrated working

thermocouple in a re-crystallized alumina sheath was

placed immediately next to the sample to monitor the

actual temperature of the sample. The overall absolute

temperature accuracy of the experiment was estimated to

be within ±5 K.

After the equilibration was completed, the specimen was

quenched in water, dried, mounted, polished and carbon-

coated. The microstructural examination and chemical

compositional analysis was undertaken using EPMA (an

electron probe x-ray micro-analyzer JEOL 8200L with

wavelength dispersive detectors; Japan Electron Optics

Ltd., Tokyo, Japan). The EPMA was operated with 15-kV

accelerating voltage and 15 nA probe current. CaO, Fe2O3

and SiO2 standards (supplied by Charles M. Taylor Co.,

Stanford, CA) were used and the Duncumb–Philibert ZAF

correction software supplied with the probe was applied.

Particular attention was paid to ensure the achievement

of equilibrium, as discussed previously,[41] by: (1) varying

the equilibration time; (2) approaching the final equilib-

rium from different compositional directions and from

different temperature directions; (3) analyzing the com-

positional homogeneity of the phases by EPMA; and (4)

careful investigation of reactions specific to the system. For

example, in the present study the achievement of final

equilibrium of specimen at one specific condition was

confirmed by two separate experiments with different ini-

tial bulk compositions, one starting from the spinel primary

phase field and another from the tridymite primary phase

field. The equilibrium was confirmed as both samples

reached the same equilibration point.

2.2 Experimental Results

The typical appearance of the specimen backscattered

electron image of a quenched slag phase, equilibrated with

spinel and tridymite, is shown in Fig. 2. Energy-dispersive

x-ray spectroscopy spectrums of the phases are provided in

the figure. The experimental results from the present and

previous studies[41,42,44] are given in Table 1. Only metal

cations (Ca, Fe, Si) concentrations were measured with

EPMA. Ca and Si were recalculated to CaO and SiO2,
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Fig. 2 (Color online) Backscattered electron image (BSE) of quenched slag in equilibrium with spinel and tridymite crystals at a fixed P(O2) in

the CaO-FeO-Fe2O3-SiO2 system (left hand side) and energy-dispersive x-ray spectroscopy spectrums of the phases (right hand side)
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respectively, while all iron oxides were recalculated to

FeO. This was performed for presentation purposes only,

and this is equivalent to projecting the slag compositions

from the oxygen-corner of the Ca-Fe-O-Si compositional

space onto the CaO-FeO-SiO2 ternary plane.

The temperatures and slag compositions (Fe/SiO2 ratio)

at the slag–spinel–tridymite equilibrium in the FeO-Fe2O3-

SiO2 system at each oxygen partial pressure given in

Table 2 were obtained from extrapolation of the CaO-FeO-

Fe2O3-SiO2 data to 0 concentration of CaO in the slag as

shown in Fig. 3. The information on the slag–spinel–tri-

dymite equilibrium in the intermediate oxygen partial

pressures is important since it indicates the lowest tem-

perature at which liquid slag is stable; therefore accurate

description of this equilibrium is essential.

3 Thermodynamic Models

The new optimized model parameters are reported in

Table 3 for all phases in the FeO-Fe2O3-SiO2 system

including: (1) stoichiometric phases (SiO2, Fe2O3 and

Table 1 Experimentally

determined slag compositions in

the CaO-FeO-Fe2O3-SiO2

system in equilibrium with

spinel and tridymite at various

oxygen partial pressures and

temperatures

P(O2), atm Temperature, K, �C Slag composition, mol pct Molar ratio Fe/SiO2 References

SiO2 ‘‘FeO’’ CaO

0.21 1673 (1400) 38.2 51.6 10.2 1.351 Present study

1673 (1400) 37.7 51.4 10.9 1.362 Present study

1698 (1425) 34.6 57.3 8.1 1.653 Present study

1698 (1425) 35.6 56.7 7.7 1.590 Present study

1738 (1465) 22.6 76.5 0.9 3.378 Present study

10-5 1523 (1250) 48.5 33.1 18.4 0.682 Nikolic et al.[44]

1523 (1250) 48.1 33.2 18.7 0.690 Hidayat et al.[41]

1573 (1300) 43.9 45.6 10.4 1.038 Hidayat et al.[41]

1573 (1300) 43.8 45.3 10.9 1.034 Hidayat et al.[41]

1573 (1300) 44.2 44.5 11.3 1.008 Hidayat et al.[41]

1593 (1320) 41.0 52.6 6.4 1.282 Present study

1603 (1330) 40.3 54.8 4.9 1.361 Present study

1603 (1330) 40.4 54.5 5.1 1.350 Present study

1603 (1330) 39.3 55.9 4.9 1.422 Present study

1618 (1345) 35.3 64.0 0.7 1.812 Present study

1618 (1345) 35.4 63.9 0.7 1.802 Present study

10-6 1473 (1200) 48.3 31.8 19.9 0.660 Nikolic et al.[44]

1473 (1200) 48.3 31.6 20.1 0.653 Nikolic et al.[44]

1523 (1250) 45.5 42.0 12.4 0.923 Nikolic et al.[44]

1523 (1250) 45.4 42.0 12.5 0.925 Hidayat et al.[41]

1523 (1250) 46.0 41.9 12.1 0.912 Hidayat et al.[41]

1563 (1290) 39.4 56.4 4.2 1.431 Present study

1563 (1290) 39.2 57.2 3.7 1.460 Present study

1573 (1300) 36.4 62.2 1.4 1.709 Nikolic et al.[44]

10-8 1423 (1150) 46.6 39.4 14.1 0.846 Hidayat et al.[42]

1423 (1150) 46.6 38.7 14.7 0.831 Hidayat et al.[42]

1463 (1190) 40.1 55.9 4.0 1.393 Present study

1463 (1190) 40.0 56.3 3.7 1.408 Present study

1473 (1200) 37.5 61.6 0.9 1.642 Hidayat et al.[42]

1473 (1200) 37.8 61.4 0.8 1.623 Hidayat et al.[42]

Table 2 Temperatures and slags composition at slag–spinel–tridy-

mite equilibrium in the FeO-Fe2O3-SiO2 system at fixed P(O2) from

extrapolation from the CaO-FeO-Fe2O3-SiO2 system

P(O2), atm Temperature, K, �C Molar ratio Fe/SiO2

0.21 1741 (1468) 3.876

10-5 1620 (1347) 1.908

10-6 1577 (1304) 1.842

10-8 1476 (1213) 1.706
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Fe2SiO4); (2) metallic phases (fcc, bcc and liquid iron); (3)

monoxide solid solution (wüstite); (4) spinel solid solution

(magnetite); and (5) slag (liquid oxide FeO-FeO1.5-SiO2).

3.1 Stoichiometric Phases (SiO2, Fe2O3

and Fe2SiO4)

The quartz (SiO2), tridymite (SiO2), cristobalite (SiO2),

hematite (Fe2O3) and fayalite (Fe2SiO4) solids in the FeO-

Fe2O3-SiO2 system have negligible composition variation

and were described as stoichiometric phases. The thermo-

dynamic properties for quartz, tridymite and cristobalite as

reported by Eriksson and Pelton[39] and hematite as

reported by Hidayat et al.[45] were adopted in the present

study. Fayalite is the only stable iron-silicate compound at

low pressures and the other iron-silicate compound (fer-

rosilite—FeSiO3) is only stable at high pressures. Experi-

mentally determined low-temperature heat capacities and

the entropy,[46,47] enthalpy of formation,[48] high tempera-

ture heat content (H298 - HT)
[49] and other thermodynamic

data[19,21,24–29,50–52] were used for optimization of fayalite.

The heat capacity of fayalite was adopted from a previous

optimization.[37] The DH�298 of fayalite was adjusted to

-1478.48 kJ mol-1, which is between the values from

calorimetric measurements by Robie et al.[47]

(-1478.17 kJ mol-1) and Berman et al.[53]

(-1479.36 kJ mol-1). The S�298 of fayalite was also

adjusted to 150.294 J mol-1 K-1. These changes were

required to obtain a better description of heat content data

by Orr[49] (Fig. 4) and oxygen partial pressures over fay-

alite-spinel-tridymite equilibrium as a function of temper-

ature (see Fig. 15). Figure 4 shows comparison between

experimental[49] and calculated heat content for a sample

with composition of 54.5 wt pct Fe and 29.5 wt pct SiO2

(the rest is oxygen). The composition is close to the the-

oretical stoichiometric composition of fayalite. At this

composition, fayalite, spinel and tridymite are stable below

the ternary eutectic temperature. Above the eutectic tem-

perature, the portion of slag increases gradually with

increasing temperature until all charge melts.

3.2 Metallic Phases (fcc, bcc and Liquid Iron)

The solubilities of oxygen in both face-centered cubic (fcc)

and body-centered cubic (bcc) solid iron phases were

modeled using the Bragg-Williams random mixing model:

g ¼ ðXFeg
o
Fe þ XOg

o
OÞ þ RTðXFe lnXFe þ XO lnXOÞ

þ XFeXOLFe;O

ðEq 1Þ

where g is the molar Gibbs energy of the fcc or bcc iron;

XM is the mole fraction of element in the fcc or bcc iron;

goM is the molar Gibbs energy of pure elements; and LFe,O is

the interaction parameter between Fe and O, which is

expanded as Redlich–Kister polynomial. The liquid iron

solution was described using an Associate Model with Fe

and O as the components. Previously optimized parameters

for the solid metallic phases (fcc and bcc) by Shishin

et al.[54] and the liquid metal phase by Jung et al.[38] were

used in the present study.

3.3 Monoxide (Wüstite)

The wüstite in the Fe-O system was modeled in the pre-

vious assessment[45] by simple polynomial model based on

the formula units shown below:

1�xð ÞFeOþ xFeO1:5 ðEq 2Þ

The FeO1.5 represents the Fe3? and vacancies defects

resulting wüstite non-stoichiometry toward oxygen. The

Gibbs energy of the wüstite is therefore given as:

g ¼ ðXFeOg
o
FeO þ XFeO1:5

goFeO1:5
Þ þ RTðXFeO lnXFeO

þ XFeO1:5
lnXFeO1:5

Þ þ XFeOXFeO1:5
LFeO;FeO1:5

ðEq 3Þ
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Fig. 3 Experimental results of the slag–spinel–tridymite equilibrium

at various oxygen partial pressures showing: (a) temperature; and

(b) Fe/SiO2 ratio in slag as a function of CaO content in the slag.

Symbols are experimental data[41,42,44]
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where goM and XM are the molar Gibbs energy of pure

component and the mole fraction of pure component,

respectively. LM-N is the interaction energy parameter

between two components which is expanded as polynomial

in the mole fractions of the components. The optimized

model parameters for wüstite from previous study by the

authors[45] were adopted in the present study.

3.4 Spinel (Magnetite)

The model parameters for spinel solution from Decterov

et al.[55] were used in the present study. The spinelmodelwas

developed within the framework of the compound energy

formalism (CEF). The Fe2? and Fe3? cations were dis-

tributed between tetrahedral and octahedral sites. Neutral

vacancy was introduced in the octahedral site to describe the

tendency of spinel to exhibit an excess of oxygen:

ðFe2þ; Fe3þÞtetr½Fe2þ; Fe3þ;Va]oct2 O2�
4 ðEq 4Þ

The Gibbs energy expression of the spinel model was

explained in details in the previous study.[55]

3.5 Liquid Oxide/Slag

The liquid FeO-FeO1.5-SiO2 slag was modelled using the

modified quasichemical model,[56–59] which takes into

account the short-range ordering (SRO) of second-nearest-

neighbor (SNN) cations. In the case of binary FeO-SiO2

system, the SNN SRO can be expressed by the following

pair exchange reaction:

Fe2þ - O - Fe2þ
� �

þ Si4þ - O - Si4þ
� �

¼ 2 Fe2þ - O - Si4þ
� �

;
DgFe2þ;Si4þ

ðEq 5Þ

where (Fe2?-O-Si4?) represents a SNN pair, and Dg
Fe2þSi4þ

represents the molar Gibbs energy change of the corre-

sponding reaction. Similar pair exchange reactions can be

Table 3 Optimized model parameters for liquid and solid phases in the FeO-Fe2O3-SiO2 system

Compounds Temperature range (K) or

References

DH�298,
kJ mol-1

S�298,
J mol-1 K-1

Cp(T), J mol-1 K-1

SiO2 (s)—Tridymite/

Cristobalite

39

Fe2O3 (s) 45

Fe2SiO4 (s) 298-1478 -1478.482 150.294 248.9 - 1923.8T-0.5 - 139.106T-3

Solutions Temperature range (K) or References Model parameters, J mol-1

Fe (fcc) and Fe (bcc) 54, Bragg–Williams: (Fe, O)

Liquid Fe 38, Associate model: (Fe, O)

Monoxide (Fe1-xO)—Wüs 45, Bragg–Williams: (FeO, FeO1.5)

Spinel (Fe3O4)—Sp 45,55, Compound energy formalism:

ðFe2þ; Fe3þÞtetr½Fe2þ;Fe3þ;Va]oct2 O2�
4

Liquid Oxide/Slag—Liq Modified quasichemical model: FeO, FeO1.5, SiO2

ZFe2þ

Fe2þFe2þ
¼ ZFe2þ

Fe2þFe3þ
¼ ZFe2þ

Fe2þSi4þ
¼ 1:38; ZFe3þ

Fe3þFe3þ
¼ ZFe3þ

Fe3þFe2þ
¼ 2:07; ZSi4þ

Si4þSi4þ
¼ ZSi4þ

Si4þFe2þ
¼ ZSi4þ

Si4þFe3þ
¼ 2:75; ZFe3þ

Fe3þSi4þ
¼ 1:38

goSiO2
39

goFeO; g
o
FeO1:5

; DgFe2þFe3þ 66

Dg�
Fe2þ ;Si4þ

-29,116.5 ? 14.3T

q20
Fe2þ ;Si4þ

12480.9

q06
Fe2þ ;Si4þ

366,501.7 - 134.7T

Dg�
Fe3þ ;Si4þ

27213.9

q01
Fe3þ ;Si4þ

66607.1

q101
Fe2þ ;Si4þðFe3þÞ -71270.3

q012
Fe2þ ;Si4þðFe3þÞ 54392.0

q021
Fe2þ ;Si4þðFe3þÞ 69454.4

q201
Fe3þ ;Si4þðFe2þÞ -62760.0

q301
Fe2þ ;Si4þðFe3þÞ 91742.6
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applied to describe the interactions between FeO-FeO1.5

and FeO1.5-SiO2 components in the melt. The overall

Gibbs free energy of the slag is then given by:

G ¼ nFeOg
o
FeO þ nSiO2

goSiO2

� �
� TDSconfig

þ nFe2þSi4þ
�
2

� �
DgFe2þ;Si4þ ðEq 6Þ

where DSconfig is the configurational entropy of the solu-

tion, which includes the entropy of mixing given by ran-

domly distributing the (Fe2?-O-Fe2?), (Si4?-O-Si4?) and

(Fe2?-O-Si4?) pairs. DgFe2þSi4þ can be expanded as an

empirical polynomial in terms of ‘‘coordination-equiva-

lent’’ fractions:[56]

DgFe2þ;Si4þ ¼ Dgo
Fe2þ;Si4þ

þ
X

ðiþjÞ� 1

q
ij

Fe2þ;Si4þ
Yi
Fe2þY

j

Si4þ

ðEq 7Þ

where Dgo
Fe2þ;Si4þ

and q
ij

Fe2þ;Si4þ
are empirical binary coef-

ficients. YFe2þ and YSi4þ are the ‘‘coordination-equivalent’’

fractions:

YFe2þ ¼ ZFe2þnFe2þ
�
ZFe2þnFe2þ þ ZSi4þnSi4þð Þ ¼ 1� YSi4þ

ðEq 8Þ

where ZFe2þ and ZSi4þ are the coordination numbers of Fe2?

and Si4?, respectively. The composition of the maximum

SNN SRO is determined by the coordination numbers.

Improvements in the modified quasichemical model as

described in the previous study[56] allow greater flexibility

in setting the composition of the maximum SNN SRO

based on experimental data.

The Kohler/Toop method[60] with SiO2 treated as an

‘‘asymmetric component’’ was selected to extrapolate

binary parameters into ternary system. Ternary parameters,

q
ijk

ABðCÞ, can also be introduced to describe experimental

data. The q
ijk

ABðCÞ parameters describe the effects of the third

component C upon binary interactions between compo-

nents A and B.[57] The optimized model parameters for the

slag are given in Table 3.

4 Results and Discussion

4.1 The FeO-SiO2 Phase Diagram in Equilibrium

with Metallic Iron

The slag liquidus compositions from experimental

data,[1–4,8,10,16] from previous optimizations and from the

calculation using the present model parameters for the

FeO-Fe2O3-SiO2 system in equilibrium with metallic iron

were projected onto the FeO-SiO2 pseudo-binary plane in

Fig. 5. This was done by recalculating all iron oxide in the

slag to ferrous iron (FeO), i.e. composition of axis is to be

interpreted as MSiO2
= MSiO2

þMFeO þ MFe2O3
� 71:846�ð½

2=159:692Þ� where MSiO2
, MFeO, and MFe2O3

are masses of

SiO2, FeO, and Fe2O3, respectively. The upper part of

Fig. 5 shows the comparison of the Fe2O3 concentration in

the slag at the liquidus between experimental data, previ-

ous and present assessments. The latest liquidus data by

Zhao et al. (cited in Jak et al.[37]), obtained using an

equilibration/quenching/EPMA technique was assumed to

be more reliable than other data; more preference was

given to this data. The calculated liquid-wüstite-fayalite

eutectic temperature of 1456 K (1183 �C) is higher than

that reported by Allen and Snow[4]; their work appears to

be affected by the sulfur contamination in the samples. The

monotectic temperature and the composition of the SiO2-

rich slag by Greig[8] at the miscibility gap are reproduced

well. The composition of the FeO-rich slag reported by

Greig[8] at the miscibility gap is not in agreement with the

crystobalite liquidus measured by Bowen and Schairer[2]

and Turkdogan and Bills,[10] and cannot be reproduced by

the present and previous models.[35–37] The composition

reported by Greig[8] is not the true slag liquidus composi-

tion at the monotectic temperature since FeO-rich liquid

and small amount of SiO2-rich liquid were observed in the

sample. The cristobalite liquidus compositions reported by

Turkdogan and Bills[10] are lower in SiO2 compared to the

calculated liquidus compositions. Turkdogan and Bills[10]

estimated the liquidus compositions of cristobalite by

determining the inflection points of Fe3?/Fe2? as function

of silica which appeared when phase assemblage in sam-

ples changed from fully liquid slag to slag ? cristobalite.

Metallic iron inclusions were observed in some of the slags

and were included in the bulk analysis of slags. The

method used to determine liquidus and the presence of iron

inclusions in the slag can lead to the underestimation of
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SiO2 in the liquidus compositions reported by Turkdogan

and Bills.[10]

4.2 Slag–Metal Equilibrium

The calculated enthalpy of dissolution of tridymite in the

FeO-Fe2O3 melts in iron crucible at 1693 K (1420 �C) is in
agreement with that reported by Ban-Ya et al.[30] (Fig. 6).

The optimization of the slag parameters at iron saturation

was based on the enthalpy data provided by Ban-Ya

et al.[30] and the phase equilibria data. The present

assessment describes the enthalpy data (Fig. 6) relatively

well while still providing a better description of wüstite

liquidus at iron saturation (Fig. 5) compared to previous

assessment by Selleby.[35] Figure 6 shows that Wu et al.[34]

and Jak et al.[37] do not reproduce the enthalpy of data by

Ban-Ya et al.[30]; these previous assessments appear to give

more preference to phase equilibria data.

The relationships between oxygen partial pressures

versus SiO2/[SiO2 ? FeO] and Fe3?/Fe Total in slags

equilibrated with solid iron are provided in Fig. 7(a) and

(b), respectively. Experimental data[3,12,17,31] are well

reproduced by the present optimized slag model param-

eters. The experimental data by Kudo et al.[17] at fixed

oxygen partial pressures had a higher concentration of

ferric iron (Fe3?) compared to others.[3,12] It is worth
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noting that experiment of Kudo et al.[17] was undertaken

primarily to study the solubility of lead (Pb) in slag in

contact with iron; the presence of PbO in their slags,

although in small quantity between 0.1 and 1 wt pct,

could have affected the equilibrium or analysis of their

slags.

Equilibrium between slag and liquid iron at 2085 K

(1785 �C), 2153 K (1880 �C) and 2233 K (1960 �C) was
investigated by Distin et al.[13] using a levitation tech-

nique. The compositions of slag and liquid iron in the

equilibrated samples were measured. The correlation

between the oxygen content in the liquid iron and slag

composition is well described by the model parameters as

shown in Fig. 8.

4.3 Phase Diagrams in Air and in Pure Oxygen

Atmospheres

The experimental and calculated liquidus in the Fe2O3-

SiO2 system in equilibrium with air and pure oxygen

atmospheres are compared in Fig. 9 and 10, respectively.

All Fe in the slag was recalculated to Fe2O3. The compo-

sition of axis is to be interpreted as MSiO2
= MSiO2

þ½
MFeO � 159:692=ð71:846� 2Þð Þ þMFe2O3

� where MSiO2
,

MFeO, and MFe2O3
are masses of SiO2, FeO, and Fe2O3,

respectively. Previous models[35–37] used only limited

data.[6,7] Recent results by Liu[61] and the present experi-

mental study (Table 2) for the system in equilibrium with

air were given more weight in the present assessment. The

monotectic equilibrium at the miscibility gap reported by

Greig[7] is reproduced by the present model parameters (see

Fig. 9).

4.4 Isothermal Sections of the FeO-Fe2O3-SiO2

Phase Diagram

The isothermal sections of the FeO-Fe2O3-SiO2 system

determined from the calculations using the present model

parameters are compared with experimental

data[1,3,4,6,11,12,14–16] and with calculation results of the

previous models[35–37] in Fig. 11. The data from Muan[6]

suggested wider fully liquid areas at 1473 K and 1573 K

(1200 and 1300 �C), conflicting with those reported by

Schuhmann et al.[11] The latter study[11] was given more

weight in the present assessments. Figure 12 demonstrates

that the calculated oxygen isobars at fixed temperatures for

the gas-slag equilibrium in the FeO-Fe2O3-SiO2 system are
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in relatively good agreement with reported experimental

data.[9,10,16] Higher Fe3?/Fe2? ratios in slag were reported

by Muan[6] which differ from data by Oishi et al.[16] and

could not be reproduced in the present assessment. It can

be seen in Fig. 11 and 12 that the experimental data by

Muan[6] is systematically different from the calculated

values using the present model parameters. Muan[6] indi-

cated that there were some analytical uncertainties one of

which was the formation of dendritic crystals upon cooling

of samples on a copper block at the bottom of the furnace.

The appearance of dendritic crystals can lead to the failure

of identifying spinel/wüstite solid and to some degree can

change the ratio of ferric-ferrous iron in the resulting slag.

4.5 Tridymite Liquidus

The effects of oxygen partial pressure on the Fe2O3 con-

centration and Fe/SiO2 ratio along the tridymite liquidus

between 1523 and 1623 K (1250 and 1350 �C) are pre-

sented in Fig. 13(a) and (b), respectively. The present

model parameters give a good overall fit to the
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(1200 and 1600 �C). Dashed lines are previous assessments[35,37] and symbols are experimental data[6,9,10,16]

488 J. Phase Equilib. Diffus. (2017) 38:477–492

123



experimental data[1,6,16,41,42] over the whole range of

oxygen partial pressures.

4.6 Slag–Spinel–Tridymite Equilibrium at Fixed

P(O2)

Reproducibility of the experimental slag–spinel–tridymite

equilibrium at fixed P(O2) is one of important tests for the

model. Figure 14 demonstrates that the present model

parameters give the best fit to the experimental slag com-

positions at the slag–spinel–tridymite equilibrium as a

function of Log10[P(O2), atm] obtained in the present

experimental study (Table 2) and as reported by Michal

and Schuhmann.[1] Experimental data of Darken[20] and

Oishi et al.[16] for the slag–spinel–tridymite equilibrium at

fixed P(O2) were not included in Fig. 14 since the com-

positions of the resulting slags were not reported.

4.7 3-Condensed Phases Equilibria at Fixed P(O2)

Comparison of the 3-condensed phases equilibria at fixed

P(O2) between that calculated using the present model

parameters and experimental data is presented in Fig. 15 in

the form of Log10[P(O2), atm] versus 1/T (1/K)

graph.[1,3,10,16,18–29] As mentioned earlier, the description

of the fayalite-spinel-tridymite equilibrium in the present

study has been improved compared to that of the previous

assessment[37] through the adjustment of the DH�298 and

S�298 of fayalite. In addition, the slag–spinel–tridymite

equilibrium at fixed P(O2) has been improved and agrees

well with previous[1,16] and present experimental data

(Table 2). The temperature differences for the slag–spinel–

tridymite equilibrium at fixed P(O2) between the calculated

values using the present model parameters and the present

experimental work are within±12 K. Discrepancy with the

slag–spinel–tridymite equilibrium at fixed P(O2) is

observed between the experimental data reported by

Darken[20] and the calculated line. Darken[20] annealed

SiO2 rods coated with Fe2O3. The temperatures of the slag–

spinel–tridymite equilibrium at fixed P(O2) were deter-

mined by cross-checking the temperature profile of the

furnace and marks on the rods created by reaction between

SiO2 and Fe2O3 to form slag. The liquid slag can possibly

wet the unreacted part of the SiO2 rod leading to the

underestimation of temperatures for the slag–spinel–tridy-

mite equilibrium at fixed P(O2).

4.8 Liquidus Projection in the FeO-Fe2O3-SiO2

System

The calculated univariant lines in the FeO-Fe2O3-SiO2

system are given in Fig. 16. Although there are possible

uncertainties in the temperature and gas composition (see

section 4.4), the primary phase fields identified by Muan[6]

using optical microscopy and x-ray diffraction techniques

are in agreement with the present assessment. The calcu-

lated univariant line for equilibrium with metallic iron

agrees with the experimental data.[1–4,10,16] The calculated
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invariant points agree with that reported by Schuhmann

et al.[11] for the slag–fayalite–iron–wüstite, slag–fayalite–

iron–tridymite, slag–fayalite–wüstite–spinel and slag–fay-

alite–spinel–tridymite equilibria. The calculated invariant

points in the FeO-Fe2O3-SiO2 system from present study

are compared in Table 4 with previous experimental

data[2,4,6,8,20] and with the previous model.[35] The calcu-

lated liquidus surface for the FeO-Fe2O3-SiO2 system and

the oxygen isobars at the liquidus temperatures are pre-

sented in Fig. 17.

The FeO-Fe2O3-SiO2 system is the basis for many slag

systems used in ferrous and non-ferrous high temperature

metallurgical processes, an accurate description of the

system is therefore required. The present thermodynamic

optimization has been carried out as part of the wider

research program aimed at the complete characterization of

phase equilibria and thermodynamic properties and the

development of a thermodynamic database for the entire

Al-Ca-Cu-Fe-Mg-Si-O-S multi-component system.[54,62–66]

The present optimized model parameters form part of the

larger database for metallic, sulfide, oxide systems, which

can be used together with the FactSage software[40] for the

simulation of high temperature metallurgical processes,

such as sintering, steel-making, copper smelting and con-

verting, and for the exploration or development of new

processes.

5 Conclusions

A critical evaluation of phase equilibria and thermody-

namic data for the FeO-Fe2O3-SiO2 system was carried out.

An experimental investigation was conducted for the slag–

spinel–tridymite equilibrium in order to resolve discrep-

ancies found in previous data. The modified quasichemical

model was used to describe the Gibbs energy of the slag

phase. The new model parameters reproduce a wide variety

of available data within experimental error limits. Com-

pared to the previous assessment by Selleby,[35] better

agreement with the experimental data was obtained,

specifically for: liquidus in wüstite primary phase field at

iron saturation (Fig. 5), liquidus in tridymite primary phase

field in equilibrium with air (Fig. 9), Fe/SiO2 ratios in slag

at reducing conditions (Fig. 13b), and slag compositions at
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the slag–spinel–tridymite equilibrium as a function of

oxygen partial pressure (Fig. 14). Several improvements

were introduced by the present model parameters com-

pared to the previous model parameters by Jak et al.,[37]

including: heat content of sample near fayalite composition

(Fig. 4), heat of mixing in the ‘‘FeO’’-SiO2 slag at iron

saturation (Fig. 6), eutectic temperatures for the ‘‘Fe2O3’’-

SiO2 systems in air and pure oxygen atmospheres (Fig. 9,

10), and slag compositions at tridymite saturation as a

function of oxygen partial pressure (Fig. 13). All of these

changes are significant for the industrial applications of the

database. The optimized database can be used as a basis for

the simulation of various high temperature metallurgical

processes, for the evaluation of possible improvement of

the existing operations, or for the exploration of new

processes.

Acknowledgments The authors would like to thank Australian

Research Council Linkage program, Altonorte Glencore, Atlantic

Copper, Aurubis, BHP Billiton Olympic Dam Operation, Kazzinc

Glencore, PASAR Glencore, Outotec Oy (Espoo), Anglo American

Platinum and Umicore for their financial support for this research.

The authors would like to thank Prof Peter Hayes, PYROSEARCH,

The University of Queensland, for his support and input during this

work.

Table 4 Calculated invariant points involving slag in the FeO-Fe2O3-SiO2 system

Reaction on cooling Source Temperature, K, �C Slag, wt pct

SiO2 FeO Fe2O3

Slag ? Fe2SiO4 ? Spinel ? Tridymite Present model parameters 1417 (1143) 32.5 57.1 10.4

Selleby[35] 1410 (1137) 32.2 57.0 10.8

Muan[6] 1413 (1140) 35.0 54.0 11.0

Darken[20] (estimated) 1391 (1118) … … …
Slag ? Fe2SiO4 ? Spinel ? Wüstite Present model parameters 1438 (1165) 25.8 63.4 10.7

Selleby[35] 1429 (1156) 22.3 64.8 12.9

Muan[6] … … 22.0 64.0 14.0

Darken[20] (estimated) 1423 (1150) … … …
Slag ? Fe(fcc) ? Fe2SiO4 ? Tridymite Present model parameters 1458 (1185) 36.5 62.5 1.0

Selleby[35] 1454 (1181) 37.7 61.6 0.7

Bowen and Schairer[2] 1451 (1178) 38.0 60.7 1.3

Slag ? Fe(fcc) ? Fe2SiO4 ? Wüstite Present model parameters 1456 (1183) 22.1 74.3 3.6

Selleby[35] 1444 (1171) 20.4 75.3 4.3

Allen and Snow[4] 1450 (1177) 21.4 75.0 3.6

Bowen and Schairer[2] 1450 (1177) 24.0 72.3 3.7

Slag ? Hematite ? Spinel ? Tridymite Present model parameters 1724 (1451) 13.8 15.7 70.5

Selleby[35] 1707 (1434) 18.5 15.5 66.0

Muan[6] (estimated) 1728 (1455) 15.0 16.0 69.0

Liquid Fe ? Silica-rich slag ? FeO-rich slag ? Cristobalite Present model parameters(a) 1958 (1684) 53.5 46.2 0.3

Selleby[35](a) 1923 (1650) 54.3 45.7 …
Greig[8](a) 1963 (1690) 58.0 42.0 …

(a) Composition of fayalite-rich liquid
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