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Abstract
The equilibrium phase relations of the MgO–SiO2–CrOx system were investi-
gated at 1600◦C in air and at pO2 of 10–10 to 10–11 atm using a high-temperature
isothermal equilibration technique followed by rapid quenching anddirect phase
composition analyses with electron probe X-ray microanalysis. Two-phase equi-
libria (liquid–cristobalite, liquid–spinel, liquid–corundum, and liquid–olivine)
and three-phase equilibria (liquid–cristobalite–spinel, liquid–olivine–spinel,
liquid–spinel–corundum, and cristobalite–spinel–corundum) were observed.
The 1600◦C isothermal sections at various oxygen partial pressures were
constructed for the MgO–SiO2–CrOx system based on the experimentally
determined liquid and solid compositions. Data from the literature and the pre-
dictions by FactSage and MTDATA software were compared with the present
experimental results.

KEYWORDS
chromium oxide, electrolytic ferrochromium, phase diagram, thermodynamics, waste
management

1 INTRODUCTION

TheMgO–Cr2O3-based ceramics are widely used as refrac-
tories in high-temperature smelting furnaces due to their
high melting points and high thermal stability.1–3 In the
smelter, the slag/refractory interaction has a vital effect on
the lifespan of the refractories.4 The stability of refractories
in high-temperature smelting conditions can be predicted
based on the phase relations in the MgO–SiO2–Cr2O3 sys-
tem since SiO2 is amajor component inmostmetallurgical
slags.5 Investigation of the phase relations of the MgO–
Cr2O3-based system at different temperatures and oxygen
partial pressures provides useful information on the stabil-
ity of refractories under different smelting conditions.6,7

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society.

The production of FeCr alloy from ferrochrome mineral
ores by molten oxide electrolysis (MOE)8,9 is attractive
due to the regulations for the emissions of greenhouse
gases. In the MOE process, the chromite ore dissolves in
the electrolyte (i.e., a molten oxide) and simultaneously
undergoes electrolytic decomposition to liquid FeCr alloy
and oxygen gas. Knowledge of the slag properties is critical
for controlling the process operation. For example, slag
foaming is linked with the formation of solid phases
such as olivine and spinel. Furthermore, the stability of
MgO-based refractories and the solubility of chromium in
potential electrolyte slags can be determined by the phase
equilibria of the MgO–CrOx-based slag systems. There-
fore, in the production of FeCr alloy from ferrochrome
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ores by the MOE method, it is essential to control the
primary phase field of the feed mixture at the operation
temperature and oxygen partial pressures.10–16
The industrial stainless steel and ferrochromium slags

conform with the SiO2–CaO–MgO–Al2O3–Cr2O3–FeOx
system.17–21 Different from argon oxygen decarburization
stainless steel slags,22–24 the slags from ferrochrome
smelting are rather acidic, containing MgO and Al2O3
along with SiO2 but without CaO.25
Various studies have been carried out on the phase equi-

libria of relevant subsystems including SiO2–MgO,26–30
SiO2–Cr2O3,31–34 and MgO–Cr2O3.35,36 Regarding the
MgO–SiO2–Cr2O3 ternary system, Keith37 determined the
liquidus of the system at 1600◦C–2100◦C in air. Morita
et al.38–40 determined the primary phase field isotherms
for the spinel in the MgO–SiO2–CrOx system at 1600◦C
in both air38 and reducing atmosphere.39,40 Their results
obtained in air are in good agreement with the observa-
tions by Keith37 and they39,40 reported that the decrease
of oxygen partial pressure led to an increase in the liquid
domain. Li et al.41 studied the subsolidus phase relations
in the MgO–SiO2–CrOx system in equilibrium with metal-
lic chromium at 1100◦C–1500◦C and 0–2.88 GPa. Arnout
et al.42 investigated the phase equilibria of the MgO–
SiO2–CrOx system at 1600◦C and pO2 ranging from air to
equilibrium with metallic chromium at a reducing atmo-
sphere using a combined experimental and computational
method. However, their experiments42 were mainly con-
ducted in the spinel primary phase field and only a limited
effort was devoted to the cristobalite and forsterite (i.e.,
the olivine solid solution in this study) phase domains.
The aforementioned background indicates that the

phase relations of the MgO–SiO2–CrOx system have not
been investigated systematically, especially in reducing
atmospheres. Therefore, the main purpose of this study is
to determine the phase equilibria of the MgO–SiO2–CrOx
systemat 1600◦C in air and at pO2 of 10–10 to 10–11 atmusing
the well-established and accurate high-temperature equi-
libration/quenching method and phase composition anal-
yses by electron probe X-raymicroanalysis (EPMA). Inves-
tigation of the phase relations in the MgO–SiO2–Cr2O3
subsystem provides insight into the dissolution of Cr2O3
from the stable chromite spinel43,44 and simultaneously
helps to operate the MOE process for controlling the feed
mixture and the forming of freeze lining in the electrolyzer.

2 EXPERIMENTAL

High-purity oxide powders of MgO (99.95 wt%), SiO2
(99.995 wt%), and Cr2O3 (99.97 wt%), all from Alfa Aesar,
were used to prepare the initial slag mixtures. Each oxide
was weighed in an appropriate ratio, mixed in an agate

TABLE 1 The calculated gas flow rates at 1600◦C for the
various oxygen partial pressures.

Log10
[pO2, atm]

CO
(mL/min)

95% N2–5% CO2
(mL/min)

CO2
(mL/min)

−10 488.5 – 11.5
−10 340.0 160.0 –
−11 440.0 60.0 –

F IGURE 1 Schematic of the vertical equilibration tube
furnace.

F IGURE 2 Concentrations of SiO2, MgO, and “CrO” in liquid
versus equilibration time.
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6232 CHEN et al.

F IGURE 3 Typical microstructures of the MgO–SiO2–CrO1.5 system obtained at 1600◦C in air: (A) liquid–cristobalite; (B) liquid–spinel;
(C) liquid–spinel–cristobalite; (D) liquid–spinel–olivine phase fields.

mortar, and then pressed into a cylindrical pellet. The aver-
age weight of the sample was approximately 0.2 g. The gas
atmosphere was controlled by adjusting the ratio of CO to
CO2 using the gas mixture of CO (99.97 vol%, AGA-Linde,
Finland) and CO2 (99.995 vol%, Woikoski Oy, Finland) or
95% N2–5% CO2 (Woikoski Oy). The target oxygen partial
pressure and the gas flow rates were determined based on
the following equations45:

2CO (g) + O2 (g) = 2CO2 (g) (1)

Δ𝐺𝜃(kJ∕mol) = −561.14 + 0.17𝑇(K) (2)

lg

(
𝑝O2

𝑝𝜃

)
= 2 lg

(
𝑝CO2

𝑝CO

)
+
0.434Δ𝐺𝜃

𝑅𝑇
(3)

where ΔGθ refers to the standard Gibbs energy of reaction
(1), T is the temperature (K), pθ represents the standard
atmospheric pressure of 1 bar. R is the gas constant of 8.314
J/(K mol). pO2, pCO, and pCO2 represent partial pressures
of O2, CO, and CO2, respectively. Table 1 shows the calcu-

lated gas flow rates for the various oxygen partial pressures
at 1600◦C.
The experiments followed the procedure described

in our previous studies.46–48 The high-temperature
isothermal equilibration experiments were conducted
in a vertical Nabertherm furnace (Lilienthal, Germany,
RHTV 120-150/1) equipped with MoSi2 heating elements
and a recrystallized alumina work tube. The sample
temperature was measured using a calibrated S-type ther-
mocouple (Johnson–Matthey Noble Metals, UK) placed
next to the sample. DFC26 digital mass flow controllers
(Aalborg, USA) were used to regulate the gas flow rates
(see Table 1). Figure 1 shows the schematic diagram of
the equilibration furnace. For the experiments in air, the
sample pellets placed in the platinum crucible were lifted
up to the furnace hot zone, whose lower end was open
to ambient air. The experiments in reducing atmospheres
were conducted in an envelope made of molybdenum foil.
The sample pellets placed in a long molybdenum basket
were lifted to the cold zone of the reaction tube using a
platinum wire. Before equilibration, the lower end of the
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CHEN et al. 6233

F IGURE 4 Back-scattered electron images of typical microstructures obtained at 1600◦C and pO2 of 10–10 atm: (A) liquid–cristobalite;
(B) liquid–spinel; (C) liquid–olivine; (D) liquid–spinel–olivine; (E) liquid–spinel–cristobalite; (F) spinel–cristobalite–corundum.

reaction alumina work tube was sealed by a rubber plug,
and a gas mixture for getting the target pO2 at 1600◦C was
introduced into the furnace for approximately 30 min to
stabilize the gas atmosphere. Subsequently, the sample
was raised to the hot zone of the furnace for equilibration.
To determine the required time for reaching equilibrium

liquid and solid compositions, time series experiments
were conducted by annealing the samples with an initial
high SiO2 concentration (12.8 wt% Cr2O3–64.6 wt% SiO2–
22.6 wt% MgO) at 1600◦C and pO2 of 10–10 to 10–11 atm

for 4, 6, and 8 h. The equilibration time was determined
based on the stabilization of the concentrations of SiO2,
MgO, and “CrO” in liquid measured by energy-dispersive
X-ray spectroscopy, as shown in Figure 2. Preliminary
time-series experiments indicated that the system reaches
equilibrium within 4 h at the experimental temperature.
However, to ensure the equilibrium crystallization of
solid phases, all samples were annealed at 1600◦C in a
controlled gas atmosphere for at least 8 h. After annealing,
the sample was quenched into an ice–water mixture.
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6234 CHEN et al.

F IGURE 5 Back-scattered electron
images of typical microstructures obtained
at 1600◦C and pO2 of 10–11 atm:
(A) liquid–cristobalite; (B) liquid–spinel;
(C) liquid–olivine; (D) liquid–corundum;
(E) liquid–spinel–olivine;
(F) liquid–spinel–corundum; (G) single
liquid equilibria.
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CHEN et al. 6235

F IGURE 6 Solubility of CrOx in olivine and spinel as a
function of CrOx concentration in the liquid.

The quenched samples were dried, mounted in epoxy,
polished by wet metallographic methods, and carbon-
coated using a carbon vacuum evaporator (JEOL IB-
29510VET). The microstructures were determined using
a Tescan Mira 3 scanning electron microscope (Tescan,
Brno, Czech Republic) equipped with UltraDry silicon
drift energy dispersive X-ray spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). The direct measurement
of phase compositions was conducted using a CAMECA
(SX100) electron microprobe analyzer coupled with five
wavelength-dispersive spectrometers with the following
settings: accelerating voltage of 20 kV and beam current
of 40 nA. A focused and a defocused beam diameter set
to 5–20 μm were used. The external standards used in
the EPMA analyses were diopside (Mg Kα), obsidian (O
Kα), chromite (Cr Kα), and quartz (Si Kα). The PAP-ZAF
program49 was used for correcting the raw EPMA data. At
least six analysis points were randomly selected from the
well-quenched areas of each phase.

3 RESULTS

The typical microstructures and the equilibrium phase
compositions obtained at 1600◦C in air and at pO2 of
10–10 to 10–11 atm are shown in Figures 3–5 and Tables 2–4,
respectively. The liquid–solid two-phase equilibria, includ-
ing liquid–cristobalite, liquid–spinel, liquid–olivine, and
liquid–corundum, and three-phase equilibria, including
liquid–cristobalite–spinel, liquid–olivine–spinel, liquid–
corundum–spinel, and cristobalite–spinel–corundum,
were observed at 1600◦C. The solid phases of olivine and
spinel represent the solid solutions of (Mg,Cr)2SiO4 and

(Mg,Cr)Cr2O4, respectively. While the solid phases of
cristobalite and corundum represent the stochiometric
phases of SiO2 and Cr2O3, respectively. The analyzed
concentrations of chromium obtained in air and reducing
atmospheres were recalculated as “CrO1.5” and “CrO”,
respectively.
As can be seen in Tables 3 and 4, the concentrations of

CrOx in olivine and spinel displayed a strong relationship
with the liquid composition, as observed earlier in the
literature.44 Figure 6 shows the experimentally measured
solubilities of CrOx in the solid phases as a function of the
CrOx concentration in the liquid slag. The predictions by
MTDATA and FactSage were also plotted onto the graph
for comparison. It should be noted that both the experi-
mental and the modeling points started and ended with
three-phase equilibria except for the starting points for the
olivine phase simulation results by FactSage. The exper-
imentally determined solubilities of CrOx in both spinel
and olivine at pO2 of 10–10 to 10–11 atm investigated in this
study displayed an increasing trend with increasing CrOx
concentration in the liquid slag. The experimentally deter-
mined highest solubility of CrOx in spinel increased from
approximately 69–83 mol% with decreasing oxygen partial
pressure from 10–10 to 10–11 atm. The decrease in oxygen
partial pressure led to a decrease inCrOx in spinel at a fixed
CrOx concentration in liquid, similar to the predictions by
MTDATA. However, the present experimental results indi-
cate that the increase in oxygen partial pressure from 10–11
to 10–10 atm had no significant effect on the dissolution
of CrOx in olivine, although the liquid phase equilibrated
with olivine and spinel at pO2 of 10–11 atm had higher CrOx
concentration than that determined at pO2 of 10–10 atm.
The dissolution of CrOx in olivine predicted by FactSage

was close to the present experimental results, although
the concentration of CrOx in liquid in equilibrium with
olivine and spinel at pO2 of 10–11 atm by FactSage was
approximately 4.5 mol% lower than the present results.
The solubility data for CrOx in olivine were not available
in the MTDATA Mtox database (version 8.2). As for the
spinel phase, the predicted maximum solubilities of CrOx
in spinel by MTDATA at pO2 of 10–10 atm were around
76 mol%, which was higher than the present experimental
results. At pO2 of 10–11 atm, the experimentally determined
maximum solubility of CrOx in spinel was close to the cal-
culations by MTDATA and FactSage. The dissolution of
CrOx in spinel predicted by FactSage at 1600◦C and pO2
of 10–10 atm was close to the present results.

4 DISCUSSION

The 1600◦C isothermal sections of the MgO–SiO2–CrOx
phase diagram in air and at pO2 of 10–10 to 10–11 atm were
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TABLE 2 Equilibrium phase compositions for the MgO–SiO2–CrO1.5 system at 1600◦C in air determined by electron probe X-ray
microanalysis (EPMA).

Sample
Equilibrium
phases

Equilibrium composition (mol%)
CrO1.5 SiO2 MgO

Liquid + cristobalite
SMC-23 Liquid 0.1 ± 0.0 55.1 ± 0.3 44.8 ± 0.3

Cristobalite 0.0 ± 0.0 100.0 ± 0.0 0.0 ± 0.0
SMC-24 Liquid 0.1 ± 0.0 56.0 ± 0.1 43.9 ± 0.1

Cristobalite 0.0 ± 0.0 100.0 ± 0.0 0.0 ± 0.0
Liquid + spinel
SMC-28 Liquid 0.8 ± 0.1 53.9 ± 0.1 45.3 ± 0.1

Spinel 65.8 ± 0.3 0.1 ± 0.0 34.1 ± 0.3
SMC-30 Liquid 0.8 ± 0.1 50.4 ± 0.1 48.8 ± 0.1

Spinel 65.6 ± 0.2 0.1 ± 0.0 34.3 ± 0.2
Liquid + cristobalite + spinel
SMC-26 Liquid 1.0 ± 0.0 55.6 ± 0.2 43.4 ± 0.2

Cristobalite 0.0 ± 0.0 99.9 ± 0.0 0.0 ± 0.0
Spinel 65.7 ± 0.3 0.1 ± 0.0 34.3 ± 0.3

Liquid + olivine + spinel
SMC-31 Liquid 0.5 ± 0.0 49.2 ± 0.1 50.3 ± 0.1

Olivine 0.2 ± 0.0 33.2 ± 0.1 66.6 ± 0.1
Spinel 65.4 ± 0.0 0.2 ± 0.1 34.4 ± 0.1

constructed based on the present experimental results, as
shown inFigures 7–9, respectively. The present experimen-
tal results were compared with the predictions by FactSage
(version 8.2) using the FactPS and FToxid databases50,51
and by MTDATA with theMtox database,52,53 respectively.

4.1 Construction of the 1600◦C
isotherm in air

Figure 7A shows the 1600◦C isothermal section of the
MgO–SiO2–CrO1.5 phase diagram in air constructed based
on the present experimental results. The liquid domain
and the primary phase fields of cristobalite, spinel, and
olivine were constructed. The area marked in light gray
was not investigated due to the limited experimental
points. A comparison of the present experimental results
and the data from the literature,37,39,42 as shown in
Figure 7B, indicates that the present liquid domain shrank
toward the MgO–SiO2 binary system when compared
with the data by Keith37 and Morita et al.39 The primary
phase field of spinel determined by Arnout et al.42 had
a similar chromium oxide concentration as the present
study. Whereas the liquid composition point for the
liquid–olivine–spinel coexisting equilibria determined by
Arnout et al.42 exhibited higher SiO2 concentrations than
the present results.

Figures 7C,D shows comparisons of the present obser-
vations and the simulations by FactSage and MTDATA,
respectively. It can be seen in Figure 7C that the liquid
domain determined in this study is narrower than the
predictions by FactSage, shifting toward the area with a
lower chromium oxide concentration. Figure 7D shows
that the present liquid domain is close to the simulation
by MTDATA, although the primary phase domain of
spinel determined in this study displayed slightly lower
chromium oxide concentrations than the predictions by
MTDATA. The experimentally determined compositions
of olivine and spinel in this study were close to the
predictions by MTDATA and FactSage.

4.2 Construction of the 1600◦C
isotherm at pO2 of 10−10 atm

As shown in Figure 8A, the primary phase fields of cristo-
balite, spinel, and olivine were determined at 1600◦C and
pO2 of 10–10. The domains for liquid–cristobalite–spinel,
liquid–olivine–spinel, and spinel–cristobalite–corundum
three-phase coexisting equilibria were constructed based
on the liquid and solid compositions. Based on the Gibbs
phase rule, regions for olivine–spinel and cristobalite–
spinel co-existing equilibrium can be constructed by
connecting the solid composition points, although no
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CHEN et al. 6237

TABLE 3 Equilibrium phase compositions measured by electron probe X-ray microanalysis (EPMA) for the MgO–SiO2–CrOx system at
1600◦C and pO2 of 10–10 atm.

Sample
Equilibrium
phases

Equilibrium composition (mol%)
“CrO” SiO2 MgO

Liquid + cristobalite
SMC-1 Liquid 9.2 ± 0.1 56.2 ± 0.2 34.6 ± 0.1

Cristobalite 0.1 ± 0.0 99.8 ± 0.1 0.1 ± 0.1
SMC-4 Liquid 5.3 ± 0.0 56.6 ± 0.2 38.2 ± 0.2

Cristobalite 0.1 ± 0.0 99.9 ± 0.1 0.1 ± 0.1
SMC-5 Liquid 15.7 ± 0.0 55.3 ± 0.1 29.0 ± 0.1

Cristobalite 0.2 ± 0.1 99.7 ± 0.1 0.1 ± 0.1
Liquid + spinel
SMC-9 Liquid 14.9 ± 0.1 51.8 ± 0.4 33.3 ± 0.3

Spinel 68.7 ± 0.2 0.0 ± 0.0 31.3 ± 0.2
SMC-10 Liquid 10.6 ± 0.1 48.3 ± 0.2 41.2 ± 0.2

Spinel 67.4 ± 0.1 0.1 ± 0.0 32.5 ± 0.1
SMC-22 Liquid 12.8 ± 0.2 49.0 ± 0.3 38.3 ± 0.2

Spinel 67.8 ± 0.4 0.1 ± 0.0 32.1 ± 0.4
Liquid + olivine
SMC-6 Liquid 2.1 ± 0.0 47.3 ± 0.1 50.6 ± 0.1

Olivine 0.9 ± 0.0 32.9 ± 0.1 66.2 ± 0.1
SMC-7 Liquid 3.3 ± 0.0 47.2 ± 0.2 49.5 ± 0.2

Olivine 1.4 ± 0.0 32.8 ± 0.1 65.8 ± 0.1
SMC-8 Liquid 7.6 ± 0.0 45.7 ± 0.3 46.7 ± 0.2

Olivine 3.2 ± 0.0 32.8 ± 0.1 64.0 ± 0.1
Liquid + olivine + spinel
SMC-16 Liquid 7.6 ± 0.0 45.1 ± 0.1 47.3 ± 0.0

Olivine 3.2 ± 0.1 32.9 ± 0.1 64.0 ± 0.1
Spinel 65.9 ± 0.4 0.1 ± 0.0 34.0 ± 0.4

Liquid + cristobalite + spinel
SMC-21 Liquid 16.4 ± 0.1 54.4 ± 0.2 29.2 ± 0.2

Cristobalite 0.2 ± 0.0 99.7 ± 0.0 0.0 ± 0.0
Spinel 69.3 ± 0.1 0.0 ± 0.0 30.7 ± 0.1

Cristobalite + corundum+ spinel
SMC-14 Cristobalite 0.4 ± 0.1 99.5 ± 0.2 0.1 ± 0.1

Spinel 71.6 ± 0.3 0.1 ± 0.2 28.3 ± 0.2
Corundum 99.6 ± 0.2 0.4 ± 0.2 0.1 ± 0.0

experimental results were obtained in those areas in the
present study.
The results for liquid–spinel and liquid–olivine–spinel

equilibria determined by Arnout et al.42 at 1600◦C and
pO2 of 10–9.56 atm were close to the present results.
However, the liquid point for liquid–spinel–cristobalite
equilibrium by Arnout et al.42 at 1600◦C and pO2 of
10–9.56 atm displayed relatively lower SiO2 and “CrO”
concentrations than the present study. Furthermore, the
liquid composition for the liquid-cristobalite equilibrium

by Arnout et al.42 at 1600◦C and pO2 of 10–10.16 atm
fitted well with the present observations. Their results
for the spinel primary phase field shifted toward the
area with higher “CrO” but lower SiO2 concentrations
when compared with the present experimental obser-
vations. The results for the liquid–spinel equilibrium
determined by Morital et al.39 at 1600◦C and pO2 of
2.73 × 10–10 atm displayed a similar trend to this study
but they were shifted to a higher MgO concentration
area.
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TABLE 4 Equilibrium phase compositions obtained by electron probe X-ray microanalysis (EPMA) for the MgO–SiO2–CrOx system at
1600◦C and pO2 of 10–11 atm.

Sample
Equilibrium
phases

Equilibrium composition (mol%)
“CrO” SiO2 MgO

Single liquid
SMC-59 Liquid 26.2 ± 0.1 46.0 ± 0.2 27.8 ± 0.1
Liquid + cristobalite
SMC-34 Liquid 4.8 ± 0.0 56.0 ± 0.0 39.2 ± 0.1

Cristobalite 0.1 ± 0.0 99.9 ± 0.0 0.0 ± 0.0
SMC-35 Liquid 10.9 ± 0.0 54.8 ± 0.1 34.3 ± 0.1

Cristobalite 0.2 ± 0.0 99.8 ± 0.0 0.0 ± 0.0
SMC-36 Liquid 16.6 ± 0.1 55.1 ± 0.1 28.2 ± 0.1

Cristobalite 0.2 ± 0.1 99.8 ± 0.1 0.0 ± 0.0
SMC-73 Liquid 20.5 ± 0.1 54.2 ± 0.1 25.3 ± 0.1

Cristobalite 0.3 ± 0.1 99.7 ± 0.1 0.0 ± 0.0
SMC-74 Liquid 37.3 ± 0.1 51.4 ± 0.1 11.3 ± 0.1

Cristobalite 0.4 ± 0.0 99.6 ± 0.0 0.0 ± 0.0
SMC-75 Liquid 28.7 ± 0.2 52.9 ± 0.2 18.4 ± 0.2

Cristobalite 0.4 ± 0.1 99.6 ± 0.1 0.0 ± 0.0
Liquid + spinel
SMC-71 Liquid 18.1 ± 0.2 42.9 ± 0.1 39.0 ± 0.2

Spinel 68.6 ± 0.3 0.0 ± 0.0 31.4 ± 0.3
SMC-76 Liquid 40.8 ± 0.2 41.9 ± 0.1 17.3 ± 0.1

Spinel 76.2 ± 0.6 0.0 ± 0.0 23.8 ± 0.6
SMC-77 Liquid 23.2 ± 0.3 42.4 ± 0.1 34.3 ± 0.4

Spinel 70.2 ± 0.5 0.0 ± 0.0 29.8 ± 0.5
SMC-79 Liquid 23.1 ± 0.4 42.7 ± 0.1 34.2 ± 0.5

Spinel 70.6 ± 0.4 0.0 ± 0.0 29.4 ± 0.4
Liquid + olivine
SMC-40 Liquid 2.2 ± 0.0 47.5 ± 0.0 50.3 ± 0.0

Olivine 0.9 ± 0.0 32.9 ± 0.1 66.3 ± 0.1
SMC-41 Liquid 3.2 ± 0.0 47.8 ± 0.0 49.0 ± 0.0

Olivine 1.3 ± 0.0 32.9 ± 0.1 65.7 ± 0.1
SMC-43 Liquid 7.7 ± 0.0 45.8 ± 0.1 46.4 ± 0.1

Olivine 3.2 ± 0.0 32.9 ± 0.1 63.9 ± 0.1
Liquid + corundum
SC-1 Liquid 57.7 ± 0.1 42.3 ± 0.1 0.0 ± 0.0

Corundum 100.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
SMC-72 Liquid 53.3 ± 0.5 42.2 ± 0.5 4.5 ± 0.2

Corundum 99.9 ± 0.1 0.0 ± 0.0 0.0 ± 0.0
Liquid + corundum + spinel
SMC-80 Liquid 53.3 ± 0.1 38.7 ± 0.1 8.0 ± 0.1

Spinel 83.4 ± 0.1 0.0 ± 0.0 16.6 ± 0.1
Corundum 100.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Liquid + olivine + spinel
SMC-70 Liquid 15.6 ± 0.4 42.4 ± 0.2 42.0 ± 0.4

Olivine 6.5 ± 0.1 33.0 ± 0.1 60.5 ± 0.1
Spinel 67.2 ± 0.4 0.1 ± 0.0 32.6 ± 0.4
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CHEN et al. 6239

F IGURE 7 Isothermal section of the MgO–SiO2–CrO1.5 system at 1600◦C in air: (A) the present results; (B) data from the
literature37,39,42; (C) predictions by FactSage; (D) predictions by MTDATA. Halite of MTDATA is the same solid solution phase as monoxide in
FactSage. The red line in Figure 4B represents the present experimental results.

Figure 8B shows that the liquid domain determined in
the present study was close to the predictions by FactSage.
The concentration of chromium oxide for the liquid point
for the liquid–cristobalite–spinel three-phase coexisting
equilibrium determined in this study was approximately
3 mol% lower than the calculation by FactSage. The
domain for cristobalite–spinel equilibrium constructed in
this study was narrower than the simulation by FactSage
due to the lower experimentally determined dissolution
of chromium oxide in spinel. Figure 8C shows that the
liquid domain simulated by MTDATA deviated signifi-
cantly from the present experimental results. The presence
of the liquid–cristobalite–spinel three-phase equilibrium
determined in this study contradicts the formation of
the tie lines for liquid–corundom and the corresponding
equilibria predicted by MTDATA andMtox databases.

4.3 Construction of the 1600◦C
isotherm at pO2 of 10−11 atm

Figure 9A shows the present experimental results deter-
mined at pO2 of 10–11 atm. Similar to the results at pO2
of 10–10 atm, the primary phase fields of cristobalite,
spinel, and olivine were constructed at 1600◦C and pO2
of 10–11 atm. However, the liquid–cristobalite–spinel and
corundum–spinel–cristobalite three-phase equilibrium
were not observed at pO2 of 10–11 atm. Instead, the liquid–
corundum and liquid–corundum–spinel phase domains
were determined at pO2 of 10−11 atm. The liquid domain
enlarged significantly toward the area with a higher CrOx
concentration by decreasing oxygen partial pressure from
10−10 to 10−11 atm. The isotherm for the primary phase
field of spinel determined at pO2 of 10−11 atm exhibited
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6240 CHEN et al.

F IGURE 8 Isothermal section of the MgO–SiO2–CrOx system at 1600◦C and pO2 of 10–10 atm: (A) the present results; (B) predictions by
FactSage; (C) predictions by MTDATA. Halite of MTDATA represents the same solution phase as monoxide in FactSage.

a higher “CrO” concentration when compared with the
present experimental results determined at pO2 of 10−10
atm. The isotherm in the olivine primary phase field
exhibited almost the same level of MgO concentration as
the results at pO2 of 10−11 atm, although the liquid phase
in equilibrium with spinel and olivine at pO2 of 10−11
atm displayed higher CrOx concentration than the results
determined at pO2 of 10−10 atm.
Figure 9B,C shows comparisons of the present experi-

mental results and the calculated isothermal sections by
FactSage and MTDATA, respectively. The liquid phase
domain determined at 1600◦C and pO2 of 10−11 atm in
this study was wider than the predictions by FactSage, as
shown in Figure 9B. The isotherm for the olivine primary
phase field calculated by FactSage fits well with the
present experimental results, although the liquid point

for the liquid–olivine–spinel three-phase equilibrium
calculated by FactSage displayed a lower “CrO” concen-
tration than the present observations. The isotherms in
the spinel and corundum primary phase fields deter-
mined at 1600◦C and pO2 of 10−11 atm in this study
displayed lower SiO2 concentration than simulations by
FactSage.
The primary field of olivine simulated by MTDATA

expanded toward the area with higher SiO2 concentra-
tions than the present results and the computations by
FactSage. The present isotherms in the cristobalite and
spinel primary phase domains agreed well with simula-
tions by MTDATA. The corundum primary phase domain
determined in this study expanded toward the area with
higher SiO2 andMgO concentrationswhen comparedwith
predictions by MTDATA.
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CHEN et al. 6241

F IGURE 9 Isothermal section of the MgO–SiO2–CrOx system at 1600◦C and pO2 of 10–11 atm: (A) the present results; (B) predictions by
FactSage; (C) predictions by MTDATA. Halite of MTDATA represents the same solution phase as monoxide in FactSage. The red lines in
Figure 9B,C refer to the present experimental results.

5 CONCLUSIONS

The equilibrium phase relations in the MgO–SiO2–
CrOx system were investigated at 1600◦C in air and
reducing atmospheres of pO2 = 10–10 to 10–11 atm
using the high-temperature isothermal equilibra-
tion/quenching/EPMA technique. Four two-phase
primary phase fields (liquid–cristobalite, liquid–
spinel, liquid–olivine, and liquid–corundum) and
four three-phase regions (liquid–cristobalite–spinel,
liquid–spinel–olivine, cristobalite–spinel–corundum,
and liquid–corundum–spinel) were observed. The 1600◦C
isothermal sections of theMgO–SiO2–CrOx phase diagram
in air and at pO2 of 10–10 to 10–11 atm were constructed.
The present experimental results were compared with

the data from literature and simulations by FactSage
and MTDATA. The present experimental observations

in air were close to the data reported in the literature
and the computation by MTDATA. The present liquid
domain obtained at pO2 of 10–10 atm was closer to the
calculations by FactSage than by MTDATA. The predicted
liquidus domain inMTDATA extended to higher CrOx and
lower MgO compositions compared to the experimentally
observed phase equilibria in this study. The present exper-
imental results obtained at pO2 of 10–11 atm were closer to
the modeling by MTDATA than by FactSage. The differ-
ence between the simulations by MTDATA and FactSage
was ascribed to the different databases and models used
for the calculations. The present study indicates that the
thermodynamic parameters in both databases should be
re-assessed based on the present experimental data. The
present results provide guidance for refractories corrosion,
slag foaming, freeze-lining formation, and chromium
extraction from ferrochrome ores and concentrates in the
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MOE method by controlling the oxygen partial pressure
and electrolyte slag composition.
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