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Ferrous calcium silicate slags, whose principal components are ‘‘FeOx’’-CaO-SiO2, are widely
used in copper smelting and converting operations. In the current study, high-temperature
equilibration and rapid quenching techniques were used to study the phase equilibria of the
ferrous calcium silicate slags. The compositions of phases in the slags were measured accurately
using electron probe X-ray microanalysis (EPMA). The phase equilibria of the system have been
characterized at oxygen partial pressures between 10�5 atm and 10�7 atm at selected temper-
atures between 1473 K and 1623 K (1200 �C and 1350 �C). The effects of oxygen partial
pressure and temperature on the compositions of phases in the slags are presented.
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I. INTRODUCTION

MOST primary copper sulfide smelting, copper
converting, and direct-to-copper smelting processes
operate with silicate-based slags.[1,2] Despite the wide-
spread use of silicate-based slags in copper-making
processes, as well as in other nonferrous smelting,
certain aspects of the chemistries and phase equilibria of
the systems remain uncertain. Information on the
chemistries and phase equilibria of the systems is needed
for improvements of the current operations and the
development of new processes.

The principal components present in these silicate-
based slags are ‘‘FeOx’’-CaO-SiO2. A review of the
literature shows that several studies are available on
phase equilibria of ‘‘FeO’’-CaO-SiO2 system that have
been carried out at conditions relevant to copper
production. Shigaki et al.[3] investigated the phase dia-
gram of the ‘‘FeO’’-CaO-SiO2 system at 1573 K
(1300 �C) and an oxygen partial pressure of 10�7 atm.
The equilibration of 1 g of sample in Pt foil crucible was
carried out at the target temperature for 3 hours. After
the equilibration, the sample was quenched into water
and the electron probe X-ray microanalysis (EPMA)
technique was used to analyze the composition of phases
in the sample.

Kimura et al.[4] studied the effect of oxygen partial
pressure (between 10�2.68 and 10�7.75 atm) on the
liquidus of the ‘‘FeO’’-CaO-SiO2 system at 1573 K
(1300 �C). A platinum crucible was used to contain 8 g
of sample. The equilibrated samples were cooled under
an argon gas flow. The fully liquid slag in the sample
was separated from the solid phases and was analyzed
by using a bulk wet chemical analysis technique.

Henao et al.[5] investigated phase equilibria of the
‘‘FeO’’-CaO-SiO2 system at oxygen partial pressures
between 10�3.4 atm and 10�9 atm at a fixed temperature
of 1573 K (1300 �C). Henao et al.[5] also investigated the
system at a constant oxygen partial pressure of 10�6 atm
at temperatures between 1623 K and 1673 K (1350 �C
and 1400 �C). Equilibrations of samples were carried
out in Pt foil crucibles for 24 hours. An argon gas
stream was used to cool the equilibrated samples. The
compositions of liquid and solid phases formed in the
sample were determined using EPMA.
Nikolic et al.[6] carried out phase equilibria studies on

the ‘‘FeO’’-CaO-SiO2 system at 1473 K and 1573 K
(1200 �C and 1300 �C) at an oxygen partial pressure of
10�6 atm, and at 1523 K (1250 �C) at an oxygen partial
pressure of 10�5 atm. Equilibration of the samples in
this study was carried out in Pt foil envelope for
24 hours followed by quenching of the samples into
water. The compositions of the liquid and solid phases
were determined by using EPMA.
A critical assessment of the experimental techniques

commonly used in the high temperature equilibration of
ferrous calcium silicate slag was carried out by Nikolic
et al.[7] to identify possible sources of the differences in
liquidus measurements reported by previous studies. It
was shown that with careful attention to factors, such
as, oxygen partial pressure, temperature, technique of
measurement, sample preparation and sample quench-
ing method, accurate measurements of phase equilibria
of these slag systems can be obtained.[7] The approach
has been used successfully in the investigation of various
complex ferrous calcium silicate slags, for example,
‘‘FeO’’-CaO-SiO2-‘‘Cu2O’’,[8] ‘‘FeO’’-CaO-SiO2-Al2O3-
MgO,[9] and ‘‘FeO’’-CaO-SiO2-‘‘Cu2O’’-Al2O3-MgO.[10]

In the current study, the equilibration/quenching/
EPMA techniques have been applied to determine
accurately the phase equilibria of ferrous calcium silicate
slags at intermediate oxygen partial pressures. Follow-
ing the study by the previous authors,[6,7] the oxygen
partial pressure range has been extended from 10�5 atm
to 10�7 atm between temperatures of 1473 K and

TAUFIQ HIDAYAT, Postgraduate Student, PETER C. HAYES,
Xstrata Professor, and EVGUENI JAK, Professor, are with the
Pyrometallurgy Research Centre (PYROSEARCH), School of Chem-
ical Engineering, The University of Queensland, Brisbane, QLD 4072,
Australia. Contact e-mail: t.hidayat@uq.edu.au

Manuscript submitted May 3, 2011.
Article published online September 16, 2011.

14—VOLUME 43B, FEBRUARY 2012 METALLURGICAL AND MATERIALS TRANSACTIONS B



1623 K (1200 �C and 1350 �C). The conditions selected
are of industrial interest and fill gaps in fundamental
information required to characterize and describe cop-
per slag chemistries.

II. EXPERIMENTAL TECHNIQUES

A. Preparation of Oxide Mixtures
and Containment Crucible

The high purity oxides and metals used as starting
materials for the experiments were CaO powder (cal-
cined at 1173 K (900 �C) from 99.0 wt pct pure CaCO3

powder), SiO2 (99.99 wt pct pure 1 to 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). Mixtures of various compositions
were prepared by weighing the high-purity powders and
mixing them thoroughly using an agate mortar and
pestle. The initial compositions of the mixtures were
selected such that at equilibrium there would be liquid
phase in equilibrium with one or more solid phases
(Figure 1). Each mixture was then compacted with
pressure of 40 MPa to produce a pellet weighing less
than 0.2 g.

To avoid contamination of the slag by crucible
material, 10 mm 9 12 mm envelopes made from
0.025-mm-thick platinum foil were used as sample
containers. It was found that under the conditions
investigated, only a small amount of iron was dissolved
in the platinum. Although this changes the bulk
composition of the mixture slightly (point b, in Figure 1),
the compositions of phases at equilibrium (compositions
of liquid phase (point a) and solid phase (point c) in
Figure 1) do not change.

B. High-Temperature Equilibration Technique

Equilibration experiments were carried out using a
vertical tube furnace with design shown in Figure 2. The

specimen was introduced from the bottom of the vertical
tube furnace and suspended by a sample holder made of
Pt wire. The 30-mm inside diameter recrystallized
alumina reaction tube was preconditioned at the target
temperature and oxygen partial pressure for more than
5 minutes, and the specimen was then raised into the
uniform temperature hot zone of the furnace; premelting
of the sample was carried out by increasing the
temperature 25 K above the target temperature. After
30 minutes of premelting, the temperature of the furnace
was decreased back to the target temperature and the
sample was equilibrated inside the furnace for 24 hours.
After the equilibration, the base of the furnace was
immersed in iced water, the bottom end of the furnace
was released, and the specimen was rapidly quenched by
dropping it directly into the iced water. The quenched
sample was dried on a hot plate, crushed into smaller
pieces, and mounted in epoxy resin. It was then polished
using conventional metallographic polishing techniques
and carbon coated for subsequent electron probe EPMA
examination.

C. Control of Temperature and Oxygen Partial Pressure

To monitor the actual temperature surrounding the
sample, a working thermocouple was placed in a
recrystallized alumina thermocouple sheath immediately
adjacent to the sample. The working thermocouple was
calibrated against a standard thermocouple (supplied by
the National Measurement Institute of Australia, NSW,
Australia). The temperature of the experiment was
controlled continuously within ±1 K of the target

Fig. 1—Schematic phase diagram showing the initial bulk composi-
tion (X) at temperature T1 selected for phase diagram determination
in the current study.

Fig. 2—Schematic of apparatus setup for high-temperature equilibra-
tion experiments.
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temperature. It is estimated that the overall absolute
temperature accuracy of the experiment is ±3 K.

The oxygen partial pressure inside the closed-system
furnace was controlled by introducing a stream of gas
having a specific CO/CO2 ratio. In this study, equili-
brations were carried out at oxygen partial pressures
between 10�5 atm and 10�7 atm. These oxygen partial
pressures require low CO/CO2 ratios, thus 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 Coregas, NSW, Australia)
were used to achieve the target CO/CO2 ratios. The
proportion of each gas was controlled using U-tube
pressure differential type flowmeter. 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 of 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 of the
experiment. This was done by directing the output gas
from the equilibration furnace into a separate vertical
tube furnace equipped with the oxygen probe. The
equilibration furnace and the oxygen probe furnace were
set at exactly the same temperature. By this arrange-
ment, direct monitoring of the oxygen partial pressure
during the equilibration was possible. Results of DS-
type oxygen probe measurements using air as a reference
for selected experiments, given in Table I, are within the
accuracy of the DS-type oxygen probe, i.e., ±0.1 Log
PO2

units.[11]

D. Analysis Technique and Representation of Systems

Backscattered scanning electron microscope (SEM)
micrographs of typical quenched liquid slags in equilib-
rium with various solid phases are shown in Figure 3. At
least five solid phases are found in the slags at the
conditions investigated in the current study. The solid
phases that have been identified are spinel, tridymite,
dicalcium silicate, rankinite, and calcium metasilicate.
The calcium metasilicate solid itself can be found in two
different crystal structures, i.e., wollastonite and pseu-
dowollastonite. Details on the identification technique
of the two polymorphs will be delivered in the section
about solid solutions in the system.

The rapid quenching technique retains the liquid slag
successfully as a homogenous glassy phase. The com-
positions of various phases were measured using JEOL
8200L EPMA with wavelength dispersive detectors
(JEOL is a trademark of Japan Electron Optics Ltd.,
Tokyo). Both 15-kV accelerating voltage and 15-nA
probe current were selected for the microanalyzer
operation. The Fe2O3 and CaSiO3 standards (from the
Charles M. Taylor Co., Stanford, CA) were used for
calibrations. The Duncumb–Philibert correction based
on atomic number, absorption, and fluorescence (ZAF
correction, supplied by JEOL) was applied. The accu-
racy of the EPMA measurements was reported to be
within 1 wt pct.[12]

The EPMA analysis provides the concentrations of
cations in the sample but does not distinguish between
the different oxidation states of a cation. Both FeO and
Fe2O3 are present in the ferrous calcium silicate slags.
For the purpose of presentation, all iron oxide concen-
trations from the EPMA analysis were recalculated to
FeO. The compositions were then normalized to
100 pct, thus projecting the compositions in the CaO-
FeO-Fe2O3-SiO2 tetrahedron onto the FeO-CaO-SiO2

ternary plane as shown in Figure 4.

E. Assessment of Achievement of Equilibrium

Achievement of equilibrium was paid particular
attention by adopting the following measures: (1)
variation of equilibration time, (2) approach of
equilibria from different directions, and (3) confirma-
tion of homogeneity of phases by EPMA. Several
dedicated sets of experiments were carried out for
these purposes.
Table II summarizes the compositions of the liquid

phase from the experiments. In the first set of exper-
iments, the liquidus point at double saturation of spinel
and tridymite at 1573 K (1300 �C) and PO2

= 10�5 atm
was approached from two directions, i.e., from a more
reducing condition (mixture B81 made of Fe powder)
and from a more oxidizing condition (mixture B82
made of Fe2O3 powder). It can be observed that both
mixtures after 24 hours equilibration reached the
same final liquid slag composition. The attainment of
the same liquid slag composition from two different
directions indicates that final equilibrium among
gas, liquid, and solid phases was obtained at this
condition.

Table I. Summary of DS-Type Oxygen Probe Measurements of CO/CO2 Gas Mixtures

Temperature [K (�C)] Gas Mixture Target Log PO2
ð Þ Log PO2

ð Þ Measured by Probe

1473 (1200) stream of CO2 –3.9 –3.8
1473 (1200) CO/CO2 = 0.00316 –6.0 –5.9
1473 (1200) CO/CO2 = 0.03164 –8.0 –8.0
1573 (1300) stream of CO2 –3.5 –3.4
1573 (1300) CO/CO2 = 0.00429 –5.0 –4.9
1573 (1300) CO/CO2 = 0.01356 –6.0 –5.9
1573 (1300) CO/CO2 = 0.04288 –7.0 –7.0
1573 (1300) CO/CO2 = 0.1356 –8.0 –8.0
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Another series of experiments was undertaken to
confirm the achievement of equilibrium between slag and
gas at 1473 K (1200 �C) and PO2

= 10�7 atm. Four
different mixtures were used to approach the liquidus
point at double saturation of spinel and tridymite. Three
mixtures (B50, B56, and B57) approached equilibrium
from the spinel primary phase field, and one mixture
(B51) approached from the tridymite primary phase
field. Mixtures B56 and B57 had the same proportions of
Fe:CaO:SiO2; however, the B56 mixture was made using
Fe powder, whereas the B57 mixture was made using
Fe2O3 powder. Mixtures B50 and B51 used equimolar Fe
and Fe2O3 powders. The four mixtures were equilibrated
for 24 hours; the compositions of the resulting liquid
slags are provided in Table II and are indicated as points
B50’, B51’, B56’, and B57’ in Figure 5. In all these
samples, a liquid phase with two crystals of primary
phases, spinel and tridymite, were observed. It can be
observed that mixtures B51 and B56, although
approaching from two different primary phase fields,
reached the same equilibrium point, i.e., B51’ and B56’.

Fig. 3—Backscattered scanning electron micrographs of quenched liquid slags in equilibrium with various solid phases: (a) Spinel—‘‘Fe3O4’’,
(b) Tridymite—SiO2, (c) Pseudowollastonite—CaSiO3, and (d) Rankinite—Ca3Si2O7.

Fig. 4—Compositional space in the Ca-Fe-Si-O system and projec-
tion onto the FeO-CaO-SiO2 plane.

[6]
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In contrast, mixtures B50 and B57 had different final
liquid slag compositions to those using mixtures B51 and
B56. Mixture B50 with high iron concentration in the
initial mixture, which was introduced in the form of Fe
and Fe2O3 mixture, produced liquid slag with a higher
iron oxide concentration (B50’). Mixture B57, which was
prepared by using Fe2O3 powder, in contrast, produced
liquid slag with low iron oxide concentration B57’. It
seems that greater equilibration time is required for both
of the mixtures to reach the final equilibrium point.

Experiments using mixtures B56 and B57 were then
repeated for a total equilibration period of 72 hours. The
final liquid compositions of both mixtures in Figure 5 are
indicated as B56L’ and B57L’. In the case of mixture B56,
no difference was found between the liquidus resulting
from 24 hours equilibration (B56’) and 72 hours equili-
bration (B56L’). This finding implies that equilibrium
between gas and slag formixtureB56 had been achieved in

equilibration period of less than 24 hours, and the liquid
slag compositionsB56’ andB56L’ can be taken as the final
equilibriumpoint.Meanwhile, formixtureB57, therewasa
movement of the liquidus toward the final equilibrium
point, which indicates that even after 72 hours of equili-
bration, there was still reaction taking place in the system.
From this set of experiments, it can be observed that the

final equilibrium point at 1573 K (1300 �C) at
PO2

= 10�5 atm can be achieved readily within 24 hours
of equilibration time approaching from two different
equilibration directions, i.e., using initial mixture contain-
ing Fe powder or using initial mixture containing Fe2O3

powder. In contrast, the attainment of equilibrium at
1473 K (1200 �C) at PO2

= 10�7 atm is not straightfor-
ward. At this relatively low temperature, the final equilib-
rium condition in the tridymite primary phase field can be
achieved easily within an equilibrium period of 24 hours
starting with initial mixtures prepared by using Fe and

Table II. Summary of Liquid Slag Compositions for the ‘‘FeO’’-CaO-SiO2 System from Experiments Carried out to Confirm the

Achievement of Equilibrium (Spinel and Tridymite Solids Present in Samples)

Mix
Number

Initial Bulk Composition (Wt Pct)
Liquidus
Number Time (h)

Liquid Slag composition
(Wt Pct)

Fe2O3 Fe CaO SiO2 SiO2 CaO ‘‘FeO’’

Equilibration Conditions fi T = 1573 K (1300 �C), PO2
= 10�5 atm

B81 0 53.8 2.9 43.3 B81’ 24 40.6 9.0 50.4
B82 62.5 0 2.3 35.2 B82’ 24 40.5 9.4 50.1
Equilibration Conditions fi T = 1473 K (1200 �C), PO2

= 10�7 atm
B50 51.9 18.1 5.0 25.0 B50’ 24 41.7 9.6 48.7
B51 31.9 11.1 4.0 53.0 B51’ 24 42.9 12.0 45.1
B56 0 46.7 8.5 44.8 B56’ 24 42.8 11.2 46.0
B56 0 46.7 8.5 44.8 B56L’ 72 42.8 11.6 45.6
B57 55.6 0 7.1 37.3 B57’ 24 44.4 13.8 41.8
B57 55.6 0 7.1 37.3 B57L’ 72 43.8 13.2 43.0

Fig. 5—Liquidus isotherms in the ‘‘FeO’’-CaO-SiO2 system from the experiments carried out to confirm the achievement of equilibrium
(T = 1473 K (1200 �C), PO2

= 10�7 atm).
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Fe2O3 powders. The final equilibrium point in the spinel
primary phase field at 1473K (1200 �C) at PO2

= 10�7 atm
can only be achieved within 24 hours by having initial
mixtures with compositions close to the final equilibrium
points with iron introduced in the form of Fe powder.
Introducing iron in the form of Fe2O3 powder in the spinel
primary phase field at this condition, on the other hand,
requires equilibration periods greater than 72 hours.

As a result of these experiments, the following
equilibration experiments at oxygen partial pressures
between 10�5 atm and 10�7 atm were carried out by
using initial mixtures with compositions close to the
target equilibration points with iron introduced in the
form of Fe powder, or sometimes a Fe-Fe2O3 mixture
with proportion representing stoichiometric FeO.
In some cases, the equilibration time was extended

Table III. Experimentally Determined Phase Compositions for the ‘‘FeO’’-CaO-SiO2 System at an Oxygen Partial Pressure

of 10
25

atm

Temperature [K (�C)] Equilibration Time (h) Phase SiO2 (wt pct) CaO (wt pct) ‘‘FeO’’ (wt pct)

1573 (1250) 24 liquid 45.7 16.6 37.7
spinel 0.2 0.0 99.8
tridymite 98.8 0.0 1.2

1573 (1300) 24 liquid 40.6 9.0 50.4
spinel 0.3 0.0 99.7
tridymite 99.4 0.0 0.6

1573 (1300) 24 liquid 40.5 9.4 50.1
spinel 0.2 0.0 99.8
tridymite 99.1 0.0 0.9

1573 (1300) 24 liquid 40.9 9.8 49.3
spinel 0.3 0.0 99.7
tridymite 98.9 0.0 1.1

1573 (1300) 24 liquid 39.2 20.4 40.4
spinel 99.9 0.0 0.1

1573 (1300) 24 liquid 38.7 22.3 39.0
spinel 0.1 0.0 99.9

1573 (1300) 24 liquid 35.8 28.6 35.6
spinel 0.1 0.0 99.9

1573 (1300) 24 liquid 31.2 35.9 32.9
spinel 0.0 0.4 99.6

1573 (1300) 24 liquid 27.5 37.4 35.1
spinel 0.0 1.1 98.9
dicalcium silicate 34.3 64.4 1.3

1573 (1300) 12 liquid 27.8 37.2 35.0
spinel 0.0 1.0 99.0
dicalcium silicate 35.0 64.0 1.0

1573 (1300) 24 liquid 44.9 12.7 42.4
tridymite 99.3 0.0 0.7

1573 (1300) 24 liquid 44.9 12.7 42.4
tridymite 99.4 0.0 0.6

1573 (1300) 24 liquid 44.7 12.9 42.4
tridymite 99.4 0.0 0.6

1573 (1300) 24 liquid 45.0 12.9 42.1
tridymite 99.4 0.0 0.6

1573 (1300) 24 liquid 54.1 24.0 21.9
tridymite 99.5 0.1 0.4

1573 (1300) 12 liquid 55.3 25.6 19.1
tridymite 99.5 0.1 0.4

1573 (1300) 24 liquid 56.1 28.1 15.8
tridymite 99.7 0.1 0.2
pseudowollastonite 51.4 48.3 0.3

1573 (1300) 24 liquid 37.6 33.3 29.1
pseudowollastonite 51.4 48.2 0.4

1573 (1300) 24 liquid 40.2 30.9 28.9
pseudowollastonite 51.7 48.0 0.3

1573 (1300) 24 liquid 36.5 40.1 23.4
pseudowollastonite 51.7 48.1 0.2

1573 (1300) 24 liquid 49.0 28.6 22.4
pseudowollastonite 51.8 47.9 0.3

1573 (1300) 24 liquid 36.6 41.9 21.5
pseudowollastonite 51.4 48.4 0.2
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more than 24 hours to ensure the achievement of
equilibrium.

III. RESULTS AND DISCUSSION

A. Liquidus in the ‘‘FeO’’-CaO-SiO2 System
at an Oxygen Partial Pressure of 10�5 atm
and Selected Temperatures

The results of EPMA measurements for the ‘‘FeO’’-
CaO-SiO2 system at an oxygen partial pressure of
10�5 atm are summarized in Table III. The phase
diagram of the ‘‘FeO’’-CaO-SiO2 system at this condi-
tion is provided in Figure 6. The experimental liquid
compositions reported by Nikolic et al.[6] at 1523 K
(1250 �C) are indicated by closed circles, whereas the
experimental liquid compositions from the current study
at 1573 K (1300 �C) are indicated by open circles. The
solid lines define the experimental liquidus of the
primary phase fields, i.e., spinel (Fe3O4), tridymite
(SiO2), and pseudowollastonite (CaSiO3). Additional
scales of SiO2/Fe and CaO/SiO2 ratios, important
parameters in fluxing, are included in the diagram for
practical convenience.

At 1523 K (1250 �C) and an oxygen partial pressure
of 10�5 atm, the fully liquid region is surrounded by
three primary phase fields: spinel, tridymite, and

pseudowollastonite. Increasing the temperature to
1573 K (1300 �C) increases the extent of the fully liquid
area. The boundary between spinel and pseudowollas-
tonite primary phase fields found at 1523 K (1250 �C) is
not observed at 1573 K (1300 �C). At 1573 K (1300 �C),
the spinel primary phase field shares a boundary with
the dicalcium silicate primary phase field.

B. Liquidus in the ‘‘FeO’’-CaO-SiO2 System
at an Oxygen Partial Pressure of 10�6 atm
and Selected Temperatures

Extensive work on the phase equilibria in the ‘‘FeO’’-
CaO-SiO2 system at an oxygen partial pressure of
10�6 atm between 1473 K and 1623 K (1200 �C and
1350 �C) has been carried out by Nikolic et al.,[6] at
1573 K (1300 �C) limited to CaO/SiO2 ratios lower than
1.2 and at 1623 K (1350 �C) limited only to the spinel
primary phase field. In the current study, at an oxygen
partial pressure of 10�6 atm, experimental measure-
ments at 1573 K (1300 �C) have been extended to CaO/
SiO2 ratios higher than 1.2 and at 1623 K (1350 �C) to
include both tridymite and pseudowollastonite primary
phase fields. At CaO/SiO2 ratios higher than 1.2,
experimental difficulties arise with the presence of
dicalcium silicate, which undergoes a polymorphic phase
transformation during cooling, leading to the disinte-
gration of the sample into small particles (the so-called

Fig. 6—Liquidus isotherms in the ‘‘FeO’’-CaO-SiO2 system at 1523 K and 1573 K (1250 �C and 1300 �C) at an oxygen partial pressure of
10�5 atm (data from the present study indicated by open circle and data from Nikolic et al.[6] are indicated by closed circle).
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‘‘dusting’’ phenomenon).[13] The ability of EPMA to
carry out compositional analysis on an area as small
as 5 lm facilitates the examination of these small
particles. Although ‘‘dusting’’ took place, a sufficiently
large area for EPMA analysis can still be found to
enable the composition of each phase to be measured
accurately.[14]

Table IV shows the EPMA measurements obtained
from the present experiments at an oxygen partial
pressure of 10�6 atm. The phase diagram for the
‘‘FeO’’-CaO-SiO2 system at this condition is provided
in Figure 7. The dashed lines in the figure show the
boundaries between the primary phase fields. The dash-
dotted line gives the predicted wollastonite to pseu-
dowollastonite transition. At 1573 K (1300 �C), the
compositions of liquids at spinel and dicalcium silicate
saturations, as well as at rankinite and dicalcium silicate
saturations, have been determined successfully. The
extent of the fully liquid area of the ferrous calcium
silicate slag at 1573 K (1300 �C) at an oxygen partial
pressure of 10�6 atm is characterized completely. At
1623 K (1350 �C), additional information on the posi-
tions of the liquidus in the tridymite and pseudowollas-
tonite primary phase fields is now available.

C. Liquidus in the ‘‘FeO’’-CaO-SiO2 System
at an Oxygen Partial Pressures of 10�7 atm
and Selected Temperatures

The compositions of the phases present in the ‘‘FeO’’-
CaO-SiO2 system at an oxygen partial pressure of
10�7 atm at temperatures of 1473 K and 1573 K
(1200 �C and 1300 �C) for CaO/SiO2 ratios lower than
1.2 are summarized in Table V. At 1473 K (1200 �C),
there is only a small range of compositions over which
fully liquid slag is observed. The fully liquid region is
surrounded by the spinel, tridymite, and wollastonite/
pseudowollastonite primary phase fields. The fully
liquid region expands with the increase of temperature
from 1473 K to 1573 K (1200 �C to 1300 �C), princi-
pally because of the movement of the spinel liquidus.
The movement of the tridymite liquidus is not as
significant as that of spinel. For example, an increase
of temperature in spinel primary phase field from
1473 K to 1573 K (1200 �C to 1300 �C) at fixed CaO/
SiO2 ratio of 0.4 results in the movement of the liquidus
position toward iron oxide corner by approximately
20 wt pct of ‘‘FeO.’’ In contrast, increasing the temper-
ature in tridymite primary phase field from 1473 K to

Table IV. Experimentally Determined Phase Compositions for the ‘‘FeO’’-CaO-SiO2 System at an Oxygen Partial Pressure

of 10
26

atm

Temperature
[K (�C)]

Equilibration
Time (h) Phase

SiO2

(wt pct)
CaO

(wt pct)
‘‘FeO’’
(wt pct)

1523 (1250) 48 liquid 42.3 10.9 46.8
spinel 0.3 0.0 99.7
tridymite 99.0 0.0 1.0

1523 (1250) 24 liquid 42.8 10.5 46.7
spinel 0.3 0.0 99.7
tridymite 98.9 0.0 1.1

1573 (1300) 48 liquid 26.4 35.8 37.8
spinel 0.0 0.8 99.2
dicalcium silicate 34.5 64.3 1.2

1573 (1300) 24 liquid 37.6 42.6 19.8
pseudowollastonite 51.1 48.7 0.2

1573 (1300) 24 liquid 34.8 41.3 23.9
dicalcium silicate 35.1 64.1 0.8
rankinite 41.6 57.8 0.6

1573 (1300) 24 liquid 36.0 41.9 22.1
rankinite 41.5 57.7 0.8

1573 (1300) 24 liquid 38.1 42.9 19.0
pseudowollastonite 50.8 49.1 0.1
rankinite 40.8 58.5 0.7

1623 (1350) 24 liquid 35.2 0.0 64.8
tridymite 99.1 0.0 0.9

1623 (1350) 24 liquid 47.6 11.9 40.5
tridymite 99.3 0.1 0.6

1623 (1350) 24 liquid 55.1 23.6 21.3
tridymite 99.6 0.0 0.4

1623 (1350) 24 liquid 58.9 30.2 10.9
pseudowollastonite 51.3 48.5 0.2
tridymite 99.7 0.1 0.2

1623 (1350) 24 liquid 40.0 36.4 23.6
pseudowollastonite 51.3 48.5 0.2

1623 (1350) 24 liquid 39.6 46.7 13.7
pseudowollastonite 51.4 48.5 0.1
rankinite 41.4 58.0 0.6
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1573 K (1200 �C to 1300 �C) at constant CaO/FeO ratio
of 0.43 moves the liquidus position to the silica corner
by less than 4 wt pct of SiO2. Finally, comparison of the
fully liquid regions in Figures 6 through 8 at fixed
temperature shows that the fully liquid region expands
with decreasing oxygen partial pressure from 10�5 atm
to 10�7 atm.

D. Solid Solutions in the ‘‘FeO’’-CaO-SiO2 System
at Oxygen Partial Pressures between 10�5 atm
and 10�7 atm, at Selected Temperatures

The solid solutions in the ‘‘FeO’’-CaO-SiO2 system at
an oxygen partial pressure of 10�6 atm were reported by
Nikolic et al.[6] The spinel solidus was found to contain
relatively higher lime concentrations of up to 0.6 wt pct
compared with silica, which had less than 0.45 wt pct of
CaO. Tridymite was reported to dissolve appreciable
amount of iron oxide compared to lime. Calcium meta-
silicate solidwas found to dissolve an appreciable amount
of iron oxide at 1473 K (1200 �C). At 1523 K and 1573 K
(1250 �C and 1300 �C), the compositions of calcium
metasilicate solid were close to stoichiometric CaSiO3. In
general, it was found that the concentration of solute
species in solids decreased with increasing temperature.

The following discussion focuses only on the results at
oxygen partial pressures of 10�5 atm and 10�7 atm.

Figures 9 through 11 summarize the experimentally
determined solidus compositions of spinel, tridymite,
and calcium metasilicate with tie-lines to the corre-
sponding liquidus compositions. The figures provide
information on the effects of oxygen partial pressure
and temperature on the compositions of the solid
phases.
The spinel phase seems to dissolve relatively higher

concentrations of lime than silica. For example, at
1573 K (1300 �C) at an oxygen partial pressure of
10�5 atm, the maximum lime concentration in spinel is
more than 1 wt pct, whereas the maximum silica con-
centration is only 0.3 wt pct (Figure 9(a)). This trend
can also be observed at oxygen partial pressure of
10�7 atm for the spinel solidus at 1573 K (1300 �C)
(Figure 9(b)). A comparison of the spinel solidus at
1573 K (1300 �C) at oxygen partial pressures of
10�5 atm and 10�7 atm indicates that there are no
significant changes in the solubility ranges of silica and
lime in solid spinel with the variation of oxygen
potential. A comparison of the spinel solidus at fixed
oxygen partial pressure (10�7 atm) at two different
temperatures (1473 K and 1573 K [1200 �C and
1300 �C]) shows a significant effect of temperature on
the spinel solidus. For example, at 0 wt pct CaO, it can
be observed that the solubility of silica in the spinel
increases with decreasing temperature.

Fig. 7—Liquidus isotherms in the ‘‘FeO’’-CaO-SiO2 system at 1473 K, 1523 K, 1573 K, and 1623 K (1200 �C, 1250 �C, 1300 �C, and 1350 �C)
at an oxygen partial pressure of 10�6 atm (data from the current study indicated by open circle and data from Nikolic et al.[6] are indicated by
closed circle).
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Table V. Experimentally Determined Phase Compositions for the ‘‘FeO’’-CaO-SiO2 System at an Oxygen Partial Pressure

of 1027 atm

Temperature
[K (�C)]

Equilibration
Time (h) Phase

SiO2

(wt pct)
CaO

(wt pct)
FeO

(wt pct)

1473 (1200) 24 liquid 42.8 11.2 46.0
spinel 0.5 0.0 99.5
tridymite 99.2 0.0 0.8

1473 (1200) 72 liquid 42.8 11.6 45.6
spinel 0.4 0.0 99.6
tridymite 99.3 0.0 0.7

1473 (1200) 24 liquid 42.9 12.0 45.1
spinel 0.4 0.0 99.6
tridymite 99.2 0.0 0.8

1473 (1200) 24 liquid 43.1 18.2 38.7
spinel 0.3 0.0 99.7

1473 (1200) 24 liquid 41.4 23.5 35.1
wollastonite 51.2 44.6 4.2
spinel 0.2 0.0 99.8

1473 (1200) 24 liquid 44.1 13.5 42.4
tridymite 99.3 0.1 0.6

1473 (1200) 24 liquid 44.5 13.8 41.7
tridymite 99.2 0.1 0.7

1473 (1200) 24 liquid 48.1 19.5 32.4
tridymite 99.3 0.1 0.6

1473 (1200) 24 liquid 49.2 20.0 30.8
tridymite 99.4 0.1 0.5

1473 (1200) 24 liquid 50.8 23.4 25.8
wollastonite 51.2 45.0 3.8
tridymite 99.5 0.1 0.4

1473 (1200) 24 liquid 51.4 23.0 25.6
wollastonite 51.3 44.0 4.7
tridymite 99.6 0.1 0.3

1573 (1300) 24 liquid 23.4 0.0 76.6
spinel 0.6 0.0 99.4

1573 (1300) 24 liquid 24.4 0.0 75.6
spinel 0.6 0.0 99.4

1573 (1300) 24 liquid 26.9 6.7 66.4
spinel 0.4 0.0 99.6

1573 (1300) 24 liquid 13.6 22.1 64.3
spinel 0.0 0.4 99.6

1573 (1300) 24 liquid 28.9 14.4 56.7
spinel 0.3 0.0 99.7

1573 (1300) 24 liquid 29.1 23.5 47.4
spinel 0.1 0.0 99.9

1573 (1300) 24 liquid 28.8 24.3 46.9
spinel 0.1 0.0 99.9

1573 (1300) 24 liquid 27.8 26.9 45.3
spinel 0.0 0.1 99.9

1573 (1300) 24 liquid 26.7 28.6 44.7
spinel 0.0 0.2 99.8

1573 (1300) 24 liquid 25.6 30.1 44.3
spinel 0.1 0.3 99.6

1573 (1300) 24 liquid 25.8 30.3 43.9
spinel 0.0 0.3 99.7

1573 (1300) 24 liquid 35.1 0.0 64.9
tridymite 99.2 0.0 0.8

1573 (1300) 24 liquid 47.5 12.5 40.0
tridymite 99.3 0.0 0.7

1573 (1300) 24 liquid 54.6 24.6 20.8
tridymite 99.6 0.1 0.3

1573 (1300) 24 liquid 56.3 27.8 15.9
tridymite 99.6 0.1 0.3
pseudowollastonite 51.6 48.2 0.2

1573 (1300) 24 liquid 41.1 30.0 28.9
pseudowollastonite 51.4 48.2 0.4
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The tridymite solidus is presented in Figure 10. In
general, tridymite is found to dissolve an appreciable
concentration of iron oxide and a limited amount of
lime. The maximum concentration of iron oxide ‘‘FeO’’
in the tridymite solidus is approximately 1.1 wt pct at
1573 K (1300 �C) at an oxygen partial pressure of
10�5 atm (Figure 10(a)). The concentrations of solutes
(lime and iron oxide) in tridymite change with temper-
ature. It can be observed in Figure 10(b) that an increase
in the temperature decreases the concentrations of
solutes in the tridymite.

The compositions of the calcium metasilicate solid are
presented in Figure 11. It is found that there is a
decrease in the concentration of iron oxide in the
calcium metasilicate solid with the increase of temper-
ature. At 1473 K (1200 �C) at an oxygen partial

pressure of 10�7 atm (Figure 11(b)), the calcium meta-
silicate solid can dissolve up to 4 wt pct of iron oxide.
While at 1573 K (1300 �C) at oxygen partial pressures
between 10�5 atm and 10�7 atm (Figures 11(a) and (b)),
the calcium metasilicate is formed with composition
approaching stoichiometric CaSiO3. The change in the
ability of the calcium metasilicate solid to dissolve iron
is an indication that there is a transformation of its
crystal structure.
It was shown by Bowen et al.[15] that there are two

polymorphs of calcium metasilicate, i.e., pseudowollas-
tonite (a-CaSiO3) and wollastonite (b-CaSiO3). Pseu-
dowollastonite is a pure CaSiO3 compound, while
wollastonite is a CaSiO3 solid solution with appreciable
FeSiO3 concentration. In the current study, the concen-
tration of iron in the calcium metasilicate crystal has

Fig. 8—Liquidus isotherms in the ‘‘FeO’’-CaO-SiO2 system at 1473 K and 1573 K (1200 �C and 1300 �C) at an oxygen partial pressure of
10�7 atm.

Table V. continued

Temperature
[K (�C)]

Equilibration
Time (h) Phase

SiO2

(wt pct)
CaO

(wt pct)
FeO

(wt pct)

1573 (1300) 24 liquid 38.0 34.2 27.8
pseudowollastonite 51.0 48.7 0.3

1573 (1300) 24 liquid 50.7 28.1 21.2
pseudowollastonite 51.5 48.1 0.4

1573 (1300) 24 liquid 37.8 42.1 20.1
pseudowollastonite 51.3 48.5 0.2
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Fig. 9—Spinel compositions and tie lines to the corresponding liquidus compositions at (a) 1573 K (1300 �C) at an oxygen partial pressure of
10�5 atm, and (b) 1473 K and 1573 K (1200 �C and 1300 �C) at an oxygen partial pressure of 10�7 atm.

Fig. 10—Tridymite compositions and tie lines to the corresponding liquidus compositions at (a) 1573 K (1300 �C) at an oxygen partial pressure
of 10�5 atm, and (b) 1473 K and 1573 K (1200 �C and 1300 �C) at an oxygen partial pressure of 10�7 atm.

Fig. 11—Wollastonite/pseudo-wollastonite compositions and tie lines to the corresponding liquidus compositions at (a) 1573 K (1300 �C) at an
oxygen partial pressure of 10�5 atm, and (b) 1473 K and 1573 K (1200 �C and 1300 �C) at an oxygen partial pressure of 10�7 atm.
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been used as a criterion to distinguish wollastonite from
pseudowollastonite crystals. It is found that calcium
metasilicate transforms from the wollastonite structure
to the pseudowollastonite structure with the increase of
temperature as can be observed in Figure 11(b).

IV. CONCLUSIONS

The phase equilibria of the ferrous calcium silicate
slags were characterized at oxygen partial pressures of
10�5 atm, 10�6 atm, and 10�7 atm at selected temper-
atures. The effects of oxygen partial pressure and
temperature on the liquid and solid phases in the slags
have been presented. It is found that the fully liquid
region of the slags expands as a result of increasing the
equilibration temperature or decreasing the oxygen
partial pressure. The expansion of liquidus in the spinel
primary phase field is more significant than those of
tridymite and wollastonite/pseudowollastonite primary
phase fields. In general, it is found that the concentra-
tions of solutes in the solid primary phases decrease with
increasing temperature.
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