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Abstract: A long-term fundamental study for the construction of the thermodynamic database of a
metallurgical slag system has been proposed. In the present work, the equilibrium phase relations
for the key ternary SiO2-Al20s-FeOx system at 1300 °C and 1400 °C in air were experimentally deter-
mined by the equilibrium-quenching technique, followed by X-ray Photoelectron Spectroscopy and
Scanning Electron Microscope equipped with an Energy Dispersive X-ray Spectrometer analysis.
The oxidation states of Fe20Os and FesOs were confirmed at 1300 °C and 1400 °C, respectively, from
both XPS detection and FactSage calculation. Within the high-S5iO2 composition range, the solid
phases of silica, mullite, magnetite and ferric oxide were confirmed as the equilibrium phases. Based
on the equilibrium compositions, the 1300 °C and 1400 °C isotherms were projected onto a SiO»-
Al2Os-FeOx quasi-ternary phase diagram; however, obvious discrepancies with about a 20 °C differ-
ence were confirmed from further comparison with the predictions given by FactSage, indicating
that more efforts are needed for the updating of the current thermodynamic database relating to
metallurgical slag oxide systems.

Keywords: slag; equilibrium; thermodynamic; CALPHAD; phase relation

1. Introduction

The equilibrium phase relation presented by a phase diagram is of fundamental im-
portance for the development of material and process design [1]. During the production
of steel from iron ore, the processing parameters—i.e., the temperature, composition and
oxygen partial pressure—are basically determined according to phase diagrams, such as
the Fe:O-5i0z-based system for sinter production [2], the CaO-5iOz-based and CaO-SiO»-
MgO-AlL:Os-based systems for the design of furnace and converter smelting slag [3], the
Fe-C-based systems for heat treatment [4,5], and the CaO-5i02-MgO-Al:05-TiOz system
for the comprehensive utilization of titania-bearing slag [6,7], etc. It is now well known
that the thermodynamic properties of the slag have a significant influence on the metal-
slag reaction, crystallization, inclusion formation, oxidation, and degasification, etc. [8],
and the colloquial description “steel smelting is actually slag smelting” has been widely
accepted in industry and research. After a long-term continuous study of the phase dia-
gram for metallurgical oxide systems by scientists from the beginning of the 1900s, most
of the phase diagrams for binary and parts of the ternary/quaternaty/high-order oxide
systems relating to the high temperature range of metallurgical reactions have been ex-
tensively studied, and are mainly collected in the book ‘Slag Atlas’, published in 1995 [9].
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However, many significant differences have been reported between early research and
recent studies, and some information is presented as dashed, indicating that the accuracy
of the phase relations and isotherms remains uncertain [10]. With the background of “peak
carbon dioxide emission and carbon neutrality” [11], more stringent demands such as
green manufacturing and energy saving have been proposed for the modern metallurgical
industry for the production of steel, which requires more precise control of the operating
parameters—i.e., temperature and atmosphere —according to the corresponding accurate
phase diagrams [12]. Therefore, it is essential to update the phase diagram information to
eliminate the discrepancies from both industrial and scientific interests.

The metallurgical slag oxide can be described basically as a CaO-5iO2-Al203-MgO-
Fe/O-MeO:x (Me =Tij, Cr, P, Na, K, Mn, etc) system according to different ore and smelting
processes [4,13]. The industrial parameters for the iron and steel production could be eas-
ily optimized if a comprehensive physiochemical database containing key thermody-
namic data for a metallurgical slag system was constructed, which is an important funda-
mental work depending on the long-term contribution from the scientists around the
world. Until now, the thermodynamic studies for metallurgical slag systems were mainly
focused on the sub-binary and parts of sub-ternary system, i.e., 5iO2-Al20s [14], SiO2-FeO
[15], SiO2-Fe20s [16], Si02-TiO2 [17], SiO2-CaO [18], SiO2-Na20 [19], SiO2-Al:0s-FeO [20],
and SiO2-Al205-TiOz [21], etc. The studies for the quaternary system and higher-order sys-
tem are limited, and most of the phase diagrams collected in ‘Slag Atlas’ [9] for higher-
order systems were mainly presented as pseudo-ternary phase diagrams with fixed com-
positions. In the past decades, the rapid development of computer techniques has made
the construction of the thermodynamic database possible, and many pieces of commercial
thermodynamic software—including FactSage [22], HSC [23,24], MTDATA [25], and
Thermocalc [26] —have been constructed by the CALPHAD (CALculation of PHase Dia-
gram) technique [27], and have been successfully used for equilibrium phase diagram
predictions for oxide systems including CaO-SiO2 [28], AOs-MgO-FeO [29], and CaO-
MgO-5iO2-Al:0s [30], etc. However, the calculated phase diagrams for higher-order sys-
tems are still far from accurate, and most of the calculations are only efficient within a
narrow temperature and composition range. As pointed out by FactSage, the equilibrium
phase relations of TiOx-containing systems were mainly optimized for lower-order sys-
tems under reducing conditions [31,32], and the thermodynamic properties of the solid
solution of pseudobrookite were not included in the current FactSage database. Therefore,
it can be concluded that the available studies on the equilibrium phase relationships for a
complex metallurgical slag system are inadequate from both experimental and modeling
perspectives. The precise prediction of the physiochemical properties of slag at a high
temperature requires quantitative knowledge of the thermodynamic data.

Therefore, a long-term fundamental thermodynamic investigation for the construc-
tion of the thermodynamic database of a metallurgical slag system was started a few years
ago [33]. The premise of this huge project is to update the key thermodynamic properties
for the key binary and ternary systems. In the present work, the core subsystem of SiO»-
AlLOs-Fe20s was selected as a prior study, and the equilibrium phase relations at 1300 °C
and 1400 °C in air were extensively investigated, with particular attention being paid to
the high SiO:z content area. Furthermore, the comparisons of the experimental results with
thermodynamic software predictions by FactSage were comprehensively conducted, in
order to evaluate the need to update the current thermodynamic oxide database related
to metallurgical smelting.

2. Experiment

The high viscosities and sluggishness of the crystallization result in the liquid phase
being retained as glass during the quenching for silica-containing melts [34]; therefore, the
reliable thermodynamic equilibrium-quenching technique [35] was employed to explore
the equilibrium phase relations for an SiO2-Al20s3-Fe20s system, and the experimental pro-
cess could be explained by the flow chart in Figure 1.
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Figure 1. Experimental processes for the thermodynamic equilibrium-quenching technique.

High-purity oxide powders of SiO2 (99.99 wt.%), Al2Os (99.99 wt.%) and Fe20s (99.9
wt.%) from Sinopharm Chemical Reagent Co., Ltd., shenyang, China, were employed as
the starting materials. The initial compositions were designed to reflect the influences of
a high SiO:z content on the equilibrium phase relations; the initial compositions for the
samples are listed in Table 1 with the contents of 70 wt.% to 90 wt.% SiO2, and 5 wt.% to
15 wt.% Fe20s, while the concentration of Al2Os was lower than 15 wt.%. Each reagent
powder was weighted to an accuracy of 0.1 mg and then thoroughly mixed in an agate
mortar. The mixed powders with total weight of 0.15 g were pressed into small cylinders
and stored in a desiccator prior to future experiments.

Table 1. Equilibrium compositions for sample B1 to B6 at 1400 °C in air.

Initial Compositions, wt.% Equilibrium  Equilibrium Compositions, wt.%

Fe20s Si0: AlLOs PHASES Magnetite SiO:2 AlL20s
B1 10.0 90.0 0.0 magnetite  91.7+1.3 8.0+13 0.0+0.0
Silica 05+0.1 99.5+0.1 0.0+0.0
B2 5.0 90.0 5.0 Liquid 35.0+1.1 423+1.1 22.7+0.6
Silica 04+0.2 99.4+0.2 0.1+£0.0(5)
B3 15.0 80.0 5.0 Liquid 474+1.2 33.0+1.3 19.6+1.1
Silica 0.7+0.1 99.2+0.1 0.1 +£0.0(3)

B4 100 800  10.0 Liquid ~ 297+14 488+14  215+07
Silica ~ 0.7+0.09) 99.0£0.0() 0.3+0.1
B5 5.0 80.0  15.0 Liquid 274207 515+08  21.1+04
Silica 0401  992+01  03+0.008)
Mullite  10.0£04  266+1.1  634+13
B6 150 700 150 Liquid  28.0+06 52407  19.6+02
Silica 06+01  99.0+01  04+0.1
Mullite  9.7+09  256+1.1  647+14

The equilibrium experiments were conducted in a vertical alumina tube furnace
(YeTuo Inc., Shanghai, China). Platinum foil containing the pressed cylinder sample was
suspended by a platinum wire at a position within the even temperature zone of the tube
in air. The temperature was monitored on-line by a B-type thermocouple with a tempera-
ture accuracy of +3 °C, and the thermocouple was placed inside the tube just adjacent to
the sample at the same height. The furnace temperature was first heated to 1500 °C to pre-
melt the sample for 60 min; afterwards, the temperature was decreased to the equilibrium
temperatures (1300 °C and 1400 °C) for a certain long time until the sample reached an
equilibrium state. Preliminary experiments for silica-containing oxide systems, i.e., CaO-
Si0O2 [18,28], CaO-SiO2-TiOx [17,36,37], and CaO-SiO.-MgO-TiO2 [38], etc., proved that
1440 min was sufficient to reach the equilibrium state. Therefore, each sample was kept
for at least 1440 min in the present study. The sample was rapidly dropped into ice water
for quenching after it reached the equilibrium state. The purpose of the quenching process
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was to maintain the phase assembly and phase composition presented at a high tempera-
ture at room temperature, which was more convenient for analysis. The basic requirement
was that the temperature decrease’s speed in the quenching media should be faster than
the phase transformation speed that might happen during the quenching process. There-
fore, ice water was selected as the quenching medium in the present work due to its ex-
cellent cooling effect. The quenched sample was then dried and stored in a desiccator for
future analysis.

The powder sample was sent for X-ray Photoelectron Spectroscopy (XPS, Escalab
250Xi, Thermo Fisher Scientific, NewYork, USA) analysis of the oxidation state of the Fe
element. The XPS measurement was performed with a 20 keV pass energy within an area
of 500 um. The curve fitting of the XPS spectra was carried out using XPSPEAK vers. 4.1
software (Department of Chemistry, The Chinese University of Hong Kong, Shatin, Hong
Kong, China). The granular sample was mounted in epoxy resin, polished and coated with
carbon, then analyzed using a Scanning Electron Microscope (SEM, ULTRA PLUS, ZEISS,
Oberkochen, Germany) equipped with an Energy Dispersive X-ray Spectrometer (EDS,
Thermo Fisher Scientific, Waltham, MA, USA). An accelerating voltage of 15 kV and a
beam current of 10 nA on the sample surface were used for the detection. The Proza (Phi-
Rho-Z) matrix correction procedure was used for the processing of the raw data. The ex-
ternal standards utilized in the EDS analyses were quartz (for O, Ka and Si, Ka), Al metal
(for Al, Kar), and Fe metal (for Fe, Ka). At least six analysis points were randomly selected
from each phase for statistical reliability. Raymund W.M. Kwok

3. Results and Discussion
3.1. The Speciation of Fe

It was reported that the w(FeO)/w(Fe20:s) ratio has significant influences on the for-
mation of the equilibrium phase during smelting [39]. In order to reveal the influence of
the temperature and oxygen partial pressure on the oxidation state of Fe, the predominant
phase diagram calculated by FactSage 8.1 is presented in Figure 2a [40]. As can be seen,
Fe can exist as Fe2Os, magnetite, FeO and Fe with the variation of the temperature and
oxygen partial pressure. Under the present experimental conditions in air (as shown by
points E1 and E2), the predictions indicate that Fe would be stable as Fe:Os at 1300 °C, but
it would be transformed into the magnetite (FeO-Fe20s) phase when the temperature in-
creased to 1400 °C.

Furthermore, XPS analysis was employed to evaluate the prediction by FactSage 8.1,
and to reveal the influence of other elements, i.e., Si and Al, on the oxidation state of the
Fe. The XPS spectra for sample B6 at 1300 °C and 1400 °C are shown in Figures 2b and 2c,
respectively. As can be seen, the Fe element was stable as trivalent Fe3* at 1300, while at
1400 °C, both bivalent Fe?* and trivalent Fe3* were found in sample B6. Moreover, the mol
ratio of Fe?/Fe3* was estimated as 0.87:1 from the relative areas of the Gaussian peaks
under Fe?* and Fe® [41], which was higher than the stoichiometric mol ratio of the mag-
netite (FesOs) phase, indicating that the magnetite presented as solid solution properties,
while for the consideration of convenient presentation, the stoichiometric composition of
FesOs was employed in the present study. The XPS analysis verified the prediction by
FactSage; therefore, the oxidation states of Fe20s at 1300 °C and magnetite (FesOs) at 1400
°C were adopted for the discussion, as well as for the construction of the phase diagram
in the following sections.
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Figure 2. Determination of the Fe valance state in air at 1300 °C and 1400 °C. (a) Fe-O stable phase
diagram; (b) Sample B6 at 1300 °C; (c) Sample B6 at 1400 °C.
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3.2. Equilibrium Results at 1400 °C

The microstructure of the equilibrium phases and the equilibrium compositions at
1400 °C for samples B1 to B6 are presented in Figure 3 and Table 1, respectively. Within
the studied composition range, two kinds of two-phase equilibrium and one type of three-
phase equilibrium were confirmed at 1400 °C in air.

Sample B1 was ALOs free, and was composed of 90 wt.% SiOz and 10 wt.% Fe20s; no
liquid phase was presented at 1400 °C, and the equilibrium phase was silica and magnet-
ite, as shown by Figure 3a. The equilibrium result of sample B1 was consistent with the
Si02-FeOx binary phase diagram in air [42], as indicated in Figure 4; Fe2Os will be trans-
formed to FesOs when temperature is above 1390 °C, showing SiO2-FesOs coexisting at
1400 °C. Meanwhile, for samples B2, B3 and B4, the liquid-silica two-phase equilibrium
was verified (Figure 3b-d), indicating that the addition of 5 wt.% and 10 wt.% Al2:Os have
a trend of decreasing the melting temperature compared with the composition of sample
B1. Furthermore, the three-phase equilibrium of liquid-silica-mullite was confirmed for
samples B5 and B6, as presented by Figure 3e,f. From the thermodynamic law of the
phase-adjacent rule [43], it can be concluded that the primary phase fields of silica and
mullite are adjacent to each other.

50 ],l’ll’l
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Figure 3. SEM micrographs for the equilibrium phases of sample B1 to B6 at 1400 °C in air. (a) B1 at
1400 °C; (b) B2 at 1400 °C; (c) B3 at 1400 °C; (d) B4 at 1400 °C; (e) B5 at 1400 °C; (f) B6 at 1400 °C.
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Figure 4. The SiO2-FeOr binary phase diagram in air [42].

3.3. Equilibrium Results at 1300 °C and 1400 °C

The SEM micrographs and compositions for the equilibrium phases at 1300 °C are
shown in Figure 5 and Table 2, respectively. The equilibrium results at 1300 °C for samples
B5 and B6 are relatively straightforward compared with the results at 1400 °C. As illus-
trated by Figure 5a,b, both samples B5 and B6 presented as a silica-mullite-Fe2Os three-
solid-phase equilibrium, indicating that 1300 °C is below the ternary eutectic temperature.
Similarly, it can be estimated that the primary phase fields of silica, mullite, and Fe2Os are
adjacent to each other, from the perspective of thermodynamic equilibrium theory [43].
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Figure 5. SEM micrographs for the equilibrium phases of samples B5 and B6 at 1300 °C in air. (a) B5
at 1300 °C; (b) B6 at 1300 °C.

Table 2. Equilibrium compositions for samples B5 and B6 at 1300 °C in air.

Initial Compositions, wt.% Equilibrium Equilibrium Compositions, wt.%
Fe20s SiO2 AL2Os Phases Fe20s SiO:2 ALOs
B5 5.0 80.0 15.0 Silica 0.3+0.009) 99.3+0.1 0.4=0.0(6)
Mullite 51+05 27.7+1.1 672+15
Ferricoxide 77.7+x13 75+09 148=x1.1
B6 15.0 70.0 15.0 Silica 06+01 99.1+£0.1 0.3+0.009)
Mullite 13.6+0.8 259+04 60.6+0.7
Ferricoxide 872+05 0.7+0.1 12.1+x04

3.4. Projection of the 1400 °C Isotherm

Based on the experimental results described above, the 1300 °C and 1400 °C isother-
mal phase diagrams were constructed and projected onto a 5iO2-Al:Os-FesOs4 phase dia-
gram in Figure 6a and 6b, respectively. In Figure 6a, the compositions for the equilibrium
solid phases at 1300 °C (orange symbols) are projected; as can be seen, the compositions
of the equilibrium silica phases are consistent with the stoichiometric composition, while
both the equilibrium mullite and ferric oxide phases appeared to be solid solution phases.
The composition of the mullite solid solution shifts to a somehow higher Fe20s content
direction, while the composition of the ferric oxide shifts to higher Al>2Os and SiO2 concen-
trations.

In Figure 6b, the 1400 °C isotherm calculated by FactSage 8.1 is also presented for a
comprehensive comparison with the experimental results and previous literature result
[38]. The prediction from FactSage 8.1 was performed by the “Equilib” module with ref-
erence to the FactPS and FToxide databases [44]. The calculated 1400 °C isotherm is shown
by the dashed line, while the literature result is presented by the dash-dot-dashed line.
Obvious divergence with about 20 °C was discovered from the comparison, the experi-
ment determined that the 1400 °C isotherm moved towards much higher Al20s and SiO:
contents. The calculated 1400 °C isotherm showed the same trend as the literature data
[42]; however, the liquidus area given by FactSage 8.1 was much smaller in comparison.
The discrepancies between the experiments and FactSage 8.1 indicate that more efforts are
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needed to update the current thermodynamic oxides database related to the metallurgical
slag oxide database, from both an industrial application and scientific research point of

view.
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Figure 6. Comparison of the 1300 °C and 1400 °C isotherms from the experimental results with
FactSage predictions and the literature results. (a) 1300 °C isotherm; (b) 1400 °C isotherm.
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4. Conclusions

The thermodynamic equilibrium phase relations of the key binary and ternary sub-
systems are important for the development of an integrated metallurgical slag thermody-
namic database. In the present work, the equilibrium-quenching technique was employed
to investigate the phase relationships for the key SiO2-AlOs-FeOx system at 1300 °C and
1400 °C in air within the high-SiO2-content range. The solid phase of silica and the solid
solution phases of mullite, magnetite and ferric oxide were confirmed to coexist with the
liquid phase. The 1300 °C and 1400 °C isotherms were then plotted on the SiO2-AlO:s-
FesOs phase diagram based on the experimental results. Significant discrepancies were
found between the experimental results and the predictions given by FactSage, showing
the updating directions for the thermodynamic database related to the metallurgical slag
oxide system.
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