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Abstract: The equilibrium phase relations and liquidus contours for the TiO,-containing oxide
system in reducing atmospheres are of importance in understanding the smelting process of
Ti-containing resources. Equilibrium - quenching experiments were conducted at 1400 °C for the
Ca0-Si0,-TiO, system at oxygen partial pressure of 10" atm controlled by a CO/CO, gas
mixture. The equilibrium phase compositions were analyzed by scanning electron microscopy -
energy dispersive X-ray spectrometry. Perovskite, wollastonite, rutile, and silica were found to
coexist with liquid oxide. The 1400 °C isotherm was then constructed for the CaO-SiO,-TiO,
system, and the results revealed that lower oxygen partial pressures led to shrinkage of the rutile
and wollastonite primary phase areas. The comparisons with the calculated sections by FactSage
and MTDATA indicated that the oxygen partial pressure has an obvious influence on the molten
phase domain and clear deviations from experimental data mainly existed in the primary phase
field of rutile. Therefore, the present results are significant for updating the current
TiO,-containing thermodynamic databases, giving a deeper understanding of the related high

temperature processes.
Keywords: thermodynamic, equilibrium, ilmenite, titanomagnetite, smelting reduction

1 Introduction

Metallic titanium and its oxide, TiO,, are widely used in different areas, for instance bone implants,
white pigment in paints, automobiles, even nuclear submarines and spacecraft''). The crustal
abundance of Ti is 0.62 Wt%[z], and it mainly coexists with other elements such as Fe, Cr, Mn, Si,
etc. in rutile (95 - 100 wt% TiO,), ilmenite (45 - 53 wt% TiO,), and titanomagnetite (0 - 34 wt%
TiO,) ores™. During the smelting reduction of the ores in a blast furnace or electric furnace, Ti
oxides are mainly deported into the slag phase due to their higher stability compared to Fe oxides

4 and Ti-bearing slags are produced with different concentrations of TiO,

in reducing conditions
(5-25 wt% for blast furnaces, 45-60 wt% for electric furnaces)™\. In order to increase the metal
extraction efficiencies, as well as the recovery of the enormous Ti resource in slags, the

physicochemical properties of TiO,-containing oxide systems including viscosity'®, structure!”,

and crystallization®® should be systematically investigated. Equilibrium phase relations and
liquidus information can be used as the fundamental data to explain the variety of the
abovementioned physicochemical properties, and therefore should have the highest priority in

experimental studies.

Many metals, such as Fe, Ti, V, Mg, Al, and Cr, are involved in blast and electric furnace smelting
reactions. Therefore, an extremely complicated oxide system, described as the
Ca0-MgO-CrO,-FeO,-VO,-Al,0;-Si0,-TiO, system, is present in the processes[g]. Considering
the solid solutions and the influence of oxygen partial pressure on the oxidation states of the
transition metals Fe, Ti, Cr, and V, the difficulty for fundamental studies on this oxide system is
increased by several degrees of magnitude. Therefore, the most basic and important
Ca0-Si0,-TiO, system was selected as the focus for long-term research, which will lay the

foundation for studies of the higher order or more complicated systems, e.g.,



Ca0-Si0,-MgO-Al,0;-Ti0,!"" ', Ca0-Si0,-TiO,-Fe,0""?, and TiO,-Fe,0-V,0!".

The phase diagrams for the binary sub-systems of CaO-SiOZ[M], CaO-TiOz[IS], and the
quasi-binaries of SiO,-TiO,'®! have been extensively investigated during the past decades. For the
Ca0-Si0,-TiO, ternary system, studies have been mainly conducted in oxidizing atmospheres. In
1955, DeVries ef al.'”! were the first to systematically study this system in air. They constructed
the primary crystal phase fields, e.g., perovskite, rutile, and silica for the CaO-SiO,-TiO, section
with the 1400° C to 1900 °C isotherms. The system was also characterized by a wide
immiscibility area. To find the effects of TiO, on the sintering of periclase-spinel mixtures, the
quasi-binary CaO-Ti0,-2Ca0-SiO, system was investigated by Panek er al,'" focusing on
compositions near the eutectic point, and the solution of CaO-TiO; in the 2Ca0-SiO, phase was
found to reach a maximum of 3.61 wt% by X-ray microprobe analysis. Later in 1998, Kirschen e?
al" 2 2 ypdated the primary crystal phase fields and immiscibility domain using both
equilibrium experiments at 1600 °C and calculations by Kohler extrapolation. Major discrepancies
were found in the stability of wollastonite compared with the results by DeVries et al.!'”. The
quasi-binary systems of CaO-Si0,-Ca0-SiO; TiO,, Ca0-Si0,-Ca0-TiO,, CaO-SiO, TiO,-TiO,,
Ca0-Si0,-Ti0,-Ca0-TiO,, 2Ca0-Si0,-Ca0-TiO,, as well as the Ca0-Si0,-TiO, system were

2] with an adapted LeChatelier-Shreder equation. However, a

optimized by Danek et al.!
significant deviation existed in the SiO,-rich region due to the lack of thermodynamic data for the
simulation of the liquid state miscibility gap. In reducing atmospheres, the 1300 °C subsolidus of
the Ti,03-S10,-CaO system was studied by Ye et al. [24], and a ternary phase of 3Ca0-Ti,05-3Si0,
was detected in a non-oxidizing atmosphere. In a study by Muan ez al.,** a phase diagram of the
Ca0-Si0,-Ti,O3 system was constructed for the equilibrium phase relations of transition metal
oxides at high temperatures from 1400 °C to 1700 °C and at low oxygen partial pressures of 10 -
10" atm. The ternary garnet 3CaO-Ti,O3-3SiO, phase was found to replace the sphene

Ca0-Si0, - TiO, phase, which is stable in air. The results indicated a significant influence of

oxygen partial pressure on the equilibrium phase assemblies.

The precise prediction of the properties of oxide systems at high temperatures requires
quantitative knowledge of the thermodynamic data. The equilibrium phase relations of Ti, Fe, V,
and Cr need to be extensively investigated under different oxygen partial pressures of industrial
interest. In the present work, the CaO-SiO,-TiO, system was selected to enrich the fundamental
studies at 1400 °C at the oxygen partial pressure of 10™'? atm. Comparisons of the experimental
results were conducted with predictions by FactSage and MTDATA, as well as earlier results from
the literature, in order to evaluate the need for updating the current thermodynamic oxide

databases.

2 Experimental
High purity oxide powders of CaO (99.99 wt%), SiO, (99.99 wt%), and TiO; (99.98 wt%) from

Sigma-Aldrich were used as starting materials for the experiments. For each sample, 0.15 g of the



oxide mixture was accurately weighed with the pre-set ratios of the components (Table 1), then

pressed into cylindrical shape and stored in a desiccator for the equilibrium experiments.

The high temperature equilibrium - quenching technique was employed to determine the phase
relations and the 1400 °C isotherm for the CaO-SiO,-TiO, system under a reducing atmosphere.

(10, 11, 26] ~ platinum

The experimental details have been described in our previous publications
foil was used for supporting the small cylindrical sample pellet, which was then suspended by a
platinum wire inside the furnace work tube. Preliminary experiments with extended lead times of
12-48 h proved that 24 h was sufficient to reach equilibrium % Therefore, each sample was
equilibrated for at least 24 h to ensure that equilibrium state was reached. Before the platinum foil
— sample assembly was pulled up to the hot zone of the furnace, the bottom of the tube was sealed
and a reducing CO,/CO gas mixture was introduced into the tube for at least 30 min to replace the

residual air, and to generate the required oxygen partial pressure. After the stabilization, the foils

were pulled up to the hot zone for the equilibrium experiments.

After equilibration, the bottom of the tube was opened in the protection of an ice-water bath, and
the platinum foil containing the sample was dropped and quenched in the ice water. The
quenching process was finished within seconds in order to retain the high temperature phase

assemblies and the phase compositions at room temperature.

The quenched samples were dried, mounted in epoxy resin, polished, and coated with carbon for
further analysis. A MIRA 3 Scanning Electron Microscope (SEM; Tescan, Brno, Czech Republic)
equipped with an UltraDry silicon drift energy dispersive X-ray spectrometer and NSS
microanalysis software (EDS; Thermo Fisher Scientific, Waltham, MA, USA) was used to
characterize the phase assemblies and compositions of the samples. The following parameters
were employed: an accelerating voltage of 15 kV and a beam current of 10 nA on the sample
surface. The Proza (Phi-Rho-Z) matrix correction procedure was used for processing the raw
data®”!. The external standards utilized in the EDS analyses were anhydrite (for Ca, K ), quartz
(for O, K and Si, K ), and Ti metal (for Ti, K ). The mineral and metal microanalysis standards
were supplied by Astimex (Toronto, Canada). At least six analysis points were randomly selected

from each phase for statistical reliability.

3 Results

3.1 Oxidation state of Ti oxides

During the smelting reduction process of Ti-containing ores, the reducing atmosphere is mainly
controlled by the reactions between C, CO, and CO,, as explained by equations (1) - (3).
According to the Ellingham diagram in Figure 1, calculated by HSC Chemistry 9.0, Fe oxides
can be reduced step-by-step by CO or C from Fe,O; to Fe;0,, then to FeO, and finally to metallic

[29, 30

Fe at blast furnace smelting temperatures ! Simultaneously, V and Cr oxides can also be

reduced to metallic state. In contrast, Ti oxides such as TiO,, Ti,Os; and TiO in the ores are



difficult to reduce. The different oxide stability refers to the C/CO/CO, reactions eventually lead

to the production of a metallic Fe-V-Cr-C alloy and a TiO,-rich slag.

2C (s) + 0, (g) = 2CO (g) AG” (kI-mol ™) = -274.02 - 0.17 T (°C)™**
C (s) + 0, (2) = CO; (g) AG” (kJ'mol™) = -395.18 - 0.0007 T (°C)**!
2CO () + 0, (g) = 2CO, (2) AG® (KJ'mol") =-516.34 + 0.17 T (°C)**

(M
@
)

200 AG® (kJ mol)=A+B*T(°C)
Fe,0,Fe,0,” | | No. Reactions (200 — 2000 °C)
A, kJ-mol! B, kJ'mol!-°C1
of +0,(e) = - -
cvco__| 1 2C (s)* Oy(g) = 2C0(g) 274.02 0.17
- 2 |CE)t 0,8 =CO -395.18 -0.0007
el FeOTe0—] (5)+ O5(2) = CO®)
g o0l CO/CO,——— 3 2€0 (g) + 04(g) = 2C0x(g) -516.34 0.17
2 / Fe/FeO—— 4 |2Fe (s) + Oy(g) = 2FeO (s) -485.55 0.12
3 ___’,,—/"’_/”‘wV 0s 5 |6FcO (s)+ Oy(g) = 2Fe;0, (5) -550.78 0.23
S -400 c/co,
£ \ 6 |4Fe,0, (s) + Oy(e) = 6Fe,0; (s) | -411.87 0.28
S c/co 7 |2Ti (5)* Ox(g) =2TiO (5) -1022 0.18
% -600 - TiO/Ti,0;4 5 .
% / TiTiO, 8 |4TiO (5)+ Oy(g) = 2Ti, 05 (5) -815.02 0.16
< / // 9 |Ti(s) + Oy(g) = TiO, (5) -891.57 018
200 I Ti/TiO
//<—>Slllelllllg temperature range 10455V ()* Oa() = 2/5V,05 () - 556.06 0.14
L L L L L 11 |2Cr (s) + O,(g) = 2CrO(g) 298.1 -0.20
1000 1200 1400 1600 1800 2000

Temperature, °C

Figure 1. The Ellingham diagram for selected reduction reactions involving metallic elements Fe, Ti, V, and Cr.

In order to reveal the oxidation states of Ti oxides in the slag at different oxygen partial pressures

and temperatures, a predominance phase diagram of the Ti - O system was plotted by FactSage

7.3P1 a5 shown in Figure 2. In blast furnace smelting temperature ranges'>", TiO, can be reduced

to lower valence oxides, Ti;Os, Ti,Os, and TiO, along with continuously decreasing oxygen partial

pressure. The Magnéli phases with a general formula of Ti,0,,.; (n = 4) can also be formed before

the formation of Ti;Os. In the present work, an experimental oxygen partial pressure of 10™° atm,

1 atm total pressure, and a temperature of 1400 °C were selected as global constraints to

investigate the equilibrium phase relations of the CaO-Si0,-TiO, system.
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Figure 2. Stable regions of Ti oxides as functions of 7" and log(Po ,/ Pe) in the Ti-O, system. The lines between

the TiO, and Ti;Os regions are the phase boundaries of several Magnéli phases with the formula of Ti,0,,.; (n > 4)

The Boudouard reaction (3) controlled the oxygen partial pressure by the CO/CO, gas mixture
during the equilibration process. The prevailing oxygen partial pressure could be calculated by
equation (4), where delta G (J-mol™) is the standard Gibbs energy of reaction (3), R is the gas
constant with a value of 8.314 (J-mol'"K'), 7 is the temperature in K, P®is the standard
atmospheric pressure (1 bar), while Pcq, Pco, Po, are the partial pressures for CO,, CO, and O,,
respectively. In order to realize the experimental condition of Pg, = 1071% atm at 1400 °C, a
total flow rate of 300 mL/min with a volumetric CO,/CO ratio of 0.21 was used. The experimental
Po, and T was also projected on Figure 2 with label A. According to the above calculation, the
stable form of pure titanium oxides during the experiments was TiO,, and therefore this oxidation

state was adopted for the discussion in the following sections.
0
log (’;%) = 043422 + 21og’;% (4)

3.2 Equilibrium phases at oxygen partial pressure of 10" atm and 1400 °C

The microstructures of the equilibrium phases are presented in Figures 3(a) to 3(f), while the
corresponding phase compositions are listed in Table 1. In total, four two-phase equilibrium
assemblies were found. A liquid-silica equilibrium was confirmed in the high SiO, domain and
was represented by sample #1 in Figure 3(a) with light gray and dark gray phases, respectively.
When the CaO concentration in the sample increased from base sample #1, a liquid-wollastonite
equilibrium was detected, as shown by sample #5 in Figure 3(b). Furthermore, liquid-perovskite

and liquid-rutile equilibrium assemblies could be identified as the TiO, concentration in the



samples kept increasing, as shown in Figures 3(c) and 3(d) by samples #7 and #10, respectively.

Moreover, a three-phase equilibrium of condensed phases (liquid-silica-rutile) was confirmed in
samples #12, #13, #14, as shown in Figure 3(e) with the medium gray (liquid), dark gray (silica),
and light gray (rutile) phases displayed by sample #13. According to the Gibbs phase rule™, the

degrees of freedom f'in a system can be expressed with the following equation (5):
f=(S-R-2)-P+2=C-P+2 5)

where S is the total number of components in the system, R is the number of independent chemical
reactions, Z is the number of constraints, C is the number of independent components, and P is the
number of coexisting phases, while 2 stands for the environmental conditions of temperature and

total pressure.

For the equilibrium process of the CaO-Si0,-TiO, system involving gases under partial pressure
of Py, =107*% atmat 1400 °C, TiO, existed as TiO, according to the predominance phase
diagram in Figure 2. Therefore, the total components were CaO, SiO,, TiO,, CO, CO,, C, and O,,
thus S = 7. Meanwhile, there were 2 independent chemical reactions between equations (1) to (3),
and thus R = 2. In addition, there was one concentration constraint with a fixed CO,/CO ratio of
0.21 (or oxygen partial pressure), and thus Z = 1. Therefore, the number of independent
components is C=S—-R—-Z=7-2—1=4. Moreover, as gas was involved in the equilibrium
process, the number of coexisting phases P is 4 for samples #12, #13, and #14 between the gas
and the condensed three-phase equilibrium of liquid-silica-rutile. Furthermore, when the
environmental parameters of temperature and total pressure were fixed at 1400 °C and 1 atm, the
degrees of freedom f'for the liquid-silica-rutile-gas equilibrium could finally be confirmed as f= C
— P =4 -4 = 0. This means that the composition of the coexisting liquid oxide forms a
constrained invariant point in the CaO-SiO,-TiO, system. The composition of the invariant point
can be thus calculated as the average of samples #12, #13, and #14, which yields 54.7 wt% TiO, +
24.6 wt% SiO, + 20.7 wt% CaO.

The single-phase equilibrium of liquid, shown in Figure 3(f), was found in a different composition
domain in samples #15, #16, and #17, implying that two liquid oxides domains may exist under
these experimental conditions. Normally, the compositions of a single liquid phase cannot be used
for constructing the isotherm directly. It may still be quite useful, however, in judging whether the

constructed isotherm is right or not. This will be discussed in the following paragraphs.



(a) #1

(b) #5

(e) #13
Figure 3. The microstructures of the equilibrium phases at 1400 °C at Pg, = 10710 atm.

(d) #10

N
(f) #15, #16, #17

20um

Table 1. The compositions of the equilibrium phases at 1400 °C under Po, = 10710 atm.

Initial composition, wt%

Phases

Equilibrium phase composition, wt%

TiO, SiO, CaO TiO, SiO, CaO
#1 12.00 75.00 13.00 Liquid 294+0.5 432+1.2 274+0.9
Silica 1.6+04 98.3+0.6 0.1+£0.2
#2 8.00 72.00 20.00 Liquid 157+1.2 52.8+0.8 31.5+04
Silica 1.0+£0.5 99.0+0.5 0.0
#3 2.00 65.00 33.00 Liquid 14.4+£0.9 555+14 30.1 +£0.7
Silica 0.8+0.3 98.9+0.9 0.3+0.6
#4 10.00 45.00 45.00 Liquid 143+0.2 46.5+0.2 39.2+0.1
‘Wollastonite 0.4+0.1 50.1+0.3 495+0.3




#5 5.00 42.00 53.00 Liquid 14.8+0.6 373+0.5 48.0+0.1

Wollastonite 0.5+0.1 50.0+0.3 49.5+0.3
#6 28.00 28.00 44.00 Liquid 25.9+0.1 355+0.1 38.6 £ 0.0(3)
Perovskite 58.8+0.4 0.1 £0.0(2) 41.1+04
#7 42.00 22.00 36.00 Liquid 43.5+0.5 255+1.1 31.0+£0.6
Perovskite 59.5+£0.1 0.1 +£0.0(2) 40.4+0.1
#8 56.00 12.00 32.00 Liquid 549+04 199+1.1 252+0.9
Perovskite 59.6 £0.1 0.1+£0.0(3) 403 +0.1
#9 69.00 5.00 26.00 Liquid 740+ 1.1 55+09 20.5+£0.2
Perovskite 59.8+0.2 0.1 £0.0(1) 40.1+0.2
#10 80.00 7.00 13.00 Liquid 67.0+0.4 11.9+0.1 21.1+0.5
Rutile 99.5+0.2 0.3+0.0(3) 02+0.2
#11 65.00 18.00 17.00 Liquid 58.1+0.5 209+0.2 21.0+0.5
Rutile 99.4+0.1 0.4 +0.0(3) 0.2+0.1
#12 50.00 32.00 18.00 Liquid 54.8+2.3 239+1.2 213+1.3
Silica 2.9 +0.0(4) 97.1 £0.0(4) 0.0
Rutile 99.4+0.1 0.5+0.0(3) 0.1+0.1
#13 40.00 45.00 15.00 Liquid 56.0+0.3 23.5+0.2 20.5+0.1
Silica 2.6+0.1 97.4+0.1 0.0
Rutile 99.0 £ 0.1 0.5+0.0(1) 0.5+0.1
#14 30.00 60.00 10.00 Liquid 533+1.1 263+1.6 20.4+0.6
Silica 2.8+0.1 97.2+ 0.1 0.0
Rutile 99.4+0.1 0.5+0.1 0.1+0.1
#15 10.00 50.00 40.00 Liquid 13.8+0.1 51.8+0.2 344 +0.1
#16 8.00 38.00 54.00 Liquid 10.4 +0.1 37.7+£0.3 51.9+0.2
#17 14.00 32.00 54.00 Liquid 11.6 £0.5 38.8 £0.1 49.6 £0.1

3.3 Construction of the 1400 °C isotherm at Py, = 1071 atm

Based on the above phase compositions, the 1400 °C isotherm of the system at Py, = 107*° atm
was constructed and projected on the CaO-SiO,-TiO, plane in Figure 4. The solid line in Figure 4
is the 1400 °C isotherm based on the equilibrium liquid compositions of this study, while the
short-dashed lines are the predicted lines for depicting the invariant points involving the
three-phase  equilibrium  of liquid-rutile-perovskite, liquid-perovskite-wollastonite, and
liquid-wollastonite-silica, respectively. In Figure 4, the 1400 °C isotherm in air by DeVries et al.!'”
was also plotted as a purple dashed line to reveal the influence of the oxygen partial pressure. The
liquid phase area was apparently enlarged when the oxygen partial pressure decreased from air to
10" atm. There is a fair agreement of the liquid compositions for the two-liquid equilibrium of
the liquid-silica domain. However, the low oxygen partial pressure of 10" atm leads to the
shrinking of the primary phase areas of wollastonite and rutile, while the primary phase area of
perovskite was greatly extended to much higher TiO, and lower SiO, concentrations, indicating
that the lower oxygen partial pressure had an great influence on decreasing the stability of TiO,,
while favorable for the formation of perovskite phase. At the same time, the invariant point for the

liquid-rutile-silica equilibrium at Py, = 1071% atm moved in the direction of slightly higher TiO,
and lower SiO, concentrations.

In Figure 5, the 1400 °C isotherm at Py, = 10710 atm was calculated by FactSage 7.3"'" with
the Equilib module using the FactPS and FToxide databases. The calculated isotherms in the
primary phase fields of wollastonite and perovskite agreed well with the present experimental

results; however, the calculated liquidus area greatly expanded towards the higher SiO,



concentration region for the primary phase fields of silica and rutile. It is worth mentioning that
FactSage also predicted a second liquid domain in the high CaO content range at Pp, =
10710 atm, which coincides with the present experimental results, as shown by the liquid
compositions of samples #16 and #17. However, the experimentally determined liquid
compositions of samples #16 and #17 were not located inside this computational liquid area. More
experimental data are needed to depict and fit the exact shape of this part of the isothermal section,

as in the FactSage databases the molten oxide phase is much too stable in the low CaO regions.
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Figure 4. A comparison of the 1400 °C isotherms from the present work and results from DeVries ef al. I'"! .
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Figure 5. A comparison of the 1400 °C isotherms from the present work and the FactSage prediction.

Similarly, the 1400 °C isotherm at Po, = 107'° atm was also predicted by MTDATA 8.28% with

the Mtox and Mtoxsup databases and is shown in Figure 6, where a full assessment of the



CaO-Fe-Ti-O-MgO-AlL,05-Si0, system is available!®". The predicted 1400 °C isotherm had a
perfect fit with the present experimental results in the primary phase fields of perovskite, rutile,
and silica. For wollastonite, the calculation gave a larger primary phase equilibrium area. It seems
that the molten oxide phase in the MTDATA databases is slightly less stable than it should be and,
therefore, wollastonite extends far from the CaO-SiO, binary, i.e., to too high TiO, concentrations.
From the comparisons of experimental results with thermodynamic predictions, it is convinced
that the database in MTDATA is more reasonable for TiO,-containing system regarding to current
experimental parameters. The large deviations in FactSage may come from the fact that the
database is only developed for reducing conditions when Ti presented, and the liquid phase is
generally modeled for binary system, while the ternary and higher-order systems is only estimated
from the model due to lack of any experimental data. This strongly affects the FactSage
predictions in the Ti-O containing systems. More effort is needed for the update of the Ti oxide

containing thermodynamic database of FactSage.
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Figure 6. A comparison of the 1400 °C isotherms of the present work and the MTDATA prediction.

4 Conclusions

The CaO-SiO,-TiO, system plays an important role in the smelting reduction processes of
Ti-containing ores, as well as in the comprehensive recovery of Ti resources from Ti-bearing slags.
In the present work, the equilibrium phase relations and the Po, = 1071% atm isotherm at
1400 °C were experimentally determined using an equilibrium-quenching technique. A
comparison of the experimental results between the present work and the literature revealed that

lower oxygen partial pressures lead to shrinkage of the rutile and wollastonite primary phase



arcas.

In addition, the predictions by FactSage and MTDATA databases were also compared with the
experimental results. The observed deviations from the computational diagrams were discussed in
detail to indicate key directions for future experiments. The fundamental data obtained from the
present work is useful for a better understanding of the reaction sequences taking place in ilmenite
and titano-magnetite ores in reducing conditions. Moreover, the data are also important for

updating the present thermodynamic databases of high-order, Ti-containing oxide systems.
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(1)

(2)
3)
(4)

Equilibrium phase relations were experimental determined for
Ca0-Si0,-TiO; system at 1400 °C under oxygen partial pressure of 107
atm.

Equilibria phases of perovskite, wollastonite, rutile, and silica were found to
coexist with liquid oxide.

The 1400 °C isotherm was constructed and compared with thermodynamic
software predictions.

Lower oxygen partial pressures led to shrinkage of the rutile and
wollastonite primary phase fields.
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