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Abstract: High-temperature experiments were carried out for the slag systems of “FeO”—SiO,—CaO—AlO; and
“Fe0”—Si0,—Ca0-MgO at 1200 °C and p(O,) of 107 kPa. The equilibrated samples were quenched, and the phase
compositions were measured by electron probe microanalysis (EPMA). A series of pseudo-ternary and pseudo-binary
phase diagrams are constructed to demonstrate their applications in copper smelting process and evaluation of the
thermodynamic database. Spinel and tridymite are identified to be the major primary phases in the composition range
related to the copper smelting slags. It is found that the operating window of the smelting slag is primarily determined
by wre/Wsio, ratio in the slag. Both MgO and ALO; in the slag reduce the operating window which requires extra fluxing
agent to keep the slag to be fully liquid. Complex spinel solid solutions cause inaccurate predictions of the current
thermodynamic database.
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1 Introduction

Copper mainly exists in the earth’s crust in the
form of copper—iron—sulfide. Approximately 85%
of primary copper is produced through pyro-
metallurgical process, which involves copper
concentrate smelting, matte converting, and refining
processes [1—3]. In the smelting process, copper
concentrates react with oxygen and flux to produce
matte with 50—75 wt.% Cu, SO,-containing gas,
and oxide slag. The oxygen partial pressure in the
smelting process ranges from 107 to 1077 kPa
depending on the matte grade and smelting
temperature [4—6]. The bottom-blowing smelting
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(BBS) process developed in China has the
advantages of good adaptability to raw materials,
high oxygen utilization, high thermal efficiency,
and flexible capacity, making it suitable for
treating low-grade copper concentrates [7,8]. Low-
temperature and low-p(O») are the features of the
BBS slag because of low-grade copper concentrates
treatment. The liquidus temperatures of the
smelting slag are directly related to the Fe*'/Fe**
ratio which is controlled as a function of oxygen
partial pressure [9—12]. Impurities such as MgO,
ALOs;, and CaO are increasingly present in the
copper smelting slag due to the utilization of low-
grade copper concentrates [13]. These impurities, as
well as oxygen partial pressure, play a significant

1003-6326/© 2025 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)



Sui XIE, et al/Trans. Nonferrous Met. Soc. China 35(2025) 338—348 339

role in the physicochemical properties of the slag
such as liquidus temperature and viscosity [14—16].
The physicochemical properties of the slag directly
affect the stable operation, copper recovery, and
thermal efficiency in the smelting process [17].
“Fe0”—Si0,—Ca0 is a basic slag system in
nonferrous smelting process. Several studies have
determined the phase equilibria of the system
FeO—Fe,05—Si0,—CaO at iron saturation [18—20],
in air [21,22], and in intermediate oxygen partial
pressures [23—25]. HIDAYAT et al [24,25] reported
the phase equilibria of the system FeO—Fe,Os—
Si0,—CaO at p(0,) of 10-10"kPa. It was found
that spinel and tridymite are the primary phases at
p(02) of 107kPa and 1200 °C. The fully liquid area
at 1200 °C significantly decreased with increasing
oxygen partial pressure. ZHAO et al [26,27]
investigated the liquidus temperatures in the system
“Fe0”—S10,—Ca0—Al,0s—MgO at iron saturation.
The liquidus temperatures of the slag in the olivine
primary phase field were found to increase with
increasing MgO content and decrease with increasing
Al,Os3 content. HENAO et al [28] studied the phase
equilibria of the system ‘“FeO”—Si0,—MgO at
constant 3.3 wt.% CaO and 3.3 wt.% ALOs, p(O>)
of 10°kPa, and 1250—1350 °C. An optimization
procedure was introduced to obtain the target

concentrations of all components in the liquid phase.

No information was found in the systems
“Fe0”-Si0,—Ca0—AlO3 and “FeO”—Si0,—CaO—
MgO at 1200 °C and p(O,) of 10" kPa.

The BBS technology developed in China
usually operates at low-temperature and low-p(Oy)
when low-grade copper concentrates are treated.
This study focuses on the phase equilibria of the
systems “FeO”-Si0,—Ca0O—-Al,0; and “FeO”—
Si0,—Ca0-MgO at 1200 °C and p(O>) of 1077 kPa
related to the BBS slags. Pseudo-ternary sections of
“FeO0”-Si0,—CaO—Al,O; at constant 2, 4, and
6 wt.% AlLOs, and “FeO”-Si0,—CaO0O-MgO at
constant 2 and 4 wt.% MgO are constructed by
high-temperature experiments. The thermodynamic
software FactSage 8.2 [29] was used to plan the
experiments and the predictions are compared with
the experimental results.

2 Experimental

The experimental procedure used in the
present study has been described in detail in

previous publications [30—37]. The furnace used for
equilibration experiments is shown in Fig. 1. Pure
powders of FexO3 (99.99 wt.%), Si0 (99.99 wt.%),
MgO  (99.95 wt.%), ALO; (99.99 wt.%), Fe
(99.9 wt.%) and CaO (calcined at 1000 °C from
99.0 wt.% CaCOs3) were mixed and pelletized.
Approximately 0.1-0.2 g sample was placed in
a Pt envelope (10 mm x 12 mm X% 0.025 mm) and
equilibrated for 24 h under a CO/CO, mixture gas
flow (400 mL/min CO, and 40 mL/min CO). The
output gas from the experimental furnace was
periodically introduced to another furnace at the
same temperature and equipped with a DS-type
oxygen probe to check the oxygen partial pressure.
The accuracy of the DS-type oxygen probe is
+0.11g[p(02)] units. The compositions of phases
present in the quenched sample after equilibration
were determined by a JXA 8200 electron probe
micro-analyzer (EPMA) with the wavelength
dispersive detectors. EMPA was operated at an
acceleration voltage of 15 kV and a probe current of
15 nA. The ZAF correction procedure was applied.
Fe,0;, CaSiOs, AlLO;, and MgO were used as
standards for Fe, Ca, Si, Al and Mg, respectively.
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equilibration

Schematic of vertical tube furnace for
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FactSage calculations show that the Fe?'/Fe’* is
8—15 in the liquid phase at 1200 °C and p(O,) of
1077kPa. All iron oxide was recalculated as “FeO”
in this work for presentation purposes.

3 Results and discussion

3.1 Choices of pseudo-ternary sections and p(0O-)
To show the effect of impurities (MgO, Al,Os,
Ca0O) on liquidus temperatures, the pseudo-ternary
sections “FeO”—Si0,—CaO—AlLO; at constant
AlL,Os; and “FeO”-Si0,—CaO—-MgO at constant
MgO concentrations have been projected onto the
“Fe0”—Si0,—CaO0 plane, as shown in Fig. 2.

MgO (Al,0;)

CaO

“FeO”
Fig.2 “FeO’-Si0,—CaO—-ALO; and “FeO”—SiO—
Ca0—MgO on “FeO”—Si0,—CaO plane

Matte grade is a function of slag composition,
smelting temperature, p(O;) and p(SO:). Figure 3
shows the effect of matte grade and p(SO;) on
oxygen partial pressure in equilibrium with slag and
tridymite for Cu—Fe—S—0—-Si0O; system, at 1200 °C,
calculated by FactSage 8.2. It can be seen that the
oxygen partial pressure in the smelting process
ranges from 1077 to 107°kPa when the matte
grade is in the range of 50—70 wt.% Cu at 1200 °C.
The p(0,) of 1077 kPa was selected to represent the
operating conditions at various matte grades and
almost constant p(SO,).

The liquid phase at high temperatures was
converted into a uniform glass phase at room
temperature through rapid quenching. The
compositions of the liquid phase and solid phases
can be quantitatively measured by EPMA. Figure 4
shows the typical microstructures of the quenched
samples, illustrating that the liquid is in equilibrium
with spinel (Fig. 4(a)), SiO. (Fig. 4(b)), SiO; and
CaSiOs (Fig. 4(c)), and with spinel, SiO,, and

olivine (Fig. 4(d)).
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Fig. 3 Effect of matte grade and p(SO,) on oxygen
partial pressure in equilibrium with slag and tridymite
for Cu—Fe—S—0-Si0O; system at 1200 °C calculated by
FactSage 8.2

The phase compositions in the quenched
samples measured by EPMA are listed in Table 1
(“Fe0”-S10,—~Ca0—MgO) and Table 2 (“FeO”—
Si0,—CaO—ALO;). Spinel [(Fe*",Mg)O-(AlFe*"),0s]
contains up to 2.4 wt.% MgO, 1.1 wt.% SiO,, and
7.9 wt.% AlLOs. Tridymite (SiO2) contains up to
1.1 wt.% FeO. Olivine [(Fe,Mg,Ca),Si04] contains
up to 31.1 wt.% CaO and 23.2 wt.% MgO.

In the multicomponent systems, the liquid
phase after the equilibration may not contain the
exact AlLOs and MgO concentrations for the
pseudo-ternary sections due to the precipitation of
the solid phase This makes it difficult to obtain the
liquid with the target MgO or Al,O; concentrations.
To address this issue, empirical equations are given
in Table 3.

These equations allow the liquid composition
with the target MgO or AlOs concentrations to be
calculated based on the experimental data. In the
spinel and olivine primary phase fields, the “FeO”
concentration in the liquid is a function of CaO,
MgO, and AlOs; concentrations in the liquid. In
the tridymite primary phase field, the wcio/Wsio,
ratio in the liquid can be obtained from the “FeO”,
MgO, and Al,Os concentrations in the liquid. The
interpolated points can be calculated by the
following equations as an example in spinel
primary phase field:

Wipeor = —1.35TWype0 —1.210w, o +

0.0113wg,o — 1476w, +72.793 (1)
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[iquid

Fig. 4 Typical microstructures of quenched samples showing equilibrium of liquid with spinel (a), SiO; (b), CaSiO3

(wollastonite) and SiO» (c), and spinel, SiO, and olivine (d)

Wikeo T Wiigo + Waro, T Weao + Wsio, = 100 (2)

Figure 5 shows the examples of the correlations
among “FeO”, CaO and ALO; (Fig.5(a)), and
the correlations among “FeO”, CaO and MgO
(Fig. 5(b)) in the liquid of the spinel primary phase
field.

It can be seen from Fig. 6 that the experimental
results and the calculated values using the empirical
equations agree very well in all major primary
phase fields investigated. The empirical equations
can be used to obtain the composition of a liquid
with the target MgO or Al,O; concentrations. The
isotherms at constant MgO or Al,Os3 concentrations
within the investigated composition range can be
constructed using the empirical equations.

3.2 1200 °C isotherms in systems “FeOQ”—SiO,—
Ca0O-MgO and “FeO”-Si0,—Ca0O—-AL QO3 at
p(02) of 107" kPa

Figure 7 shows experimentally determined
pseudo-ternary section projected onto the “FeO”—

Si0,—CaO plane at 2 and 4 wt.% MgO at 1200 °C
and p(0O) of 107"kPa. The isotherms from the
system “FeO”—Si0,—CaO (0 wt.% MgO) are also
shown for comparison [25]. When 6 wt.% MgO is
present in the slag, liquid phase does not exist in the
composition range investigated at 1200 °C and p(O.)
of 1077 kPa. As can be seen from Fig. 7, spinel and
tridymite are the primary phases in the system
“Fe0”—Si0,—Ca0. Addition of MgO in the slag
introduces olivine primary phase field in the
composition range investigated. The isotherms
in the spinel and tridymite primary phase fields
move towards a low wre/wsio, ratio direction
with increasing MgO content. The isotherms in the
olivine primary phase field move towards a low
“FeQ” direction with increasing MgO content. Full
liquid area surrounded by the isotherms decreases
with increasing MgO content until disappears at
6 wt.% MgO. In the copper smelting process, SiO;
is commonly used as a flux (represented by wre/wsio,
ratio) to control the slag composition to obtain
a required liquidus temperature. A fully liquid area
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Table 1 Phase compositions in quenched samples in “FeO”’—CaO—-SiO,—MgO system at 1200 °C and p(O,) of 10" kPa

(EPMA, wt.%)

No. Phase Composition No. Phase Composition

“FeO” CaO Si0,  MgO “Fe0” CaO SiO, MgO

Liquid 39.5 24.5 33.1 2.9 Liquid 394 10.6 458 4.2

1 Spinel 98.5 0.0 0.2 1.3 a SiO, 0.7 0.0 99.3 0.0
Olivine 28.3 31.1 332 7.5 Liquid 41.2 10.9 458 2.1

Liquid 41.1 20.7 33.5 4.7 12 SiO, 0.7 0.1 99.2 0.0

2 Spinel 97.6 0.1 0.3 1.9 Liquid 514 4.1 41.6 2.9
Olivine 27.4 27.4 33.9 11.3 13 SiO, 1.0 0.0 99.0 0.0

Liquid 42.3 18.6 34.2 4.9 Liquid 56.1 10.7 31.5 1.8

3 Spinel 97.6 0.1 0.4 1.9 ke Spinel 98.9 0.0 0.5 0.5
Olivine 37.3 4.5 35.1 23.1 Liquid 42.5 22.5 33.1 1.8

Liquid 64.9 3.9 29.7 1.5 = Spinel 98.9 0.1 0.3 0.8

4 Spinel 98.7 0.0 0.8 0.4 16 Liquid 53.2 11.1 32.2 3.5
Olivine 61.6 0.5 31.3 6.6 Spinel 98.3 0.0 0.6 1.1

Liquid 62.6 5.0 30.3 2.1 Liquid 26.9 19.8 50.1 33

5 Spinel 98.6 0.0 0.8 0.6 17 SiO, 0.5 0.1 99.4 0.0
Olivine 59.5 0.6 31.6 8.3 CaSiO3 14.9 23.2 51.5 10.3

Liquid 58.8 7.9 30.7 2.6 Liquid 30.9 16.3 48.4 43

6 Spinel 98.4 0.0 0.7 0.8 18 SiO, 0.6 0.1 99.3 0.0
Olivine 54.3 1.2 322 12.4 CaSiO3 12.0 229 51.7 13.4

Liquid 41.6 19.6 34.3 4.5 Liquid 38.3 9.9 45.3 6.5

7 Spinel 96.1 0.4 1.1 2.4 Spinel 97.7 0.0 0.4 1.9
Olivine 35.8 6.2 34.8 23.2 o SiOs 0.8 0.0 99.2 0.0

Liquid 61.5 0.0 36.6 1.9 Pyroxene 24.3 2.8 52.4 20.4

8 SiO; 1.1 0.0 98.9 0.0 Liquid 48.8 4.7 41.9 4.6
Olivine 62.4 0.0 30.9 6.7 SiO, 0.6 0.0 99.4 0.0

Liquid 60.9 0.0 36.6 2.5 20 Olivine 51.2 0.2 32.7 15.9

9 SiO; 0.9 0.0 99.1 0.0 Pyroxene 32.6 0.7 50.9 15.9

Olivine 59.8 0.0 31.6 8.6

Liquid 33.1 124 48.7 5.8

Liquid 49.6 4.4 42.3 3.7 )1 Pyroxenc 34 180 20 .

10 SiO, 0.6 0.0 99.4 0.0 ' ’ ’ ’
Olivine 543 02 326 129 Si0, 05 01 994 00

represents the operating window for the variation of
the slag composition. As the concentration of MgO
in the slag increases, the operating window moves
towards high-SiO, and high-CaO regions. This
suggests that both SiO, and CaO are required to
obtain a fully liquid slag in the copper smelting
process with the increase of MgO concentration in
the slag.

The pseudo-ternary phase diagram of “FeO”—
Si0,—CaO—ALO; at constant 2, 4, and 6 wt.% ALO;
are constructed from the experimental results, as
shown in Fig. 8. The liquidus compositions are
shown to indicate the composition range
investigated. The isotherms without AlO; are
also shown for comparison [25]. Spinel and
tridymite are the primary phases with the Al,O3
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Table 2 Phase compositions in quenched samples for
“FeO”’—Ca0-Si0,—Al,03 system at 1200 °C and p(O)
of 10 7kPa (EPMA, wt.%)

Composition
“Fe0” CaO SiO,  ALOs
Liquid 58.4 0.0 37.9 3.6

No. Phase

22
Si0; 0.9 0.0 99.1 0.0
Liquid 53.1 0.0 39.8 7.2
> Si0; 0.9 0.0 99.1 0.0
Liquid 26.8 19.0  50.7 3.5
* Si0; 0.5 0.1 99.4 0.0
Liquid 24.5 172 519 6.4
» Si0; 0.5 0.1 99.3 0.1
Liquid 69.7 0.0 273 2.9
26 Spinel 94.4 0.0 0.8 4.8
Liquid 65.8 0.0 28.6 5.5
27 Spinel 87.3 0.0 0.6 12.0
Liquid 41.5 224 329 3.3
28 Spinel 96.3 0.1 0.2 3.3
- Liquid 37.7 2277 331 6.4
Spinel 92.6 0.1 0.2 7.0
Liquid 54.0 10.9  31.8 3.3
% Spinel 95.9 0.0 0.5 3.5
31 Liquid 49.9 1.1 327 6.3

Spinel 91.6 0.0 0.4 7.9
Liquid 40.4 10.6  45.2 3.9

32 Spinel 98.6 0.0 0.0 1.4
Si0; 1.0 0.1 98.9 0.0

Liquid 339 104  48.1 7.5

33 Spinel 96.8 0.0 0.3 2.9
Si0; 0.6 0.1 99.2 0.1

concentrations from 0 to 6 wt.% at 1200 °C and
p(0O2) of 1077 kPa. As shown in Fig. 8, the isotherms
in both spinel and tridymite primary phase
fields move towards a high wr./wsio, direction with
increasing Al,Os content in the slag. The fully
liquid area moves accordingly with the isotherms,
but the size of the fully liquid area does not change
with the Al,O3; content. SiO; needs to be increased
to obtain a full-liquid slag with the increased Al,Os
concentration in the slag.

Table 3 Empirical equations in different primary phase
fields

Primary .. .
phase Empirical equations
Wwereor=—1.357wmeo—1.210wa1,0,*
Spinel

0.0113wE,0—1.476wca0+72.793

w
G0 _ 901 78Wmgo—0.0199war0,~
SiO; Wsio,

0.0000391W2p,0—0.00844wre0+0.699
Wepeo=—3.41 OWMg0+0 . 000267WA1203—
0.0418w2,0+0.237wea068.923

Olivine

WeEe0”, WSi0,, WCa0, WMgo, and walo, are mass fractions
of “FeO0”, Si0,, CaO, MgO and ALOs; in liquid,
respectively
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Fig. 5 Correlations between “FeO”, CaO and ALO; or
MgO concentrations in liquid in equilibrium with spinel,
at 1200 °C and p(0O,) of 1077 kPa

Figure 9 compares the effects of MgO and
ALOs on the 1200 °C isotherms at p(O,) of 107" kPa.
It can be seen that, addition of 4 wt.% of MgO or
Al;O3 moves the isotherms to the same position in
the spinel and tridymite primary phase fields.
However, olivine phase is introduced with 4 wt.%
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Fig. 7 Experimentally determined pseudo-ternary section
projected on “FeO”—Si0,—CaO plane with 2 and 4 wt.%
MgO at 1200 °C and p(O2) of 107kPa (0 wt.% MgO
isotherms are from Ref. [25])

e

20 == W1,0.=0% 80

60 50 40 30 20 10 0
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207

Fig. 8 Experimentally determined pseudo-ternary section
projected on “FeO”—SiO,—CaO plane with 2, 4, 6 wt.%
AlLOs; at 1200 °C and p(0O;) 107kPa (0 wt.% ALOs;
isotherms are from [25])

MgO addition, which results in a much smaller
fully liquid area than that with 4 wt.% Al;Os. Not
only SiO, but also CaO is required to obtain a
fully liquid slag when 4 wt.% MgO is present in the
slag.

—— "VM:;():O* ""/\1;0;:0
60 50 40 30 20 10 0
Weao/ 70
-«

Fig. 9 Comparison of effects of MgO and AlLO; on
isotherms (0 wt.% Al;O3; and MgO isotherms are from
Ref. [25])

3.3 Difference between FactSage predictions and
experimental results

FactSage 8.2 software, powerful thermo-
dynamic computer package, was used to predict
the phase equilibria of the systems “FeO”—SiO>—
Ca0-MgO and “FeO”—Si0,—CaO—Al,O3 under the
same conditions as the experiments [29]. The
databases selected were “FactPS” and “FToxid”.
The solution phases selected included “FToxid-
SLAGA,” “FToxid-SPINC,” “FToxid-MeO_A,”
“FToxid-cPyrA,” “FToxid-oPyrA,” “FToxid-pPyrA,”
“FToxid-LcPy,”  “FToxid-WOLLA,”  “FToxid-
Mel A,” “FToxid-OlivA,” “FToxid-Mull,” and
“FToxid-CORU.” As shown in Fig. 10(a), the
primary phases predicted by FactSage are the same
as the experimental results when 4 wt.% ALOs is
present in the slag. FactSage predicts a slightly
larger full liquid area than the experimental one. On
the other hand, it can be seen from Fig. 10(b) that
the fully liquid area when 4 wt.% MgO is present in
the slag. According to the FactSage predictions, the
spinel phase does not appear with up to 20 wt.%
CaO. A small CaSiOs; primary phase field appears
at low-CaO content area. The isotherm in the
olivine primary phase field is predicted to be in
around 40 wt.% “FeO” compared to that in 51 wt.%
“FeO” from the experimental data. As a result, the
predicted fully liquid area of the slag is much
smaller than that determined by experimental
results.

The slag composition is usually adjusted by
the wrJ/wsio, ratio in the copper
process. The range of the wr/wsio, ratio to obtain
a fully liquid slag is defined as operating window
of slag composition. Figure 11 shows the effect of

smelting
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Fig. 10 Comparison of experimental results with
FactSage predictions at 1200 °C and p(O,) of 1077 kPa:
(a) 4 wt.% ALOs3; (b) 4 wt.% MgO
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Fig. 11 Effect of impurities on wre/wsio, range of full
liquid at 5wt% CaO with comparison between
experimental results and FactSage predictions

impurities (MgO or AlO3) on wre/wsio, range to
obtain a fully liquid slag at 5 wt.% CaO. As can
be seen from Figs. 11(a, b), FactSage predicts the
existence of a Wilstite primary phase field at ALL,O;
or MgO up to 2 wt.%. Wiistite is not found in
the experimental study. As shown in Fig. 11(a),
Wre/Wsio, Tatio needs to be reduced to obtain a fully
liquid slag when the Al,O; concentration in the slag
is increased. The range of the wr/wsio, ratio
decreases with increasing Al,O; concentration in
the slag. The experimentally determined operating
window (range of the wre/wsio, ratio) is smaller than
that predicted by the FactSage.

From Fig. 11(b), it can be seen that the slag
operating window decreases significantly with
increasing MgO concentration as the primary phase
field changes from spinel to olivine. FactSage
predicts the same trend as the experimental results
but different values. For example, a fully liquid slag
can be obtained by controlling the wr./wsio, ratio in
the range of 0.9—1.3 when 3 wt.% MgO is present.
However, FactSage does not predict the presence of
the fully liquid slag under the same condition.

3.4 Distribution of MgO and Al;O; between
spinel and liquid phases

Figures 10 and 11 show that the experimental
results are different from the FactSage predictions,
in particular, in the primary phase fields of iron
oxides (spinel and wiistite). The accuracy of the
calculations depends on the reliable thermodynamic
database which is developed from the accurate
experimental data. Figures 12 and 13 show the
distribution of MgO and Al,O3 between the spinel

1.2

09

0.6

03

MgO concentration in spinel/wt.%

0 1 2 3 4
MgO concentration in liquid/wt.%

Fig. 12 Distribution of MgO between spinel and liquid
phases at wcao/wsio, ratio of 0.34 in liquid, 1200 °C and
p(02) of 1077 kPa



346 Sui XIE, et al/Trans. Nonferrous Met. Soc. China 35(2025) 338—348

14
S —— Experiment
E 12+ ----Prediction
)
2 _
8 10 - Weao/Wsion,=0
g
o 8r
8
2 ]
s O /
3 /a
g 4t -
o -
Q a2t T e/ si0,=0.68
< Weao/Wsi0,=0.34

0 1 2 3 4 5 6 7

MgO concentraiton in liquid/wt.%
Fig. 13 Distribution of Al,Os concentration between
spinel and liquid phases, at 1200 °C and p(O,) of
107" kPa

and liquid phases which gives the direction for
the optimization of the thermodynamic database.
FactSage does not predict the existence of the
spinel when MgO is present in the slag. Figure 12
shows the experimentally determined distribution of
MgO between spinel and liquid phases at a constant
Weao/Wsio, ratio of 0.34 in the liquid. It can be seen
that MgO concentrations in the spinel solid solution
increase with increasing MgO concentration in the
liquid. The MgO concentration in the spinel is
approximately 30 wt.% of that in the liquid.

Figure 13 shows the distribution of AlOs
between spinel and liquid phases at different
Weao/Wsio, ratios in the liquid. The dashed lines at
Wweao/Wsio, ratios of 0.34 and 0.68 do not appear at
low-Al,O; concentration because Wiistite is
predicted by FactSage 8.2. It can be seen that, at a
constant wcao/wsio, ratio, the concentration of Al,O3
in the spinel increases with increasing Al:Os
concentration in the liquid. High wcao/wsio, ratio in
the liquid results in a lower Al,O3 concentration in
the spinel at the same ALO; concentration in
the liquid. FactSage predicts the same trends
as the experimental results. In the CaO-free slag
(Wcao/wsio,=0), the predictions are close to the
experimental data. However, at wcao/wsio, ratios of
0.34 and 0.68 in the liquid, FactSage predicts a
much lower Al,O; concentration in the spinel. The
difference between the calculated and experimental
results increases with increasing wcao/wsio, ratio.
For instance, at 4 wt.% Al,Os in the liquid,
the difference between the predictions and
experimental results is 2.0 and 2.3 at wcao/Wsio,
ratio of 0.34 and 0.69, respectively.

4 Conclusions

(1) The primary phases are identified to be
spinel, tridymite, and olivine. The isotherms in
the spinel and tridymite primary phase fields
move to the high-SiO, concentration direction with
increasing MgO and AlO; concentrations in the
slag.

(2) wre/wsio, range of full liquid decreases with
increasing MgO and ALO; concentrations. More
Si0; flux is required to obtain a fully liquid slag
with the increase of MgO and Al,Os concentrations
in the slag.

(3) FactSage predicts the same tendency as
the experimental results. Significant differences
between the experimental results and FactSage
predictions on primary phase and isotherm position
can be attributed to the inaccurate solid solution
compositions in the thermodynamic
database.
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