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growing interest in processing of secondary raw materials, new pyrometallurgical technologies have

been developed in recent years that are more efficient, economical, and environmentally friendly

processes. These new technologies enabled complex primary and secondary raw materials to be

processed and advanced materials to be produced more efficiently.

High-temperature reactions inside furnaces are difficult to observe directly. High-quality
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Abstract: The present study investigated phase equilibria in the Na2O-SiO2-WO3 system experi-
mentally using high-temperature equilibration, quenching, and electron probe X-ray microanalysis
(EPMA). New thermodynamic information on the Na2O-SiO2-WO3 system was derived based on
the newly obtained experimental results and data from the literature. The primary phase fields of
sodium metasilicate, sodium disilicate, and tridymite were determined along with the isotherms at
1073, 1173, and 1273 K. The solubilities of WO3 in SiO2, Na2Si2O5, and Na2SiO3, and the solubility of
SiO2 in Na2WO4 were accurately measured using EPMA. Comparisons between the existing and
newly constructed phase diagram were carried out and the differences are discussed. The phase
equilibrium data will be beneficial to the future development of sustainable tungsten industries and
thermodynamic modelling in WO3 related systems.

Keywords: phase equilibria; thermodynamics; Na2O-SiO2-WO3 system; liquidus temperature;
pyrometallurgy

1. Introduction

Tungsten, a metal, is identified as one of the strategic and critical minerals by numerous
countries, including The United States, Europe, Russia, Britain, and Australia due to its
significant economic importance and supply instability [1–4]. Historically, the extraction of
tungsten from ores relied on a series of hydrometallurgy processes, such as alkali digestion
followed by solvent extraction and ion exchange, that consume large amounts of reagents,
water, and energy [5–7]. Meanwhile, the difficulty of processing tungsten ores continuously
raises due to the increased exploitation of primary tungsten resources, which results in
a lower grade more complex in mineralogy [8]. These are key hindrances to the future of
tungsten extraction processes.

Gomes et al. studied a two-phase extraction method to process tungsten minerals [9,10].
This method utilized the liquid–liquid immiscibility between sodium tungstate and silicon
dioxide, which is a well-known phenomenon in glass-forming oxide systems [11]. The
two-phase extraction method could light a new direction in the development of future
sustainable tungsten extraction processes. Phase diagram is an essential tool to predict
the crystallization path and control crystallization behaviour, which has a pivotal role in
the understanding of the crystallization process [12–15]. To gain a better understanding
of the two-phase extraction method, the phase diagram for the Na2O-SiO2-WO3 system
needs to be studied comprehensively to provide fundamental understandings of its thermo-
physical properties.

Systems containing alkali tungstate have been studied extensively. In the
Na2O-WO3 system, two congruently melting compounds, Na2WO4 and Na2W2O7,
and one incongruently melting compound, Na2W4O13, were identified along with
two eutectic reactions [16–18]. The presence of Na2W6O19 was a subject of controversy,
which was reported by Sakka, Chang, and Sachdev; however, this was not found by
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Caillet [16–18]. No information is available on the WO3-SiO2 binary system. Moreover,
only limited literature relating to the ternary system Na2O-SiO2-WO3 has been published.
Štemprok reported a Na2O-SiO2-WO3 ternary phase diagram at 1473 K, which presented
a wide two-liquid immiscibility [19]. It was reported that the two-liquid field corresponds to
a stable demixing of the system between silicate glass and sodium tungstate. The two liq-
uids’ immiscible region disappears in the Na2O rich sector. Furthermore, it was reported
that the presence of WO3 reduces the liquidus temperature of sodium silicates. However,
the region with higher silica contents was not investigated [19]. Various homogeniza-
tion techniques were carried out in the study, including repeated firing with intermittent
crushing and mixing, slow cooling, and quenching. The previous study provided initial
information on the Na2O-SiO2-WO3 system. However, more comprehensive studies of
the system are needed due to the lack of detailed methodology, microstructure analysis,
and isotherms to fill the gap.

In the present study, the phase equilibria of the Na2O-SiO2-WO3 system was investi-
gated using the equilibration/quenching/EPMA technique from 1073 to 1273 K in air. The
technique used has been proven to be efficient in acquiring high temperature equilibrium
information for metallurgical slags [20]. It also can resolve some uncertainties resulting
from dynamic and static methods for studying molten oxides that contain volatile materials,
such as sodium and silica [21]. By applying this methodology, the change of initial bulk
composition caused by the evaporation of the sodium oxide during high temperature
equilibration will not affect the final liquid and solid compositions. This is because the
change in the initial bulk composition will only affect the proportion of liquid and solid
phases when equilibrium is achieved. The determined phase equilibrium data will be
beneficial to the future development of sustainable tungsten industries and for scientific
interests, especially for thermodynamic modelling studies where limited thermodynamic
data have been reported on WO3-containing systems.

2. Experimental

The phase equilibrium investigation was carried out using the typical melting-holding-
quenching method [22,23]. The samples were prepared by mixing the required amounts of
chemicals thoroughly in an agate mortar for 30 min. Chemicals used to prepare the sample
were powders of SiO2 (99.9 wt% Sigma-Aldrich, Missouri, MO, USA), Na2CO3 (>99.0 wt%,
Sigma-Aldrich, Missouri, MO, USA), and WO3 (99.9 wt%, Sigma-Aldrich, Missouri, MO, USA).
The Na2CO3 powder was dried in an oven at 473 K for at least 48 h to remove any
moisture prior to sample preparation. After mixing, the mixture was pelletized and placed
in a platinum envelope. Approximately 0.2 g of pelletized sample was used in each
equilibration experiment.

Equilibration experiments were carried out in a vertical tube furnace with lanthanum
chromate heating elements (supplied by Pyrox Thermique Matériaux, Rambouille, France).
A B-type thermocouple (Pt-30% Rh/Pt-6%) was placed in an alumina sheath next to the
crucible located in the hot zone of the furnace to accurately measure and monitor the
temperature during the experiments. The thermocouple was periodically calibrated against
a standard thermocouple (supplied by the National Measurement Institute of Australia) to
ensure the temperature accuracy within ±2 K. A schematic view of the vertical furnace
setup is shown in Figure 1. The platinum envelope that contained the pelletized sample
was held in the furnace using a FeCrAl wire (0.5 mm diameter). Samples were inserted
from the bottom of the furnace, then raised and kept in the furnace hot zone for the desired
period. After equilibration, the samples were dropped directly into mineral oil to achieve
rapid quenching. The mineral oil was refrigerated at 263 K (−10 ◦C) for three hours
to ensure the retaining of glassy phase by achieving rapid quenching. Water was not
selected as quenching media due to the solubilities of sodium tungstate and other sodium
oxide compounds. The quenched samples were washed carefully with ethanol, dried,
and mounted in epoxy resin and polished for electron probe X-ray microanalysis (EPMA).

2
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Figure 1. A schematic view of the experimental apparatus.

Carbon coater JEOL (Japan Electron Optics Ltd. * JEOL is a trademark of Japan
Electron Optics Ltd., Tokyo, Japan) was used to apply a carbon coat on the surface of
the polished samples prior to electron microscopic examination. JEOL JXA-8200 EPMA
(Japan Electron Optics Ltd., Tokyo, Japan) with wavelength dispersive detectors was
used to analyse the microstructures and phase compositions of the quenched samples.
EPMA was conducted at an accelerating voltage of 15 kV and a probe current of 15 nA.
The ZAF (Z is atomic number correction factor, A is absorption correction factor, and F
is fluorescence correction factor) correction procedure supplied with the electron-probe
software was applied. Overall, the measurements of EPMA have an average accuracy
within ±1 wt% [24]. In general, 10–20 and 5–10 measurements were performed for the
liquid and solid phases, respectively, at different areas of the samples. The homogeneities
of compositions in the phases indicate that the sample reached equilibrium. Only the
compositions with standard deviations less than 1 wt% were used in the construction of
the phase diagram.

3. Results and Discussion
3.1. Determination of Equilibration Time

At the beginning of the study, suitable equilibration times were determined to ensure
that the equilibrium state was achieved in all experiments. The time needed to reach
equilibrium is affected by the mass transfer in the sample. Hence, achieving equilibrium
in the liquid phase with high viscosity is directly influenced by the low molecule trans-
portation rate. Both composition and temperature can influence liquid viscosity. In general,
the liquid phase with high SiO2 content is considered as highly viscous. In the present
study, we investigated the equilibration time for samples in selected primary phase fields
with high SiO2 content in the liquid phase at relatively low temperatures. The appropriate

3
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equilibration time was determined by examining the compositional homogeneity using
EPMA when the equilibration time was prolonged. Samples with identical initial com-
position were held at different temperatures and durations. Three phases were observed
from the microstructures of the quenched sample that was held for 24 h at 1073 K, indi-
cating the 24 h was not sufficient to allow the samples to reach equilibrium. As a result,
the equilibration time at 1073 K was increased to 72 and 168 h. Table 1. shows the com-
parisons of the samples held for 72 and 168 h at 1073 K, and 24 and 72 h at 1173 K and
1273 K respectively. It can be seen from the table that the phases present in the samples
with the same initial composition and different equilibration time are close. The results of
the samples in the SiO2 primary phase field demonstrated that equilibrium was achieved
within 72 h at 1073 K, and 24 h at 1173 and 1273 K.

Table 1. Comparison of the samples with same compositions and experimental temperature equili-
brated for different times in selected primary phase fields.

Temperature (K) Holding Time (h) Phase
Composition (wt%)

Na2O SiO2 WO3

1073 72
168

Liquid 23.5 73.7 2.8
Tridymite 0.1 99.9 n.d

Liquid 23.4 73.6 3.0
Tridymite 0.2 99.8 n.d

1173 24
72

Liquid 22.1 74.2 3.7
Tridymite 0.3 99.6 0.1

Liquid 22.2 74.3 3.5
Tridymite 0.2 99.8 n.d

1273 24
72

Liquid 20.5 75.6 3.9
Tridymite 0.3 99.6 0.1

Liquid 20.4 75.8 3.8
Tridymite 0.2 99.7 0.1

3.2. Description of the Ternary Phase Diagram

Over 50 experiments were conducted in the Na2O-SiO2-WO3 system targeting the
two-phase immiscibility region and adjacent primary phase fields at fixed temperatures
of 1073, 1173, and 1273 K. Some experimental results were found in fully liquid condition.
Four primary phases were identified in the composition range investigated, including
Na2SiO3, Na2Si2O5, SiO2, and Na2WO4. The present results indicate that the phase re-
lationships in the SiO2-rich region appear to be more complex than that in the previous
investigation [19]. Typical microstructures observed in the quenched samples are pre-
sented in Figure 2. Figure 2 shows the equilibrium of liquids with (a) sodium metasilicate
(Na2SiO3), (b) sodium disilicate (Na2Si2O5), (c) tridymite (SiO2), and (d) liquid sodium
tungstate (Na2WO4). It can be seen from Figure 2d that the sodium tungstate liquid sepa-
rated from the silicate glass (liquid) and settled on the bottom of the Pt envelope, due to
its high density. Furthermore, the phase boundaries in the phase diagram were identified
by determining the composition of the liquid phase co-existing with the two solid/liquid
phases. Figure 3 shows the microstructures where the liquid was in equilibrium with
two other phases, (a) tridymite and sodium tungstate, and (b) sodium disilicate and
sodium tungstate. From the microstructures of both samples, the formation of drop-like
segregated sodium tungstate liquids against the silicate glass (liquid) and crystals, due to
the high viscosity of the silicate glass, were observed.
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Figure 2. Typical backscattered scanning electron micrographs of quenched samples in the
Na2O-SiO2-WO3 system, (a) WE5—sodium metasilicate with liquid phase; (b) WE6—sodium disil-
icate with liquid phase; (c) WE9—tridymite with liquid phase; (d) WE10—sodium tungstate with
liquid phase.

Figure 3. Typical backscattered scanning electron micrographs of the quenched samples in the
Na2O-SiO2-WO3 system showing equilibrium of liquid with (a) WE13—tridymite and liquid sodium
tungstate, and (b) WE11—sodium disilicate and liquid sodium tungstate.

The compositions of the solid and liquid phases in the quenched samples analysed
by EPMA that were used to construct the isotherms and phase boundaries of the ternary
phase diagram are listed in Table 2. The initial compositions of the experiments shown
in Table 2 are summarized in Table 3. It can be seen from Table 2 that up to 0.5 wt%
WO3 is present in the sodium metasilicate and tridymite. WO3 in the sodium disilicate
is only 0.2 wt%. SiO2 in the sodium tungstate is less than 0.1 wt%. The melting points
and crystal structures of the solids present in the phase diagram are summarized in Table 4.
Measuring the compositions of the liquid and solid phases using the equilibration-quenching
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technique has one of the greatest advantages: the measured phase compositions are not
affected by starting compositions and changes during equilibration. The phase diagram of
Na2O-SiO2-WO3 system is constructed from the experimental results, and the isotherms
at 1073, 1173, and 1273 K are determined. The construction was based on the ascer-
tained information on the phase equilibria. Information from the well-established binary
Na2O-SiO2 system is also presented on the ternary phase diagram, and used to construct
the diagram by connecting the liquidus to the Na2O-SiO2 binary. The hollow dots represent
the liquidus obtained from the Na2O-SiO2 system reported by Santoso and Taskinen [21]
and Zaitsev et al. [25]. In the targeting region of the phase diagram (40–100 wt% SiO2,
40–60 wt% Na2O, and 0–20 wt% WO3), four primary phase fields (sodium metasilicate,
sodium disilicate, sodium tungstate and tridymite) were identified at the temperature rang-
ing 1073–1273 K. It can be seen from Figure 4 that, sodium metasilicate and tridymite occupy
extraordinarily large primary phase fields in the studied area. As the SiO2 content increased
from 40 to 73.4 wt%, the sodium metasilicate gradually dissolves in the slag, and the sodium
disilicate starts to precipitate. Meanwhile, the boundary of the demixing region of the two
immiscible liquids enters into the low-WO3 region. The solubility of the WO3 in the liquid
decreases until it reaches the tridymite primary phase field by continuously increasing the
SiO2 content.

Table 2. Na2O-SiO2-WO3 system analysed by EPMA.

Sample Number Temperature (K) Phase
Composition (wt%)

Na2O SiO2 WO3

Sodium metasilicate primary phase field
WE1 1073 Na2SiO3 50.1 49.4 0.5

Liquid 37.5 48.8 13.7
WE2 1173 Na2SiO3 50.5 49.2 0.3

Liquid 38.7 56.1 5.2
WE3 1173 Na2SiO3 50.6 49.2 0.2

Liquid 38.2 54.4 7.4
WE4 1173 Na2SiO3 50.6 49.1 0.3

Liquid 37.9 48.9 13.2
WE5 1273 Na2SiO3 50.2 49.3 0.5

Liquid 38.9 43.0 18.1

Sodium disilicate primary phase field
WE6 1073 Na2Si2O5 32.8 67 0.2

Liquid 26.4 71.1 2.5

Tridymite primary phase field
WE7 1073 SiO2 0.1 99.9 n.d

Liquid 23.5 73.7 2.8
WE8 1173 SiO2 0.3 99.6 0.1

Liquid 22.1 74.2 3.7
WE9 1273 SiO2 0.3 99.6 0.1

Liquid 20.5 75.6 3.9

Sodium tungstate two immiscible liquid region
WE10 1073 Liquid -Na2WO4 20.1 n.d 79.9

Liquid -1 32.8 59.7 7.5
Phase boundary

WE11 1073 Liquid -1 25.4 69.5 4.1
Liquid -Na2WO4 20.2 n.d 79.8

Na2Si2O5 32.9 67.1 0.2
WE12 1173 Liquid -1 22.1 72.3 5.6

Liquid -Na2WO4 20.1 n.d 79.9
SiO2 0.1 99.4 0.5

WE13 1273 Liquid -1 20.5 73.5 6.0
Liquid -Na2WO4 20.4 n.d 79.6

SiO2 0.2 99.5 0.3

Only one liquid phase exists
WE14 1073 Liquid 28.4 66.3 5.3
WE15 1173 Liquid 36.8 53.8 9.4
WE16 1173 Liquid 24.0 71.3 4.7
WE17 1173 Liquid 26.3 68.5 5.2
WE18 1273 Liquid 40.6 48.7 10.7

6
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Table 3. Experimental conditions for investigating the Na2O-SiO2-WO3 system.

Sample Number Temperature (K) Composition (wt%)
Na2O SiO2 WO3

WE1 1073 25 70 5
WE2 1173 40 55 5
WE3 1173 38 54 8
WE4 1173 42 49 9
WE5 1273 42.5 42.5 5
WE6 1073 27 70 3
WE7 1073 17 80 3
WE8 1173 17 80 3
WE9 1273 17 80 3

WE10 1073 33 57 10
WE11 1073 27 65 8
WE12 1173 15 79 6
WE13 1273 15 79 6
WE14 1073 30 65 5
WE15 1173 35 50 15
WE16 1173 25 70 5
WE17 1173 30 65 5
WE18 1273 42 49 9

Table 4. Properties of the crystalline solids present in the ternary phase diagram.

Crystalline Solid Structure Melting Temperature (K) Ref.

Na2SiO3 Tetragonal 1361 [26,27]
Na2Si2O5 Tetragonal 1143 [28]

SiO2 Tetragonal 1984 [29–31]
Na2WO4 Spinel 971 [32,33]

Figure 4. Newly determined isotherms at 1073 K (800 ◦C), 1173 K (900 ◦C), and 1273 K (1000 ◦C) for
the ternary phase diagram in the Na2O-SiO2-WO3 system 25; faint dotted line: estimated liquidus.

3.3. Comparisons with the Existing Ternary Phase Diagram

The data reported by Štemprok [19] are extracted and shown in the phase diagram
for comparison with the present results in Figure 5. It can be seen from the figure that
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Štemprok reported the same primary phase fields. However, isotherms were only reported
in the sodium metasilicate primary phase field. The isotherms in the other primary phase
fields were not reported in his study. It can be seen from Figure 5 that the size of the
Na2SiO3 primary phase field determined in the present study is larger than that reported
by Štemprok. In contrast, the size of the Na2Si2O5 primary phase field determined in
the present study is smaller than that reported by Štemprok. The temperature of the
eutectic point joining the Na2SiO3, Na2Si2O5, and Na2WO4 primary phase fields is below
1073 K in the present study, which is lower than that (1098 K) reported by Štemprok. The
experimental points and the isotherms in the primary phase fields of SiO2, Na2Si2O5,
and Na2WO4 fill the gaps not reported by Štemprok [19].

Figure 5. Comparison of the phase diagram between the present study and previous results [19,25],
temperature in K.

Due to the limitations in the methodologies and techniques used in previous studies,
large deviations were observed while comparing previously reported data with the present
measurements. To the best of our knowledge, FactSage cannot calculate the liquidus
temperatures for the Na2O-WO3 containing systems due to a lack of reliable experimental
data. It is believed that the present study is beneficial for the further construction and
optimization of thermodynamic modelling by fulfilling the FactSage database with this
Na2O-SiO2-WO3 ternary system.

4. Conclusions

New phase equilibria information for the Na2O-SiO2-WO3 system were determined ex-
perimentally. A phase diagram targeting a high silica and low tungsten region
(40–100 wt% SiO2, 40–60 wt% Na2O, and 0–20 wt% WO3) was constructed with isotherms
of 1073, 1173, and 1273 K. The solubilities of WO3 in SiO2, Na2Si2O5, and Na2SiO3, and the
solubility of SiO2 in Na2WO4 were accurately measured using EPMA. The newly estab-
lished phase diagram was compared with the existing data and phase diagram. The present
study provides valuable information for the future development of the thermodynamic
database and development of tungsten extraction technology.
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Abstract: Tungsten is one of the strategic metals produced from tungsten ores through sodium
tungstate. The hydrometallurgical process is a common technology for extracting sodium tungstate
from high-grade tungsten concentrates. The grade of tungsten ore is decreasing, and the mineral pro-
cessing to produce a high-grade concentrate suitable for the hydrometallurgical process is becoming
more difficult. It is desirable to develop a new technology to effectively recover tungsten from the
complex low-grade tungsten ores. A fundamental study on the pyrometallurgical processing of wol-
framite was carried out through thermodynamic calculations and high-temperature experiments. The
wolframite was reacted with Na2CO3 and SiO2 at 1050–1200 ◦C and then leached with water to obtain
a sodium tungstate solution as a feed for the traditional process of APT (Ammonium paratungstate).
The factors affecting the extraction rate of tungsten from wolframite were investigated in air and
neutral atmosphere. The extraction rate of tungsten was found to increase with increasing Na2O
content and decrease with increasing SiO2 addition and temperature. The extraction rate in argon
was higher than that in air for wolframite.

Keywords: tungsten; pyrometallurgical smelting; sodium tungstate; wolframite; FactSage

1. Introduction

Tungsten is regarded as a strategic metal by many countries due to its properties and
applications [1,2]. The most common tungsten minerals are wolframite (Fe,Mn)WO4 and
scheelite CaWO4. The production of tungsten includes several steps: a mineral process to
obtain over 50% WO3 concentrates from the ores containing 0.1–1% WO3, leaching from
the concentrates to obtain sodium tungstate, conversion and precipitation of intermediate
tungsten compound ammonium paratungstate (APT), calcination of APT to obtain WO3
and reduction of WO3 at high temperature to obtain tungsten metal powder, which is
used for the production of tungsten carbide or other W-containing alloys [3–6]. Tungsten
ore is considered as one of the critical minerals due to itseconomic importance and short
supply [7]. It is important to use the critical minerals efficiently by maximizing the recovery
rate during extraction. The overall recovery rate of tungsten includes the recovery rates dur-
ing mineral processing and leaching. The recovery rate of leaching tungsten concentrates
relies on their WO3 content. High-grade concentrate can result in a higher recovery rate of
leaching. In recent years, the quality of the tungsten ores has been changed significantly
with excessive exploitation [8]. In order to obtain high-grade tungsten concentrate, the
recovery rate during mineral processing has to be reduced, which will decrease the overall
recovery rate of tungsten from the ores [9,10]. On the other hand, different conditions are
used for leaching of wolframite or scheelite. Mixed ores are becoming the major source
of tungsten, which makes beneficiation and leaching more difficult [11,12]. A number of
leaching techniques have been developed to improve the recovery rate for the complex
tungsten concentrates [13–15]. However, these hydrometallurgical processes still have to
treat high-grade concentrate to achieve a high recovery rate.
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Recent studies on phase equilibria of the Na2O-WO3 and Na2O-SiO2-WO3 systems
show that several compounds, including Na2WO4, Na2W4O13 and Na2W6O19, can be
formed at high temperature, and they are insoluble with the sodium silicate slag [16,17].
These studies provide a base for pyrometallurgical processing of tungsten ores, as more
intensive reaction conditions can be obtained compared to the hydrometallurgical process.
The aim of this study is to explore the possibility of recovering tungsten from the ore
through a high-temperature process.

2. Experimental Methods and Materials

The materials used in high-temperature extraction of tungsten included wolframite
concentrate, analytical sodium carbonate (Na2CO3) and silicon dioxide (SiO2). The chemi-
cal composition of the wolframite concentrate used in the present study is shown in Table 1.
The concentrate mainly contained WO3, FeO and MnO, with small amounts of CaO, SiO2
and sulfur. The concentrate was dried at 120 ◦C for 24 h and ground for the experiments.
An amount of 10 g concentrate was mixed with the required sodium carbonate and silicon
dioxide in an agate mortar. Well-mixed samples were pelletized and placed in an alumina
crucible. The conditions of the high-temperature experiments are shown in Table 2. Experi-
ments 1–4 investigated the effect of Na2CO3 on the extraction rate of wolframite. Note that
Na2O is an effective component at high temperature as a result of Na2CO3 decomposition.
Experiments 5–7 compared the effect of the reaction time, and experiments 8–10 looked at
the effect of SiO2 on the extraction rate of wolframite. The iron from wolframite can be Fe2+

or Fe3+ during a high-temperature process. Experiments 11–14 were carried out in argon
gas at different Na2CO3 additions.

Table 1. The composition of wolframite concentrate analyzed by XRF (wt%).

Wolframite WO3 CaO FeO MnO SiO2 S

wt% 78.04 1.06 10.69 7.88 1.73 0.61

Table 2. Experimental conditions for high-temperature processing of wolframite concentrate.

Exp No Ore (g) Temp (◦C) Time (min) Na2CO3 (g) SiO2 (g) Atmosphere

1 10 1200 60 10.5 3 Air
2 10 1200 60 10 3 Air
3 10 1200 60 8.05 3 Air
4 10 1200 60 6.81 3 Air

5 10 1050 60 6.81 4 Air
6 10 1100 60 6.81 4 Air
7 10 1200 60 6.81 4 Air

8 10 1200 60 9.29 3 Air
9 10 1200 60 9.29 4 Air

10 10 1200 60 9.29 5 Air

11 10 1200 60 10.52 3 Ar
12 10 1200 60 9.29 3 Ar
13 10 1200 60 8.05 3 Ar
14 10 1200 60 6.81 3 Ar

The experiments in air were carried out in a muffle furnace. The samples were cooled
down in the furnace after the reaction time, as shown in Table 2. The experiments in argon
were carried out in a sealed vertical tube furnace similar to the one described in previous
studies [16,17]. The crucible with the sample was initially suspended on a Mo wire at the
bottom end of the furnace. After the furnace was flashed by 400 mL/min Ar gas flow for
30 min, the sample was raised to the hot zone of the furnace. After the reaction, the sample
was lowered to the bottom of the furnace and removed after cooling. The heated sample
was ground and leached in water at 50 ◦C. The water to solid ratio was 5:1, and the mixture
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was stirred for 120 min before separating the sodium tungstate solution from the residue by
filtration. The residue was analyzed by XRF (X-Ray Fluorescence), and the content of WO3
in the residue was used to evaluate the extraction rate of tungsten from the concentrate.

3. Results and Discussion
3.1. Thermodynamic Considerations of High-Temperature Reactions

FactSage 8.2 [18] is a powerful thermodynamic software and was used to predict high-
temperature reactions in the present study. The composition of the wolframite given in
Table 1 was used for thermodynamic calculations. The databases of “FactPS” and “FToxid”
were used in the “Equilib” module. The solution phases selected in the calculations
were “FToxide-SLAGA”, “FToxide-SPINC”, “FToxide-MeO_A” and “FToxide-OlivA” and
“FToxide-Mull”.

Figure 1 shows the changes of the phases as a function of sodium oxide addition
calculated by FactSage 8.2. SiO2 addition to 100 g wolframite is 30%, and the temperature
is 1200 ◦C. As can be seen, wolframite decreases and sodium tungstate increases with
increasing Na2O. With approximately 32% Na2O addition, all wolframite is decomposed
and converted to Na2WO4. On the other hand, SiO2 only starts to react with the wolframite
when Na2O addition is greater than 12%, as Na2O reacts with wolframite first. Na2O is an
essential slag-forming component together with SiO2. With 16% Na2O addition, all SiO2 is
dissolved into the liquid slag with the oxides of sodium, iron and manganese. More than
33% Na2O will only enter the silicate slag. Both Na2WO4 and the silicate slag are liquid
at 1200 ◦C, which enables the products to be removed from the furnace easily. During the
high-temperature reaction, other components from the concentrate, such as CaO and sulfur,
are dissolved in the slag phase.
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Figure 1. Changes of the phases with the increase in Na2O content in air at 1200 ◦C with 30% SiO2,
calculated by FactSage 8.2.

Figure 2 shows the effect of temperature on the decomposition of wolframite at 30 wt%
SiO2 and various Na2O additions. It can be seen from Figure 2a that decomposition of
wolframite increases with increasing temperature at a given Na2O addition. With 20% and
25% Na2O addition, the wolframite cannot be completely decomposed even at 1600 ◦C.
With 30% and 35% Na2O addition, the wolframite can be completely decomposed at 1350
and 1080 ◦C, respectively. It can be seen from Figure 2b that, at a given Na2O and SiO2
addition, a minimum temperature is required to completely decompose the wolframite. For
example, 32% Na2O is required to fully decompose the wolframite at 1200 ◦C, which is the
case shown in Figure 1. In other words, the lowest temperature is required to completely
decompose the wolframite at a given Na2O addition. For example, the temperature must

13



Metals 2023, 13, 312

be over 1350 ◦C to fully decompose the wolframite if 30% Na2O is added. Na2O has
a much lower melting temperature (1132 ◦C) than other components. Sufficient Na2O
can form liquid Na2WO4 and liquid slag Na2O-FeO-MnO-SiO2 to fully decompose the
wolframite. If Na2O is not sufficient, a higher temperature is required to ensure the liquid
slag Na2O-FeO-MnO-SiO2 is formed.
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Figure 2. Effects of temperature and Na2O on undecomposed wolframite with 30 wt% SiO2, calcu-
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decomposition temperature corresponding to Na2O addition.

Wolframite can be decomposed with or without SiO2:

(Fe,Mn)WO4 + Na2O→ Na2WO4 + FeO + MnO (1)

(Fe,Mn)WO4 + Na2O + SiO2 → Na2WO4 + slag (Na2O-FeO-MnO-SiO2) (2)

If SiO2 is not present, the FeO and MnO formed from decomposition of the wol-
framite may cover the surface of the remaining wolframite to stop further reaction between
wolframite and Na2O. In contrast, SiO2 can react with Na2O, FeO and MnO to form a
liquid slag, which can enhance the decomposition of wolframite. However, it can be seen
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from Reaction (2) that SiO2 can also consume Na2O to form a slag. Figure 3 shows the
changes of the phase fractions as a function of SiO2 addition calculated by FactSage 8.2.
At 1200 ◦C with 30% Na2O, Na2WO4 decreases and slag increases with increasing SiO2
addition. However, when SiO2 exceeds 21%, wolframite starts to appear. SiO2 is a stronger
acidic oxide than WO3. Strong basic oxide Na2O first reacts with SiO2. When the Na2O
addition is fixed, more SiO2 addition consumes Na2O to form a slag first. The remaining
Na2O is not sufficient to fully decompose the wolframite. A certain amount of SiO2 is
necessary to form a liquid slag with FeO, MnO and Na2O. Excess SiO2 will consume more
Na2O and influence the decomposition of wolframite.
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3.2. Experimental Results

High-temperature experiments were carried out to evaluate the effects of Na2O ad-
dition, SiO2 addition, temperature and oxygen partial pressure on the extraction rate of
tungsten from wolframite. The melted samples were leached with water, and the leaching
residue was analyzed by XRF. The remaining WO3 concentration in the leaching residue is
used to represent the extraction rate. High WO3 in the residue means low extraction rate.
Figure 4 shows the effect of Na2O on the WO3 in the leaching residue in air. An amount
of 30% SiO2 was added, and the temperature was 1200 ◦C. It can be seen that WO3 in the
leaching residue decreases with the increase in Na2O addition. When the Na2O addition is
higher than 58.5%, the WO3 in the leaching residue is 0.36%, which is much lower than
that (>1%) in the conventional hydrometallurgical process [19]. The experimental results
confirmed the trend predicted by FactSage 8.2, as shown in Figure 1. However, the actual
Na2O required to fully decompose the wolframite is much higher than the predictions.
This indicates that the thermodynamic database for a WO3-containing system needs to
be improved.

Figure 5 shows the experimental results on the effect of SiO2. As can be seen in the
figure, the WO3 in the leaching residue increases with the increase in SiO2, which confirms
the trend predicted by FactSage, as shown in Figure 3. Too much SiO2 consumed more
Na2O; the remaining Na2O was not sufficient to fully decompose the wolframite.

Figure 6 shows the effect of temperatures on the remaining WO3 in the leaching
residue with additions of Na2O and SiO2 at 39.8% and 40%, respectively. It can be seen in
the figure that within the range of 1050–1200 ◦C, WO3 in the leaching residue increases
with increasing temperature. This can be explained by the solubility of WO3 in the slag. It
seems that the solubility of WO3 in the silicate slag increases with increasing temperature.
The WO3 dissolved in the silicate slag cannot be leached with water. In the current FactSage
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database, WO3 is not included in the slag phase, and the solubility of WO3 in the slag
cannot be predicted.
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Reaction (2) shows the decomposition of wolframite without a variation in the valence
state. Iron is initially present in the wolframite as Fe2+, which can be oxidized to Fe3+ in air.
The above discussions focus on the reactions in air. Figure 7 shows the decomposition of
wolframite by Na2O in argon at 1200 ◦C, as predicted by FactSage 8.2. The general trend of
the reactions in argon is similar to those in air, as shown in Figure 1. However, it can be
seen that the Na2O required to fully decompose wolframite is 30%, which is lower than
that in air (30%).

A series of experiments were conducted in argon gas for comparison with those
in air. Under the neutral gas flow, iron is present as Fe2+, which is the same as in the
wolframite. It can be seen in Figure 8 that WO3 in the leaching residue is 0.22% with
54% Na2O addition. If the Na2O addition is more than 58%, the WO3 in the leaching
residue approaches zero, and the recovery of WO3 is almost 100%. It is easy to decompose
wolframite under reducing conditions.
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4. Conclusions

Thermodynamic calculations and high-temperature experiments confirmed that WO3
can be effectively recovered from wolframite by the pyrometallurgical process. The re-
covery of tungsten from wolframite is much higher than that in the conventional process.
SiO2 can form liquid slag with the oxides of iron, manganese and sodium to enhance the
decomposition of wolframite. However, excess SiO2 consumes Na2O and reduces the de-
composition rate. High Na2O addition and low temperature are beneficial for maximizing
the recovery of tungsten. It is easy to decompose wolframite under reducing conditions
where iron is present as Fe2+.
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Abstract: The role of silica in the chlorination–volatilization of cobalt oxide, using calcium chloride, is
investigated in this paper. It is found that the Co volatilization percentage of the CoO–Fe2O3–CaCl2
system is not larger than 12.1%. Silica plays an important role in the chlorination–volatilization of
cobalt oxide by using calcium chloride. In the CoO–SiO2–Fe2O3–CaCl2 system, the Co volatilization
percentage is initially positively related to the molar ratio of SiO2 to CaCl2, and remains almost
constant when the molar ratio of SiO2 to CaCl2 rises from zero to eight. The critical molar ratios of
SiO2 to CaCl2 are 1 and 2 when the molar ratios of CaCl2 to CoO are 8.3 and 16.6, respectively. The
Co volatilization percentage remains almost constant with the increase in CaO concentration, and
decreases when Al2O3 and MgO are added. Ca2SiO3Cl2 is determined after roasting at 1073 K and
1173 K, and disappears at temperatures in excess of 1273 K in the calcines from the CoO–SiO2–CaCl2
system. CaSiO3 always exists in the calcines at temperatures in excess of 973 K.

Keywords: chlorination–volatilization; cobalt oxide; calcium chloride; phases of calcines

1. Introduction

When roasted at a high temperature, nonferrous metal oxides are converted into
corresponding chlorides and volatilize in the form of gaseous chlorides in the presence of
chlorinating agents. The chlorination–volatilization method has been used for the recovery
of valuable metals from slags or refractory ores, such as Au, Ag, Cu, Pb, and Zn [1–6].

In regards to cobalt recovery, many works have concentrated on chloride roasting as
the pretreatment to convert cobalt compounds into soluble chloride, followed by a subse-
quent hydrometallurgical step [7–14]. The chloridizing agents used for chloride roasting
include gaseous Cl2 and HCl, and solid MgCl2•6H2O, NaCl, AlCl3•6H2O, and NH4Cl.
However, there are few investigations about the chlorination–volatilization of cobalt at
present. It was reported that to obtain approximately 50% volatilization percentage, a
chlorine consumption of approximately 2.5 times the stoichiometric amount was needed,
in the case of producing iron ore pellets from pyrite cinders containing nonferrous metals
by using chlorine [15].

Calcium chloride is a popular chloridizing agent because of its high stability and lack
of toxicity in practice. The chlorination–volatilization of cobalt, using calcium chloride,
was investigated in our previous paper [16]. The effects of different variables on the cobalt
volatilization percentage were investigated, including flow rate, oxygen partial pressure
and water vapor content of the carrier gas, roasting time, and temperature. The aims of
this paper are to investigate the effects of silica, other gangues (Al2O3, CaO, and MgO) and
CaCl2 dosage on the Co volatilization percentages during the chlorination–volatilization of
cobalt oxide, and on the phases of calcines after roasting.
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2. Materials and Methods

Cobalt-containing slags were prepared using reagent-grade CoO, SiO2, Fe2O3, Al2O3,
MgO and CaO powders. Reagent-grade anhydrous CaCl2 was adopted as the chlorinating
agent. All the reagents were precisely weighed according to the compositions shown in
Table 1 and pressed into briquettes after sufficient mixing. The effects of CaCl2 dosage on
the Co volatilization percentage were investigated from No.1 to No.5. The effects of the
molar ratio of SiO2 to CaCl2 on the Co volatilization percentage were also investigated
from No.4 to No.14. Finally, the effects of Al2O3, MgO and CaO additions on the Co
volatilization percentage were investigated from No.14 to No.20.

Table 1. Sample compositions and CaCl2 dosage.

No.
Slag Composition (Mass%) CaCl2

Dosage
(Mass%)

Molar Ratio
of CaCl2
to CoO

Molar Ratio
of SiO2
to CaCl2

CoO SiO2 Al2O3 MgO CaO Fe2O3

1 1 0 0 0 0 99 12.3 8.3 0
2 1 0 0 0 0 99 18.5 12.5 0
3 1 0 0 0 0 99 24.6 16.6 0
4 1 99 0 0 0 0 12.3 8.3 14.9
5 1 99 0 0 0 0 24.6 16.6 7.7
6 1 6.66 0 0 0 92.34 24.6 16.6 0.5
7 1 13.33 0 0 0 85.67 24.6 16.6 1
8 1 26.66 0 0 0 72.34 24.6 16.6 2
9 1 53.31 0 0 0 45.69 24.6 16.6 4

10 1 3.33 0 0 0 95.67 12.3 8.3 0.5
11 1 6.66 0 0 0 92.34 12.3 8.3 1
12 1 13.33 0 0 0 85.67 12.3 8.3 2
13 1 26.66 0 0 0 72.34 12.3 8.3 4
14 1 53.31 0 0 0 45.69 12.3 8.3 8
15 1 53.31 10 0 0 35.69 12.3 8. 8
16 1 53.31 20 0 0 25.69 12.3 8.3 8
17 1 53.31 0 10 0 35.69 12.3 8.3 8
18 1 53.31 0 20 0 25.69 12.3 8.3 8
19 1 53.31 0 0 10 35.69 12.3 8.3 8
20 1 53.31 0 0 20 25.69 12.3 8.3 8

The chlorination–volatilization experiments were carried out in a muffle furnace.
Furnace temperature was set to increase at 25 K/min. An alumina boat (length: 60 mm,
width: 30 mm) containing approximately 10 g of briquettes was located at the center of
the furnace at approximately 873 K. The furnace was turned off after the sample was held
at the desired temperatures for 1 h, which was sufficient to reach the maximum cobalt
volatilization percentage according to previous work [16]. There was an air inlet under
the thermocouple and an air outlet at the top of the furnace hearth to connect with the
atmosphere. Hot air in the furnace hearth escaped through the outlet and was exhausted
by a negative pressure fan above the furnace into the air after alkaline solution treatment.
Samples were cooled inside the furnace to approximately 873 K and then naturally cooled
to room temperature.

Samples after roasting were prepared carefully for the chemical and phase analyses.
The phases of calcines were detected by X-ray diffraction (XRD, X’PertPro, PANalytical,
Almelo, The Netherlands) and identified by comparisons between diffraction peaks of XRD
data and no less than three main characteristic peaks of substances. Cobalt concentration
was measured by inductively coupled plasma optical emission spectrometer (ICP-OES,
Optima 8000, PerkinElmer, Waltham, Massachusetts, MA, USA). The Co volatilization
percentage was calculated according to Equation (1).

η =
cimi − c f m f

cimi
× 100%, (1)

where ci and cf are Co concentrations of samples before and after roasting, respectively.
mi and mf are the masses of the samples before and after roasting, respectively. The
analysis results of cobalt concentrations are within ±0.015 mass%. Therefore, the errors of
volatilization percentages are calculated to be within ±2.5% according to Equation (1).
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3. Results and Discussions
3.1. Effect of CaCl2 Dosage

Figure 1 shows the effect of CaCl2 dosage on Co volatilization percentage in the CoO–
Fe2O3–CaCl2 and CoO–SiO2–CaCl2 systems. The Co volatilization percentage obviously
increases as the CaCl2 dosage in the CoO–SiO2–CaCl2 system is strengthened at 1173 K,
and slightly increases with increasing CaCl2 dosage at 1273 K and 1373 K. Similar trends
are observed in the CoO–Fe2O3–CaCl2 system. It should be noted that the Co volatilization
percentages in the CoO–SiO2–CaCl2 system are much larger than those in the CoO–Fe2O3–
CaCl2 system.

Figure 1. Effect of CaCl2 dosage on the Co volatilization percentage.

Chlorination could be divided into direct chlorination and indirect chlorination using
calcium chloride. It reacts directly with cobalt oxide in the former case, which could be
represented as follows:

CaCl2 + CoO = CoCl2 + CaO, (2)

CaCl2 firstly reacts with oxygen to release Cl2 in the latter case, followed by cobalt
oxide being chlorinated by Cl2. It could be expressed as follows:

2CaCl2 + O2 = 2CaO + 2Cl2, (3)

2CoO + 2Cl2 = 2CoCl2 + O2, (4)

Figure 1 shows that the Co volatilization percentage of the CoO–Fe2O3–CaCl2 system
is not larger than 12.1%, even with a higher CaCl2 dosage, and it becomes much larger in
the CoO–SiO2–CaCl2 system. This indicates that SiO2 is more beneficial to the chlorination–
volatilization of cobalt oxide compared with Fe2O3 in both the cases of direct and indirect
chlorination. The direct chlorination of cobalt oxide by calcium chloride, in the presence of
SiO2, could be expressed as follows:

CaCl2 + CoO + SiO2 = CoCl2 + CaSiO3, (5)

The generation of Cl2 by the decomposition of CaCl2, in the presence of SiO2, could
be expressed as follows:

2CaCl2 + O2 + 2SiO2 = 2CaSiO3 + 2Cl2, (6)

The standard Gibbs free energies of Equations (2)–(6) are calculated according to the
data from [17], and are shown in Figure 2. Equations (7)–(9) in Section 3.4 are also listed in
Figure 2. CoCl2 is considered to be in the gaseous state. The standard Gibbs free energies
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of Equations (5) and (6) are much lower than those of Equations (2) and (3), respectively,
which means that the chlorination of cobalt oxide is promoted in the presence of SiO2. A
larger CaCl2 dosage is helpful to improve the Co volatilization percentage in the presence
of SiO2 in both the cases of direct and indirect chlorination.

Figure 2. The standard Gibbs free energy of reactions: (a) solid or liquid CaCl2; (b)gaseous CaCl2.

3.2. Effect of the Molar Ratio of SiO2 to CaCl2
Figure 3 shows the effect of the molar ratio of SiO2 to CaCl2 on the Co volatilization

percentage in the CoO–SiO2–Fe2O3–CaCl2 system. When the molar ratio of CaCl2 to CoO
is 8.3, the Co volatilization percentage increases significantly, as the molar ratio of SiO2 to
CaCl2 rises from 0 to 1, and remains almost constant when the molar ratio of SiO2 to CaCl2
increases from 1 to 8 at all the desired temperatures. Similar trends are observed when the
molar ratio of CaCl2 to CoO is 16.6 at 1273 K and 1373 K. The Co volatilization percentage
increases significantly and remains almost constant when the critical molar ratio of SiO2
to CaCl2 is two. However, it increases significantly as the molar ratio of SiO2 to CaCl2 is
amplified at 1173 K.

Figure 3. Effect of the molar ratio of SiO2 to CaCl2 on the Co volatilization percentage.

Equation (5) is initially promoted with an increase in the molar ratio of SiO2 to CaCl2
from zero. The enhancement becomes weaker when the molar ratio of SiO2 to CaCl2 is
large enough. As shown in Equation (6), SiO2 plays an important role in the generation of
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Cl2, by the decomposition of CaCl2. This result is consistent with the works of Liu et al. [18],
Zhu et al. [19], and Ding [20]. The Co volatilization percentage is very low when the molar
ratio of SiO2 to CaCl2 is zero. Most of the CaCl2 is lost in the form of volatilization in this
case. This also means that the role of Fe2O3 in the generation of Cl2, by the decomposition
of CaCl2, is much weaker than that of SiO2. More Cl2 is released when the molar ratio of
SiO2 to CaCl2 is increased, which leads to an increase in the Co volatilization percentage.
There is sufficient Cl2 at a high molar ratio of SiO2, resulting in a constant Co volatilization
percentage.

3.3. Effect of Al2O3, MgO and CaO

Figure 4 shows the effects of Al2O3, MgO, and CaO on the Co volatilization percent-
age in the CoO–SiO2–(Al2O3/MgO/CaO)–Fe2O3–CaCl2 systems. The Co volatilization
percentage remains almost constant with increasing CaO concentration, with a molar ratio
of CaCl2 to CoO of 8.3 and a molar ratio of SiO2 to CaCl2 of eight. This could be attributed
to the sufficient amount of SiO2 existing in the system. The molar ratio of SiO2 to CaCl2
is still larger than two, taking into consideration that some SiO2 could react with CaO.
However, it decreases with increasing Al2O3 and MgO concentrations under the same
conditions. The reasons for this need further study. Table 2 shows the comparisons of the
effects of Al2O3, MgO, CaO, and SiO2 on the volatilization percentages of CoO, ZnO [19],
Zn•Fe2O3 [19], Cu2O [21], and CuO [21]. It should be noted that the molar ratios of CaCl2
to ZnO, CaCl2 to Zn•Fe2O3, CaCl2 to Cu2O, and CaCl2 to CuO are much lower than the
molar ratio of CaCl2 to CoO in this study.

Figure 4. Effect of (a) Al2O3, (b) MgO and (c) CaO on Co volatilization percentage.
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Table 2. The effects of Al2O3, MgO, CaO and SiO2 on the volatilization percentage.

Phases System Al2O3 MgO CaO SiO2 Reference

CoO

CoO–SiO2–Fe2O3–Al2O3–CaCl2 Negatively

This studyCoO–SiO2–Fe2O3–MgO–CaCl2 Negatively
CoO–SiO2–Fe2O3–CaO–CaCl2 None

CoO–SiO2–Fe2O3–CaCl2 Positively

ZnO

ZnO–Fe2O3–Al2O3–CaCl2 Negatively

[19]ZnO–Fe2O3–MgO–CaCl2 Negatively
ZnO–Fe2O3–CaO–CaCl2 Positively
ZnO–Fe2O3–SiO2–CaCl2 Positively

Zn•Fe2O3

Zn•Fe2O3–Fe2O3–Al2O3–CaCl2 Negatively

[19]Zn•Fe2O3–Fe2O3–MgO–CaCl2 Negatively
Zn•Fe2O3–Fe2O3–CaO–CaCl2 Negatively
Zn•Fe2O3–Fe2O3–SiO2–CaCl2 Negatively

Cu2O

Cu2O–Fe2O3–Al2O3–CaCl2 Negatively

[21]Cu2O–Fe2O3–MgO–CaCl2 Negatively
Cu2O–Fe2O3–CaO–CaCl2 Negatively
Cu2O–Fe2O3–SiO2–CaCl2 Negatively

CuO

CuO–Fe2O3–Al2O3–CaCl2 None

[21]CuO–Fe2O3–MgO–CaCl2 Negatively
CuO–Fe2O3–CaO–CaCl2 Positively
CuO–Fe2O3–SiO2–CaCl2 Positively

3.4. Phases of Calcines

Figure 5 shows the XRD results of the calcines from the CoO–Fe2O3–CaCl2 system after
roasting with a molar ratio of CaCl2 to CoO of 16.6. Fe2O3, CaFe2O4, Ca2Fe2O5, and CaCO3
are identified in the calcines at 973 K, which is a temperature lower than the melting point of
CaCl2 (1055 K). The diffraction peaks of CaCO3 disappear at temperatures higher than 1173
K, which could be attributed to the decomposition of CaCO3. The generation of Cl2, by the
decomposition of CaCl2, in the CoO–Fe2O3–CaCl2 system could be expressed as follows:

2CaCl2 + O2 + Fe2O3 = Ca2Fe2O5 + 2Cl2, (7)

2CaCl2 + O2 + 2Fe2O3 = 2CaFe2O4 + 2Cl2, (8)

2CaCl2 + O2 + 2CO2 = 2CaCO3 + 2Cl2, (9)

where Equation (9) occurs at temperatures no more than 1173 K. The equilibrated chlorine
partial pressure of Equation (9) is calculated according to Equation (10), and is shown in
Figure 6, where the O2 and CO2 partial pressures are 0.209 and 3.1 × 10−4, respectively. The
chlorine partial pressure is approximately 10−9 when the activity of solid or liquid CaCl2
is set to one. This means that Equation (9) could theoretically take place when the chlorine
partial pressure is less than 10−9. The equilibrated chlorine partial pressure becomes much
larger when CaCl2 changes from the solid or liquid state to the gaseous state.

∆G0
9

−RT = ln
(PCl2

/P0)
2

aCaCl2
(PCO2 /P0)

2
(PO2 /P0)

0.5 or = ln
(PCl2

/P0)
2

(PCaCl2
/P0)

2
(PCO2 /P0)

2
(PO2 /P0)

0.5 (10)

Figure 7 shows the XRD results of the calcines from the CoO–SiO2–CaCl2 system after
roasting with a molar ratio of CaCl2 to CoO of 16.6. There is newly generated CaSiO3, and
unreacted SiO2 and CaCl2, at 973 K. Newly generated Ca2SiO3Cl2 exists alongside CaSiO3
at 1073 K and 1173 K. The formation reaction of Ca2SiO3Cl2 could be expressed as follows:

4CaCl2 + O2 + 2SiO2 = 2Ca2SiO3Cl2 + 2Cl2, (11)

The diffraction peaks of Ca2SiO3Cl2 disappear at temperatures in excess of 1273 K,
and only newly generated CaSiO3 and unreacted SiO2 remain in the calcines. This could
be attributed to the instability of Ca2SiO3Cl2 at higher temperatures. The reaction could be
expressed as follows:

2Ca2SiO3Cl2 + O2 + 2SiO2 = 4CaSiO3 + 2Cl2, (12)
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Figure 5. XRD results of calcines from the CoO–Fe2O3–CaCl2 system.

Figure 6. The equilibrated chlorine partial pressure of the following reaction: 2CaCl2 + O2 + 2CO2 =
2CaCO3 + 2Cl2.

Ca2SiO3Cl2 was formed when the molar ratios of SiO2 to CaCl2 were two and one
at 1023 K and 1073 K, respectively [22]. In this study, Ca2SiO3Cl2 is formed when the
molar ratio of SiO2 to CaCl2 is approximately 7.4 at 1073 K and 1173 K. Considering the
results presented by Zhang [22], along with those from this study, it is suggested that the
intermediate product Ca2SiO3Cl2 is formed when the molar ratio of SiO2 to CaCl2 is larger
than one at temperatures between 1023 K and 1173 K.

CaSiO3, CaFe2O4, Ca2Fe2O5, and Ca3Fe2(SiO4)3 are generated in the CoO–SiO2–
Fe2O3–CaCl2 system at 1273 K, with a molar ratio of CaCl2 to CoO of 8.3 and a molar
ratio of SiO2 to CaCl2 of eight [16]. CaAl2Si2O8 and CaMg(SiO3)2 are generated after the
addition of Al2O3 and MgO, respectively, as shown in Figure 8.
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Figure 7. XRD results of calcines from the CoO–SiO2–CaCl2 system (a) at 973 K; (b) at 1073 K and 1173 K; (c) between 1273
K and 1473 K.

Figure 8. XRD results of calcines from the CoO–SiO2–Fe2O3–(Al2O3/MgO)–CaCl2 system at 1273 K.

28



Metals 2021, 11, 2036

4. Conclusions

The following conclusions could be drawn from this study:

1. The Co volatilization percentage of the CoO–Fe2O3–CaCl2 system is not larger than 12.1%.
2. SiO2 plays an important role in the chlorination–volatilization of cobalt oxide, using

calcium chloride. In the CoO–SiO2–Fe2O3–CaCl2 system, the Co volatilization per-
centage is initially positively related to the molar ratio of SiO2 to CaCl2, and remains
almost constant when the molar ratio of SiO2 to CaCl2 rises from zero to eight. The
critical molar ratios of SiO2 to CaCl2 are 1 and 2 when the molar ratios of CaCl2 to
CoO are 8.3 and 16.6, respectively.

3. The Co volatilization percentage remains almost constant with increasing CaO con-
centration, and decreases when Al2O3 and MgO are added, with a molar ratio of
CaCl2 to CoO of 8.3 and a molar ratio of SiO2 to CaCl2 of eight.

4. Fe2O3, CaFe2O4, Ca2Fe2O5, and CaCO3 are identified in the calcines from the CoO–Fe2O3–
CaCl2 system at 973 K, and CaCO3 disappears at temperatures higher than 1173 K.

5. Ca2SiO3Cl2 exists in the calcines from the CoO–SiO2–CaCl2 system at 1073 K and 1173 K,
and disappears at temperatures in excess of 1273 K. CaSiO3 always exists in the calcines
at temperatures in excess of 973 K.
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Abstract: Lead-rich slag as a green feedstock can be used in a blast furnace or smelting reduction
furnace to produce lead metal. It is desirable to understand the reduction mechanisms of lead-rich
slag to optimize the reduction operations. The volume of CO/CO2 gases was continuously measured
in the experiments to determine the reduction degree of lead-rich slag by carbon. The effects of CaO,
Al2O3 and MgO on reaction kinetics of lead-rich slag with carbon were investigated in the temperature
range 1073 to 1473 K. The activation energies of the reduction were determined experimentally in
the chemically controlled and diffusion-controlled stages, and the reduction mechanism is analyzed
using experimental results and thermodynamic calculations. It was found that the activation energies
at the chemically controlled and diffusion-controlled stages decrease with increasing optical basicity.
CaO and MgO have a similar behavior to accelerate the reduction of the lead-rich slag by carbon.
In contrast, Al2O3 can increase the activation energies at both chemically controlled and diffusion-
controlled stages resulting in a slow reaction.

Keywords: lead-rich slag; kinetics; fluxes; FactSage; reduction mechanisms

1. Introduction

Sinter plant-blast furnace is a traditional route to produce primary lead from the
concentrates [1]. Fine lead sulphide concentrates are sintered in a Dwight Lloyd machine
to remove the sulphur and form agglomerated oxide sinter lump for the blast furnace. In
the sintering process the concentration of SO2 in the gas is low, creating a difficulty for
producing acid. The capture of SO2 and lead-bearing dust during the sintering process is not
efficient as the moving sintering machine results in significant leakage. The productivity of
the lump sinter suitable for the blast furnace is low in the sinter plant due to the low physical
strength of the sinter, and approximately 30% of sinter needs to return to the sintering
process. The sinter lumps fed into the blast furnace are not uniform in the composition and
microstructure, and to overcome these disadvantages several lead-smelting technologies
have been developed in recent years [1–6]. These smelting technologies, including top
submerged lance technology (TSL), bottom-blowing smelting technology (SKS) and side-
blowing smelting technology, have a greatly simplified operation with more efficient
capture and utilization of SO2 and lead-bearing dust. The lead-rich slag produced from the
smelting process is low in sulphur and high in uniformity. Lead metal is also produced
simultaneously in these processes making the smelting furnaces more productive.

The molten lead-rich slag can be casted and sent to a blast furnace or a smelting re-
duction furnace to produce lead metal. The lead-rich slag has the similar composition and
reactions during the reduction process; however, the dense slag has different macrostruc-
ture from the sinter due to the different technologies used for their production and it is
necessary to study the kinetics and mechanism of the lead-rich slag reduction by carbon.
Kinaev et al., [7] studied the reduction kinetics of lead oxide by graphite and coke at high
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temperatures. The synthetic slags PbO–FeO–Fe2O3–CaO–SiO2 were used for the study and
the volume of the product gases was measured to monitor the reaction progress. Due to the
limitation of the technique used, only initial 300 s reaction was studied. It was found that
the rate-limiting step was the chemical reaction at the gas/slag interface. The composition
of the product gas (CO/CO2 ratio) was not determined in this study [7]. Upadhya [8]
studied reaction kinetics of the PbO-CaO-Al2O3-SiO2 slags by carbon in iron at 1693 K.
The reaction rate was determined by the PbO concentration in the reduced slag collected
at different times. It was found that the reaction rate for the initial stage reduction was
controlled by the chemical reaction and the second stage reduction was best explained
by the mass transport control [8]. The study was limited to the slags with up to 6.6 wt%
PbO. The composition of the product gases was not determined in this study. However,
Upadhya adopted the results of Sommerville and Bullard that the product gas was almost
CO because CO2 was consumed by the excess carbon [8]. All of these studies [7,8] were not
directly related to the lead-rich slags that only appeared in recent years. The study on the
reduction of synthetic lead-rich slags and industrial lead sinters by CO gas indicated that
liquid phase played an important role in the reduction process [9]. Both synthetic lead-rich
slags and industrial lead sinters showed similar behaviors during the reduction if they have
the same composition. The reduction kinetics of the synthetic lead-rich slag and industrial
lead sinter by graphite were compared by Hou et al. [10]. It was found that rapid reduction
was associated with the formation of the liquid slag that was a function of composition and
temperature. The effect of PbO concentration on the reduction kinetics of lead-rich slags by
graphite was studied recently by Xie et al. [11]. They found that a high PbO concentration
in the slag is favorable to the reduction. During the production and reduction of lead-rich
slag, CaO is usually added as a flux to decrease the liquidus temperature and viscosity of
the slag. Al2O3 and MgO from the concentrates, carbon-containing materials and refractory
are always present in the slag. The effects of CaO, Al2O3 and MgO on the reduction kinetics
of lead-rich slags remain unclear. Additionally, optical basicity has been associated with
the properties of the metallurgical slags with different compositions [12–15]. The concept
of optical basicity has been adopted to describe the effects of CaO, Al2O3 and MgO on the
reduction mechanisms and kinetics of lead-rich slags by graphite. The reduction mecha-
nisms are analyzed by experimental data and FactSage 8.1 software [16]. The remodified
shrinking core model is also used to analyze the reduction kinetics of the lead-rich slag by
graphite [17–20].

2. Research Methodology

The lead-rich slags used for the reduction experiments were first prepared and char-
acterized. The ground slag samples were then reacted with graphite in a properly sealed
system and the volume of the product gas was accurately measured to determine the
progress of the reduction reactions. The FactSage software was used to interpret the
experimental results from thermodynamic point of view.

3. Preparation of Lead-Rich Slags

Pure PbO, ZnO, Fe2O3, CaCO3, SiO2, Al2O3 and MgO chemicals were used to prepare
the lead-rich slags Y1, Y2 and Y3 in an induction furnace in air. A 1000 g pelletized mixture
prepared from pure powders was placed in a mullite crucible. The slag and crucible were
melted between 1100 to 1150 ◦C for 60 min by a Heraeus 25 KW induction generator
through a graphite susceptor. The temperature of the slag was monitored by an R-type
thermocouple (Pt/Pt-13%Rh) that was placed in an alumina sheath. Argon gas with a
5000 mL·min−1 flow rate was used to stir the slag throughout the experiment, and the
molten slag was cooled naturally after the induction furnace was turned off. The slow-
cooled lead-rich slags were mounted, polished and examined using optical and scanning
electron microscopy. The compositions of the phases present in the samples were measured
by a JEOL 8800 L Electron Probe Microanalyser (EPMA) with Wavelength-Dispersive
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Spectrometer (WDS). An accelerating voltage of 15 kV and a probe current of 15 nA were
applied. The average accuracy of the EPMA measurements is within 1 wt%.

4. Reduction of Lead-Rich Slag by Graphite

The schematic diagram of the experimental system including a vertical tube furnace,
gas collection and data record system is shown in Figure 1. The experiments were carried
out in a 19 mm ID corundum reaction tube. A platform consisting of a Pt/Pt-13%Rh
thermocouple was inserted from the bottom to support a graphite crucible (18 mm OD,
14 mm ID, and 40 mm high) located in the hot zone of the furnace. A water-containing
pressure device was developed to capture the gas generated from the reaction and it
displaced the same volume of water into a container sitting on a balance. The weight of the
water was recorded by a computer and then converted to the gas volume.
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Figure 1. Schematic diagram of the experimental system used in this study.

The graphite crucible was raised from the bottom to the hot zone of the reaction tube
after 30 min flushing by ultrahigh purity argon. The gas flushing was stopped, and the
reaction tube was sealed properly. The argon gas was then turned on carefully to enable
the water to stay at point A indicated in Figure 1 and then the argon gas was stopped. The
balance was adjusted to zero and the computer was started to record the weight changes.
A 5.00 g lead-rich slag (~1 mm diameter size) was added into the graphite crucible from
the airtight funnel that was placed on the top of the furnace. The reduction reaction started
when the sample touched the graphite crucible at the required temperature. The generated
CO/CO2 gases were captured by the water-containing pressure device and the weight of
water was continuously recorded by the computer in 5 s interval. When the experiment
finished, up to 400 mL CO/CO2 gases were generated and displaced approximately 400 g
H2O into a container sitting on a balance. The reduction was stopped when the graphite
crucible was lowered rapidly to the bottom-end of the furnace.
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5. Thermodynamic Calculations

FactSage 8.1 software was used to predict the compositions of liquid slags, and activi-
ties of PbO and ZnO in liquid slags at high temperature [16]. The databases selected were
“FactPs” and “Ftoxide”. The solution phases selected included “FToxid-SLAGA”, “FToxid-
SPINA”, “FToxid-MeO”, “FToxid-cPyrA”, “FToxid-PyrA”, “FToxid-WOLLA”, “FToxid-
Bred”, “FToxid-bC2SA”, “FToxid-aC2SA”, “FToxid-Mel”, “FToxid-Oliv”, “FToxid-Mull”,
“FToxid-CORU”, “FToxid-ZNIT”, “FToxid-WILL”, “FToxid-PbO” and “FToxid-PCSi”.

The optical basicity, the electron-donating power of the oxygen in an oxidic glass, was
defined by Duffy [12,13]. The Equation (1) below is usually used to calculate the optical
basicity of an oxide slag [14]:

2 =
∑ x1n121 + x2n222 + · · ·

∑ x1n1 + x2n2 + · · · (1)

where 2 is the optical basicity of the slag, 21,2... is the optical basicity of an individual oxide
as shown in Table 1, x is the mole fraction of the individual oxide and n1,2... is the number
of oxygen atoms associated with the oxide.

Table 1. The optical basicity of individual oxide [13,15].

Oxide PbO ZnO Fe2O3 CaO SiO2 Al2O3 MgO

2 0.95 0.95 0.69 1 0.47 0.68 0.92

6. Results and Discussion
6.1. Characterization of Slags

The target and actual compositions of the lead-rich slags are shown in Table 2. The
ZnO/Fe2O3/CaO/SiO2 ratios are approximately the same in three samples.

Table 2. The target and actual compositions of lead-rich slags for reduction experiments.

Slag PbO ZnO Fe2O3 CaO SiO2 Al2O3 MgO

Y1-planned 52.4 11.5 17.2 6.8 12.1 0.0 0.0
Y1-actual 51.8 11.4 17.0 6.7 11.9 1.3 0.0

Y2-planned 50.5 11.0 16.5 6.5 11.5 4.0 0.0
Y2-actual 49.8 10.9 16.3 6.4 11.4 5.1 0.0

Y3-planned 51.5 11.2 16.8 6.7 11.8 0.0 2.0
Y3-actual 50.8 11.1 16.6 6.6 11.6 1.3 2.0

The typical microstructures of Y2 and Y3 are shown in Figure 2 as the typical mi-
crostructures of Y1 have been reported in a previous study [10]. It appears that 5.1 wt%
Al2O3 in Y2 and 2.0 wt% MgO in Y3 did not make a significant difference in the mi-
crostructure. The major phases presented in Y2 and Y3 are spinel, melilite and lead
silicate 6PbO·FeO1.5·SiO2 (PFS) [21]. In addition, Ca2SiO4 (C2S) and larsenite PbZnSiO4
(PZS) [22,23] are also present in both samples. The spinel crystals are present on the surface
of the melilite indicating that spinel is the primary phase precipitated first. These lead-rich
slags are therefore located in the spinel primary phase field. Spinel and melilite were
precipitated at relatively higher temperatures and the other phases were precipitated at
lower temperatures. The compositions of the phases present in these slags were measured
by EPMA and are shown in Table 3.

34



Metals 2022, 12, 1235

Metals 2022, 12, x FOR PEER REVIEW 5 of 14 
 

 

Table 3. Compositions of the phases present in the melted slags measured by EPMA. 

Slag Phase 
Composition (wt%) 

Fe2O3 ZnO Al2O3 MgO CaO SiO2 PbO 

Y2 

Spinel 49.4 34.7 15.4 0.2 0.1 0.0 0.2 
Melilite 2.7 17.2 6.1 0.1 33.7 33.6 6.6 

PFS 5.3 0.6 0.8 0.0 0.0 5.4 87.9 
Ca2SiO4 0.2 0.4 0.0 0.0 17.2 18.4 63.7 

Y3 

Spinel 64.1 24.0 5.1 6.6 0.1 0.0 0.1 
Melilite 0.7 14.8 1.1 4.5 34.4 37.5 6.9 

PFS 3.8 0.9 0.4 0.0 0.0 5.2 89.7 
PbZnSiO4 0.2 21.5 0.2 1.3 1.5 18.3 57.0 

 
Figure 2. Typical microstructures of slow-cooled lead-rich slags: Y2 (a,b) and Y3 (c,d). S = spinel, 
M = melilite, PFS = 6PbOFeO1.5SiO2, C2S = Ca2SiO4, PZS = PbZnSiO4 

6.2. Reduction 
Thermodynamically both CO and CO2 can be formed during the reduction of lead-
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be the only exit gas from the graphite crucible in the present study. The main reactions 
between carbon and liquid slag containing Fe2O3, PbO and ZnO include: 
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Figure 2. Typical microstructures of slow-cooled lead-rich slags: Y2 (a,b) and Y3 (c,d). S = spinel,
M = melilite, PFS = 6PbO·FeO1.5·SiO2, C2S = Ca2SiO4, PZS = PbZnSiO4.

Table 3. Compositions of the phases present in the melted slags measured by EPMA.

Slag Phase
Composition (wt%)

Fe2O3 ZnO Al2O3 MgO CaO SiO2 PbO

Y2

Spinel 49.4 34.7 15.4 0.2 0.1 0.0 0.2
Melilite 2.7 17.2 6.1 0.1 33.7 33.6 6.6

PFS 5.3 0.6 0.8 0.0 0.0 5.4 87.9
Ca2SiO4 0.2 0.4 0.0 0.0 17.2 18.4 63.7

Y3

Spinel 64.1 24.0 5.1 6.6 0.1 0.0 0.1
Melilite 0.7 14.8 1.1 4.5 34.4 37.5 6.9

PFS 3.8 0.9 0.4 0.0 0.0 5.2 89.7
PbZnSiO4 0.2 21.5 0.2 1.3 1.5 18.3 57.0

6.2. Reduction

Thermodynamically both CO and CO2 can be formed during the reduction of lead-rich
slag by carbon. However, excess carbon can rapidly consume CO2 to form CO which has
been confirmed by the experimental measurements [8]. CO is therefore considered to be the
only exit gas from the graphite crucible in the present study. The main reactions between
carbon and liquid slag containing Fe2O3, PbO and ZnO include:

PbO(l) + C(s) = Pb(l) + CO(g) (2)

Fe2O3(l) + C(s) = 2FeO(s) + CO(g) (3)

ZnO(l) + C(s) = Zn(g) + CO(g) (4)
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The reduction degree is calculated according to Equation (5):

α = Vm × 100%/VT (5)

where Vm is the experimentally measured gas volume (mL), VT is the total volume of the
theoretical gas volume generated from Equations (2)–(4) (mL) by 5.00 g slag, and α is the
reduction degree (%).

Isothermal reduction experiments have been carried out in the temperature range of
1073 to 1473 K. The reduction degrees of Y1, Y2 and Y3 as a function of reaction time are
shown in Figures 3–5, respectively. It can be seen from these figures that the reduction
degree increases rapidly at the beginning of the reduction and then increases slowly with
time. The reduction process includes two stages: the chemically controlled stage and the
diffusion-controlled stage that has been reported in previous studies [8,10,11]. Additionally,
at temperatures below 1173 K the reaction of both Y2 and Y3 with carbon is limited. Once
the temperature is above 1173 K, the reduction degree has a significant increase at the same
reaction time.
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Figure 5. Reduction degree of Y3 (MgO addition) as a function of reaction time.

Figures 6 and 7 illustrate the relationship between the reduction degree and tempera-
ture at the chemically controlled stage (50 s) and diffusion-controlled stage (3500 s). They
show that the reduction degree of three slags increases with increasing temperature in
both the chemically controlled stage and diffusion-controlled stage. The increment is more
significant at higher temperatures. The addition of MgO (Y3) seems to increase the reduc-
tion degree slightly. The presence of Al2O3 in the lead-rich slag significantly decreased
the reduction degree and the reaction rates at temperatures below 1173 K are very low. It
has been reported [24] that the presence of 4 wt% Al2O3 in the lead-rich slag can increase
the liquidus temperature in the spinel primary phase field. As a result, the proportion of
the liquid phase is lowered with the addition of Al2O3 which causes a low reaction rate
between the slag and carbon.

Metals 2022, 12, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 5. Reduction degree of Y3 (MgO addition) as a function of reaction time. 

Figures 6 and 7 illustrate the relationship between the reduction degree and temper-
ature at the chemically controlled stage (50 s) and diffusion-controlled stage (3500 s). They 
show that the reduction degree of three slags increases with increasing temperature in 
both the chemically controlled stage and diffusion-controlled stage. The increment is more 
significant at higher temperatures. The addition of MgO (Y3) seems to increase the reduc-
tion degree slightly. The presence of Al2O3 in the lead-rich slag significantly decreased the 
reduction degree and the reaction rates at temperatures below 1173 K are very low. It has 
been reported [24] that the presence of 4 wt% Al2O3 in the lead-rich slag can increase the 
liquidus temperature in the spinel primary phase field. As a result, the proportion of the 
liquid phase is lowered with the addition of Al2O3 which causes a low reaction rate be-
tween the slag and carbon.  

 
Figure 6. Comparison of reduction degree of three slags after 50 s reaction; the symbols are experi-
mental results and the lines are data fitting. 

Figure 6. Comparison of reduction degree of three slags after 50 s reaction; the symbols are experi-
mental results and the lines are data fitting.

37



Metals 2022, 12, 1235Metals 2022, 12, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 7. Comparison of reduction degree of three slags after 3500 s reaction; the symbols are ex-
perimental results and the lines are data fitting. 

The typical microstructures of Y2 and Y3 after the reaction at 1173 K and 1373 K for 
3500 s are shown in Figure 8. The compositions of the phases present in the samples were 
measured by EPMA and are given in Table 4. It can be seen from Figure 8a that a large 
proportion of glass phase is present in the high-Al2O3 slag after the reduction at 1173 K. 
The presence of lead metal indicates that significant amount of lead oxide had been re-
duced. However, the extent of the PbO reduction was limited, resulting in a large propor-
tion of PbO-containing liquid retained at 1173 K. The microstructure is shown in Figure 
8a and also indicates that this part of the sample was cooled quickly and low-melting 
point phases did not precipitate. It can be seen from Figure 8b that after the reduction at 
1373 K for 3500 s, only a small proportion of the PbO-containing glass is present and more 
lead metal was formed. Figure 8c shows the reduced MgO-containing slag at 1173 K. It 
can be seen that the proportion of the glass in this sample is lower than that shown in 
Figure 8a indicating that more PbO was reduced when MgO is present. After the reduc-
tion at 1373 K, it can be seen from Figure 8d that the glass phase is not present in the 
sample. Two new phases, olivine (Fe,Ca)2SiO4 and willemite (Zn,Fe)2SiO4 appeared. It is 
clear from the microstructures that the extent of the PbO reduction in the MgO-containing 
sample (Y3) is higher than other samples because less PbO-containing phases are present 
after the reduction. This is confirmed from the phase compositions shown in Table 4. All 
phases present in the reduced Y3 from 1373 K do not contain significant PbO. In contrast, 
ZnO is present in all phases indicating that ZnO was not easy to be reduced.  

Table 4. Compositions of the phases present in the slags after reduction measured by EPMA. 

Slag Temperature (K) Phase 
Composition (wt%) 

FeO ZnO Al2O3 MgO CaO SiO2 PbO 

Y2 

1173 
Glass 4.2 1.2 2.7 0.0 0.2 12.2 79.6 
Spinel 42.9 36.8 19.5 0.3 0.2 0.0 0.3 

Melilite 2.2 18.0 5.2 0.1 33.1 34.5 6.8 

1373 
Glass 22.2 14.1 4.5 0.1 13.6 33.9 11.6 
Spinel 45.9 33.7 19.9 0.2 0.1 0.1 0.0 

Melilite 3.2 19.1 3.1 0.1 33.2 36.3 5.1 
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The typical microstructures of Y2 and Y3 after the reaction at 1173 K and 1373 K for
3500 s are shown in Figure 8. The compositions of the phases present in the samples were
measured by EPMA and are given in Table 4. It can be seen from Figure 8a that a large
proportion of glass phase is present in the high-Al2O3 slag after the reduction at 1173 K. The
presence of lead metal indicates that significant amount of lead oxide had been reduced.
However, the extent of the PbO reduction was limited, resulting in a large proportion of
PbO-containing liquid retained at 1173 K. The microstructure is shown in Figure 8a and also
indicates that this part of the sample was cooled quickly and low-melting point phases did
not precipitate. It can be seen from Figure 8b that after the reduction at 1373 K for 3500 s,
only a small proportion of the PbO-containing glass is present and more lead metal was
formed. Figure 8c shows the reduced MgO-containing slag at 1173 K. It can be seen that the
proportion of the glass in this sample is lower than that shown in Figure 8a indicating that
more PbO was reduced when MgO is present. After the reduction at 1373 K, it can be seen
from Figure 8d that the glass phase is not present in the sample. Two new phases, olivine
(Fe,Ca)2SiO4 and willemite (Zn,Fe)2SiO4 appeared. It is clear from the microstructures
that the extent of the PbO reduction in the MgO-containing sample (Y3) is higher than
other samples because less PbO-containing phases are present after the reduction. This
is confirmed from the phase compositions shown in Table 4. All phases present in the
reduced Y3 from 1373 K do not contain significant PbO. In contrast, ZnO is present in all
phases indicating that ZnO was not easy to be reduced.
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Pb = lead metal, PZS = PbZnSiO4, PFS = 6PbO·FeO1.5·SiO2, Wil = willemite, O = olivine.

Table 4. Compositions of the phases present in the slags after reduction measured by EPMA.

Slag Temperature
(K) Phase

Composition (wt%)

FeO ZnO Al2O3 MgO CaO SiO2 PbO

Y2

1173
Glass 4.2 1.2 2.7 0.0 0.2 12.2 79.6
Spinel 42.9 36.8 19.5 0.3 0.2 0.0 0.3

Melilite 2.2 18.0 5.2 0.1 33.1 34.5 6.8

1373
Glass 22.2 14.1 4.5 0.1 13.6 33.9 11.6
Spinel 45.9 33.7 19.9 0.2 0.1 0.1 0.0

Melilite 3.2 19.1 3.1 0.1 33.2 36.3 5.1

Y3

1173

Spinel 61.5 25.4 6.2 6.5 0.2 0.1 0.2
Melilite 0.6 16.9 1.0 3.3 32.8 37.7 7.7

PFS 3.6 1.3 0.3 0.0 0.0 5.8 89.0
PbZnSiO4 1.0 19.3 0.1 2.0 1.3 18.4 57.9

1373

Spinel 65.5 21.7 9.1 3.0 0.2 0.5 0.1
Melilite 3.3 16.7 0.7 2.6 34.8 38.5 3.3

Willemite 10.8 48.6 0.2 9.5 0.2 30.7 0.0
Olivine 48.0 10.0 0.1 5.7 4.7 31.6 0.0

6.3. Kinetics

As shown in Figures 3–5, the reduction of the lead-rich slag by carbon includes
chemically controlled stage and the diffusion-controlled stage. The reaction between the
lead-rich slags and graphite is mainly liquid-solid reaction. The experimental results of the
lead-rich slag reduction are analyzed in two steps.

(1) The reduction degrees can be calculated as a function of time at a fixed temperature.
At the chemically controlled stage, the reaction rate constant is commonly calculated using
Equation (6) [17–20]:

1 − (1 − α)1/3 = kt (6)
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where α is the reduction degree, t is reaction time, and k is the reaction rate constant.
Several models have been developed to describe the diffusion-controlled reactions. The

equation suggested by Dickinson [17] was found to be the best fitting one for the experimen-
tal data and is used to simulate the experimental results in the diffusion-controlled stage.

[(1 − α)−1/3 − 1]2 = kt (7)

The definition of α, t and k in the diffusion-controlled stage is the same as the
Equation (6). Kinetic curves are calculated from the experimental data using Equations (6)
and (7). The reaction rate constant is determined by the slope of the tangent line of the
kinetic curve. The experimentally determined reaction rate constants in the chemically
controlled stage and the diffusion-controlled stage are given in Table 5.

Table 5. Experimentally determined reaction rate constants.

Slag
Chemically Controlled Stage Diffusion Controlled Stage

1073 K 1173 K 1273 K 1373 K 1473 K 1073 K 1173 K 1273 K 1373 K 1473 K

Y1 3.8 ×
10−5

3.9 ×
10−5

1.2 ×
10−4

3.1 ×
10−4

5.3 ×
10−4

3.6 ×
10−9

4.3 ×
10−7

5.1 ×
10−6

9.8 ×
10−6

4.0 ×
10−5

Y2 - 7.2 ×
10−6

4.8 ×
10−5

1.8 ×
10−4

3.2 ×
10−4

2.3 ×
10−10

5.8 ×
10−8

5.8 ×
10−7

4.2 ×
10−6

2.9 ×
10−5

Y3 4.6 ×
10−5

9.8 ×
10−5

8.9 ×
10−5

2.1 ×
10−4

3.4 ×
10−4 - 3.9 ×

10−7
6.9 ×
10−6

1.1 ×
10−5

7.2 ×
10−5

(2) The activation energy in the chemically controlled stage or the diffusion-controlled
stage can be calculated using the Arrhenius equation, where the reaction rate constant as a
function of temperature can be expressed as:

k = Ae−E/RT (8)

where A is the pre-exponential factor (s−1), E is the activation energy (J·moL−1), R is the
gas constant (8.314 J·moL−1·K−1) and T is the absolute temperature (K).

The activation energy can be obtained from a linear relationship between ln(k) and
1/T. Equation (8) can be rewritten as:

ln(k) = − E
RT

+ A (9)

Figures 9 and 10 illustrate the relationships between ln(k) and 1/T in the chemically
controlled stage and diffusion-controlled stage, respectively. In the chemically controlled
stage shown in Figure 9, the activation energies of Y1, Y2 and Y3 are determined to be 95,
185 and 62 kJ/moL, respectively. The activation energies of Y1 and Y3 are significantly
lower than those of Y2. It seems that both CaO and MgO can decrease the activation energy
in the chemically controlled stage to accelerate the reaction. On the other hand, the presence
of Al2O3 in the slag suppresses the reaction rate of the reduction.

It can be seen from Figure 10 that in the diffusion-controlled stage, the activation
energies of Y1, Y2 and Y3 are determined to be 294, 371 and 233 kJ/moL, respectively. It
is clear that the activation energies in the diffusion-controlled stage are much higher than
those in the chemically controlled stage. Similarly, CaO and MgO can accelerate the reaction
and Al2O3 suppresses the reduction in the diffusion-controlled stage. Hou et al., [10]
reported that the activation energy was 83.8 and 102.9 kJ/moL at chemically controlled
stage for lead sinter and synthetic lead-rich slag, respectively. At the diffusion-controlled
stage, the reaction activation energy was 224.9 and 259.4 kJ/moL for lead sinter and
synthetic lead-rich slag, respectively. The activation energies obtained in the present study
are in the same range with those of industrial lead sinter [10].
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Y3 4.6 × 10−5 9.8 × 10−5 8.9 × 10−5 2.1 × 10−4 3.4 × 10−4 - 3.9 × 10−7 6.9 × 10−6 1.1 × 10−5 7.2 × 10−5 
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6.4. Thermodynamic Analysis

The optical basicity is a useful parameter to characterize the properties of the silicate
slag. Based on the data given in Table 1 and the bulk compositions of the lead-rich slags in
Table 2, the apparent optical basicity of Y1, Y2 and Y3 is calculated to be 0.727, 0.723 and
0.735, respectively. The relationships between the activation energies and slag apparent
optical basicity are shown in Table 6 and Figure 11. It can be seen from Figure 11 that
the activation energies at the chemically and diffusion-controlled stages decrease with
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increasing the slag apparent optical basicity. It suggests that increasing the apparent optical
basicity can stimulate the progress of the reduction.

Table 6. The apparent optical basicity and activation energies of the lead-rich slags.

Slag Apparent Optical Basicity Chemically Controlled Stage
(KJ/moL)

Diffusion-Controlled Stage
(KJ/moL)

Y1 0.727 95 294
Y2 0.723 185 371
Y3 0.735 62 233
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It is clear from Figure 11 that the activation energies at the chemically controlled
stage are much lower than those at diffusion-controlled stage. This difference can be
explained by the concentrations and activities of PbO and ZnO in the liquid slag. Previous
studies [7,8,10,11] confirmed that the reduction reactions mainly occurred between the
liquid slag and reductants. The compositions of the liquid slag and the activities of PbO
and ZnO in the liquid can be calculated by the thermodynamic model FactSage 8.1 [16]
for a given bulk slag composition and temperature. The optical basicity of a liquid slag
can be calculated from its composition. Table 7 shows the compositions of the liquid slag
for Y1, Y2 and Y3 at 1473 K and their liquid optical basicity. The activities of PbO and
ZnO in the liquid slag are also calculated from the FactSage. It can be seen from Figure 12
that the activities of PbO are much higher than those of ZnO and they all increase with
increasing the optical basicity of the liquid slag. High activity of a component in the liquid
slag indicates that the component can be relatively easier to be reduced. In the initial stage
of the reduction the main reaction is the reduction of PbO to Pb in the liquid slag by carbon.
High concentration and activity of PbO in the liquid (Table 7) results in a fast reaction.
After PbO in the liquid is rapidly reduced, ZnO starts to be reduced. As a result of PbO
reduction, the proportion of the liquid decreases and the viscosity of the liquid increases.
Therefore, the reduction of ZnO is a diffusion-controlled reaction and this reaction is much
slower than the reduction of PbO. On the other hand, it can be seen from Figure 12 that
the activities of PbO and ZnO increase with increasing the optical basicity of the liquid
slag. This explains the trends shown in Figure 11 where the activation energies at the
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chemically controlled and diffusion-controlled stages decrease with increasing apparent
optical basicity.

Table 7. The compositions and activities of the liquid slags at 1473 K are calculated by FactSage; the
liquid optical basicity is calculated from liquid compositions and the data in Table 1.

Slag
Compositions (wt%) Liquid Optical

Basicity
Activity

PbO ZnO Fe2O3 CaO SiO2 Al2O3 MgO PbO ZnO

Y1 57.0 9.2 11.7 7.4 13.1 1.3 0.0 0.723 0.21 0.094
Y2 57.7 7.4 8.9 7.4 13.2 5.1 0.0 0.717 0.19 0.075
Y3 59.0 9.1 8.0 7.7 13.5 1.3 1.4 0.731 0.27 0.1
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7. Conclusions

The isothermal reduction of lead-rich slag by carbon has been investigated in the
temperature range of 1073–1473 K by accurate measurements of the gas volume generated
from the reactions. Experimental results and thermodynamic calculations are combined to
explain the effects of CaO, MgO and Al2O3 on the reduction kinetics and mechanisms. It
was found that the activation energy was 62–185 kJ/moL at the chemically controlled stage
and 280–392 kJ/moL at the diffusion-controlled stage for the lead-rich slags investigated.
All activation energies increase with increasing optical basicity of the slag. Both CaO
and MgO can decrease the activation energy and accelerate the reduction of the lead-rich
slag by carbon. In contrast, Al2O3 increases the activation energies at both chemically
controlled and diffusion-controlled stages resulting in a lower reaction rate. As a result,
MgO-containing lead concentrate and refractories are encouraged, and in contrast, use of
Al2O3-containing lead concentrate and refractories should be carefully considered.
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Abstract: Bottom-blowing copper smelting technology was initiated and developed in China in the
1990s. Injection of oxygen-enriched high-pressure gas strongly stirs the molten bath consisting of
matte and slag. Rapid reaction at relatively lower temperatures and good adaptability of the feed
materials are the main advantages of this technology. Development and optimisation of bottom-
blowing copper smelting technology were supported by extensive studies on the thermodynamics of
the slag and the fluid dynamic of the molten bath. The history of technological development and
fundamental studies related to this technology are reviewed in this paper.

Keywords: copper smelting; bottom-blowing; SKS; slag; fluid dynamic

1. Introduction

Smelting is one of the important processes in the pyrometallurgical production of
blister copper in which copper–iron sulphides are oxidised to form molten matte and slag.
Flash smelting and bath smelting are the major smelting technologies in copper production.
Copper concentrates react with oxygen directly in the flash smelting process which has
the advantages of high capacity and automatic control. However, fine and dry feeds are
required for the flash smelting furnace to enable fast reactions. As a result, considerable
feed preparation is required, and the dust rate is relatively higher. It has limited ability
to treat scrap and other copper-containing materials with large sizes. Bath smelting is an
alternative technology to flash smelting which involves the reactions of copper concentrate
with oxygen in the molten bath. Several technologies have been developed based on the
bath smelting principles that include IsaSmelt/Ausmelt, Noranda/El Teniente, Vanyukov,
Mitsubishi and recently developed bottom-blowing smelting (BBS) process [1–4]. Due to
its unique technological features, such as good adaptability to raw materials, high oxygen
utilisation and thermal efficiency, and flexible capacity, BBS technology has attracted strong
interest from the copper industry [5–14]. In 2016, 13 BBS furnaces were constructed or were
under construction with the capacity of 1600 kt/a copper production. The furnace size
ranged from Ø3.8 m × 11.5 m to Ø5.8 m × 30 m [5,14]. The fundamental studies including
thermodynamics of the slag and fluid dynamic of the molten bath have been extensively
conducted in recent years to understand and support the new technology. This review
summarises the development of the copper BBS including the history, features and relevant
fundamental studies.

2. History of Technology Development

From November 1991 to June 1992, a plant trial was conducted at Shuikoushan
(SKS) Smelter for a period of 217 days to smelt copper concentrate in a bottom-blowing
furnace [15,16]. The name of SKS Smelting Technology was therefore used initially to
represent the bottom-blowing copper smelting technology. Figure 1 below shows the
flowsheet of the SKS trial [16]. It can be seen from the figure that carbon fuel was used
during the trial, and the feeds were palletised during the trial. The smelting slag was
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treated by flotation process to recover copper and the concentrate from the flotation was
sent back to the bottom-blowing furnace (BBF). Only the coarse flue dust from the BBF
and PS converter was sent back to the BBF. The detailed operating parameters are given in
Table 1. It can be seen from Table 1 that the BBF treated 50 t feeds per day during the trial
and Cu in the concentrate was approximately 20%. Matte with 50% Cu was produced and
Cu in the slag was in the range of 1–3%. Oxygen utilization at 100% was claimed and a
lance life of 5000 h was estimated.

Figure 1. Flowsheet of SKS copper smelting technology, adapted from [16].

Table 1. Detailed operating parameters during SKS trial. Data derived from [16].

Parameter Unit SKS

Capacity t/d 50

Cu in Concentrate % ~20

Fe in Concentrate % ~26

S in Concentrate % 25~30

Matte grade % ~50

Cu in slag % 1~3

Slag clean - flotation

Cu in tailing % 0.34

Fe/SiO2 in slag - 1.5~1.7

O2 in gas vol% 60~70

Oxygen pressure Mpa 0.5~0.7

O2 utilisation % 100

Lance life hour 5000

Production rate % 81.4

SO2 in gas vol% >20

Cu direct recovery % 93

Cu total recovery % 98

Furnace campaign life day >330
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In 2005 the first industrial scope BBF was built in Sin Quyen smelter in Vietnam. The
size of the furnace was Ø3.8 m × 11.5 m and the capacity was designed to be 10,000 t Cu
per year [6,17]. However, the BBF in Sin Quyen smelter seemed not operating properly as
no operating details were reported. In 2008 the first real commercialised BBF started in
Dongying Fangyuan Nonferrous Metals (Fangyuan) [7]. The main equipment was a hori-
zontal cylindrical furnace shown in Figure 2. The size of the furnace was Φ 4.4 m × 16.5 m
and it was lined with 380 mm thick chrome-magnesia bricks. The BBF had nine gas lances
arranged in two rows on the bottom, five lances at 7 degrees and four lances at 22 degrees
towards the outside. Each lance consisted of an inside tube and an external shroud. The
inside tube injected pure oxygen and the shroud injected airflow as a coolant to protect the
lance. The furnace operated with a rotation mechanism so the lances could be rolled above
the molten bath during maintenance, repair, power failure or another emergency. Mixed
feed materials with 7–10 wt% moisture were continuously transported by a belt conveyor
into the high-temperature melt in the furnace through a feed mouth located above the
reaction zone. High-pressure oxygen and air were blown constantly by the lances into the
copper matte, in which iron and sulphur were rapidly oxidised. The by-product SO2 was
sent to the acid plant and the slag was tapped regularly followed by the flotation process to
recover copper. Matte was tapped regularly and sent to the PS converters by a ladle.

Figure 2. The bottom-blowing furnace at Dongying Fangyuan Nonferrous Metals. Reprinted with
permission from ref. [7]. Copyright 2021 John Wiley and Sons.

Table 2 shows key process parameters in the Fangyuan smelting plant in January
2012 compared with the initial design. The effort made by the management and engineers
enabled unexpected performance to be achieved in the first commercialised BBF. Differ-
ently from the trials in Shuikoushan, the following advantages were demonstrated in the
Fangyuan BBF:

(1). No carbon fuel was used—no CO2 was generated.
(2). Feed preparation was not required—up to 100 mm size could be fed into the BBF directly.
(3). High-grade matte with 70% Cu was produced—more concentrate could be treated.
(4). Concentrate feed rate increased from 32 to 75 dry t/h—the furnace capacity was more

than doubled.
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Table 2. Typical process parameters for Fangyuan smelting plant in January 2012. Data derived from [7].

Parameter Unit Design January 2012

Maximum concentrate feed rate dry t/h 32 75
Average concentrate feed rate dry t/h 32 70

Average Cu content in concentrate % 25 22
Average moisture of the feed % 8 7
Average silica flux feed rate dry t/h - 8

Average coal feed rate dry t/h 2.46 0–0.8
Total average feed to the furnace wet t/h - 90

Average copper matte grade % 55 70
Average Fe/SiO2 in slag - 1.7 1.8

Average Cu in smelting slag % 4 2.6
Average Cu in flotation tailing slag % 0.42 0.3

Average oxygen + air flow rate Nm3/s - 4.2
Average oxygen enrichment % 70 72

Bath temperature range ◦C 1180–1200 1150–1170

Compared with other bath smelting technologies, BBF shows several advantages:

(1). Less preparation of feeds

Top blowing technology (Ausmelt and Isasmelt) requires pelletised feeds and side
blowing technology (Teniente Converter) needs to inject dry and fine particle feeds. BBF
can treat a wide range of size feeds up to 100 mm diameter with moisture up to 10%.

(2). High gas pressure and long lance life

Much higher gas pressure in BBF has many advantages confirmed by Kapusta et al. [18–23].
As one of the significant developments at Fangyuan, a series of trials were undertaken
to identify the optimum pressures of the oxygen and air in the lances. It was found that
optimum gas pressures were related to the feeding rate, the viscosity of the slag, thicknesses
of the slag and matte layers. The following requirements need to be met: (1) no backflow of
matte into the lances; (2) enough stirring for rapid reactions and generation of the surface
wave; (3) no strong splashing of the slag and matte to block the feed mouth and (4) a protec-
tion accretion is formed at the tip of the lance. Figure 3 shows the “mushroom” formed at
the tip of the lances which enabled the lance life to be over 10 months [7]. These mushroom
tips not only protect the lances but also distribute the injected gases to small bubbles.

(3). Autogenous Smelting

Autogenous operation was achieved in the BBF at Fangyuan for smelting of normal
copper concentrates. This operation reduced energy consumption and CO2 emission.
The autogenous smelting was obtained by (1) low-temperature operation; (2) low slag
rate resulting in a high Fe/SiO2 ratio; (3) low off-gas volume resulting in high oxygen
concentration; (4) high thermal efficiency as most of the oxidisation reactions occur in the
lower part of the bath, the heat generated from these reactions can be efficiently absorbed
by the molten matte and slag.

(4). Low-Temperature Smelting

The slag temperatures measured at the taphole of the Fangyuan BBF were usually in
the range of 1150 to 1170 ◦C which was much lower than the liquidus temperature of the
slag [7,24]. Approximately 20% solid spinel was present in the slag which increased the
slag viscosity significantly. High-pressure gases injected from the bottom of the molten
bath can generate surface waves that push the viscous slag out of the furnace through the
taphole. The advantages of low-temperature smelting are (1) no extra fuels are required to
maintain smelting temperature (although oil jets were available on both ends of the BBF,
they were rarely used); (2) low consumption of the refractory. There was no significant
erosion of the refractory on most parts of the furnace after one and a half years operation
since spinel accretion was formed to protect the refractory [24–27]; (3) relatively higher
viscosities of the matte and slag allowed higher pressures of the injected gases without
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strong splashing; (4) a higher-grade matte can be produced at a lower temperature at a
given oxygen partial pressure.

Figure 3. “Mushroom” tips formed on the lances of the Fangyuan BBF. Reprinted with permission
from ref. [7]. Copyright 2021 John Wiley and Sons.

3. Fundamental Studies to Support Development of BBS Technology
3.1. Slag Chemistry

In the conventional theory of pyrometallurgy, the slag temperature must be higher
than its liquidus temperature to avoid the formation of the solid phase. In Fangyuan BBF
operation, high matte grade and high Fe/SiO2 in the slag resulted in a high liquidus tem-
perature of the smelting slag. In contrast, the BBF slag temperature was lower than other
copper smelting technologies [7,28–30]. It was doubted widely that either slag composition
or temperature was not reliable. Researchers from the University of Queensland mea-
sured the slag tapping temperatures carefully using a K-type thermocouple and collected
quenched slag samples. In combination with electron probe X-ray microanalysis (EPMA)
and thermodynamic analyses [31], it was confirmed that it is possible to operate BBF with a
viscous slag containing solid phase.

Figure 4 shows a typical microstructure of the quenched BBF slag compared with
the FSF slag [7]. It can be seen from Figure 4a that liquid, spinel and matte phases were
present in the slag. The shape and size of the spinel phase indicate that the spinel was the
primary phase presented at high temperatures. The slag tapping temperature of the BBF
was therefore lower than its liquidus temperature. The matte droplets in different sizes
were also present in the slag. In contrast, it can be seen from Figure 4b that no solid phase
was found in the quenched flash smelting slag. The compositions of the phases present
in a quenched BBF slag were measured by EPMA and are shown in Table 3 together with
the bulk composition measured by XRF. Both EPMA and XRF can only measure elemental
compositions. The compositions shown in the table were calculated by assuming that the
elements were present in certain forms of oxides or elements in the slag. It is estimated
from the compositions that the proportion of the spinel is approximately 16.8 wt%.

Reheating experiments were carried out using the slag shown in Table 3 under ultra-
high purity Ar flow. The experiments were undertaken at 1150, 1200, 1250 and 1300 ◦C
respectively using Pt foil. In these experiments, the oxygen partial pressure was not
controlled, it was assumed that there was no oxygen exchange between the slag and Ar gas.
FactSage was used to simulate the reheating experiments. The experimentally determined
proportion of liquid phase from mass balance was compared with FactSage predictions. It
can be seen from Figure 5 that both experimental data and FactSage predictions showed
the proportion of liquid phase decreased slowly with decreasing temperature between
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1150 and 1300 ◦C [7]. This indicates that equilibrium was obtained during the reheating
experiments and the FactSage predictions were relatively reliable under the condition used.
Reheating experiments were not undertaken below 1150 ◦C. It can be seen from the figure
that, according to the FactSage predictions, the proportion of liquid phase decreases sharply
if the temperature is lower than 1150 ◦C due to the formation of other solid phases such as
olivine and silica.

Figure 4. Typical microstructures of quenched smelting slag from Fangyuan BBF (a) (Reprinted with
permission from ref. [7]. Copyright 2021 John Wiley and Sons) and a flash furnace (b).

Table 3. Compositions of the phases present in a quenched BBF slag measured by EPMA and bulk
composition measured by XRF (wt%). Data derived from [7].

Phases FeO Cu2O CaO SiO2 Al2O3 As2O3 MgO S PbO ZnO MoO3

bulk-XRF 62.2 3.20 1.00 24.2 3.10 0.100 0.600 1.70 0.500 3.10 0.200

glass 58.4 0.800 1.20 30.5 3.20 0.100 0.700 1.10 0.500 3.30 0.200

spinel 93.7 0.100 0.000 0.600 3.40 0.000 0.300 0.00 0.100 1.70 0.100

matte 10.1 68.9 0.000 0.000 0.00 0.100 0.000 20.3 0.100 0.200 0.300

3.2. Phase Equilibria

It can be seen from Table 3 that significant amounts of Al2O3, CaO, MgO and ZnO are
present in the BBF slag which can influence the liquidus temperature of the slag. Systematic
studies were conducted under controlled oxygen partial pressures to evaluate the effects of
these components on liquidus temperature of the copper smelting slag [32–39]. Figure 6
shows liquidus temperature as a function of Fe/SiO2 weight ratio at Po2 = 10−8 atm [32].
The lines in the figure were calculated by FactSage 6.2 [31] and the symbols represent
experimental data. It can be seen that spinel and tridymite are the primary phases in the
composition range investigated for “FeO”–SiO2, “FeO”–SiO2–CaO and “FeO”–SiO2–CaO–
Al2O3 slags. Olivine and wustite primary phase fields replaced spinel primary phase fields
when 4 wt% CaO and 4 wt% MgO are present in the slag. Additions of CaO and Al2O3
move the low-liquidus region towards a low Fe/SiO2 direction and increase the liquidus
temperatures in the spinel primary phase field. FactSage predictions showed similar trends
on the liquidus temperature as the experimental results. However, there are significant
differences in liquidus temperatures between FactSage predictions and experimental results
in some areas indicating that the FactSage database needs to be improved.

50



Metals 2022, 12, 190

Figure 5. Proportion of liquid as a function of temperature for a typical BBF slag, in comparison
between experimental results and FactSage 6.2 predictions. Reprinted with permission from ref. [7].
Copyright 2021 John Wiley and Sons.

Figure 6. Liquidus temperature as a function of Fe/SiO2 weight ratio, Po2 = 10−8 atm, lines were
calculated by FactSage 6.2, symbols are experimental results in spinel (1200 ◦C) and wustite (1300 ◦C)
primary phase fields [32].
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The phase equilibria in the system ZnO–“FeO”–SiO2–Al2O3–CaO–MgO were system-
atically studied under controlled oxygen partial pressure by Liu et al. [33–36]. Figure 7
shows the effects of ZnO, Al2O3, CaO and MgO on liquidus temperatures at fixed
FeO/SiO2 = 1.9 and Po2 10−8 atm [33]. Spinel is the only primary phase at the given
conditions without MgO. Olivine is the primary phase when 4 wt% MgO and less than
2 wt% ZnO are present. It can be seen from the figure that, the liquidus temperatures of
the copper smelting slag always increase with increasing ZnO concentration in the slag.
The introduction of 4 wt% CaO, MgO or Al2O3 into the ZnO–“FeO”–SiO2 slag significantly
increases the liquidus temperature in the spinel primary phase field. It seems that the
liquidus temperatures are more sensitive to the CaO and MgO concentrations than that
of Al2O3.

Figure 7. Effects of 4 wt% Al2O3, CaO or MgO on liquidus temperatures of the ZnO–“FeO”–SiO2

slag at fixed FeO/SiO2 = 1.9 (in mass) and Po2 10−8 atm. Reprinted with permission from ref. [33].
Copyright 2021 Elsevier.

An experimental technique was further developed to determine phase equilibria of
the copper smelting slags under conditions closer to the smelting process. The phase
equilibria in the systems “FeO”–SiO2, “FeO”–SiO2–CaO and “FeO”–SiO2–CaO–MgO were
experimentally investigated at fixed P(SO2) = 0.3 and 0.6 atm and a fixed matte grade
72 wt% Cu [37–39]. Figure 8 shows the effects of 2 wt% CaO or MgO on the liquidus
temperatures in the spinel primary phase field at fixed P(SO2) = 0.3 atm with a fixed matte
grade of 72 wt% Cu [38]. The predictions by FactSage 7.3 were also shown in the figure
for comparison. It can be seen from the figure that, both the predictions and experimental
results indicate that the liquidus temperatures decrease with increasing SiO2 concentration
in the spinel primary phase field. The presence of 2 wt% CaO or MgO significantly increases
the liquidus temperatures. To keep a constant liquidus temperature, more SiO2 flux is
required which will increase the slag volume. FactSage 7.3 predicted much lower liquidus
or less SiO2 flux than the experimental results as no experimental data were reported in
such complex conditions for FactSage optimisation.
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Figure 8. Effects of 2 wt% CaO or MgO on the liquidus temperatures in the spinel primary phase
field at a fixed P(SO2) = 0.3 atm and matte grade 72 wt% Cu, in comparison between experimental
(symbols) and predicted (lines) results by FactSage 7.3. Reprinted with permission from ref. [38].
Copyright 2021 Elsevier.

With increased impurities in copper concentrates, control of the minor elements is an
important issue in the copper smelting process. Based on the principle of Gibbs energy
minimisation and the technological features of the BBS process, a multiphase equilibrium
model SKS simulation software (SKSSIM) was developed [40,41]. Distributions of As, Bi,
Sb, Pb and Zn as a function of matte grade can be calculated among slag, matte and gas.
The calculated distributions in the BBS process were different from that in the Isasmelt and
the flash smelting processes [42–44].

3.3. Fluid Dynamic Studies

The major difference between BBS and other bath smelting technologies is the direction
of gas injection and gas pressure. High-pressure gas injected from different directions
significantly influences stirring energy, surface waves, plume eye and splashing. Fluid
dynamics of the molten bath is an important issue to understand the advanced performance
of the BBS. Extensive studies were conducted on the fluid dynamic behaviours of the
BBF using a water model and CFD (Computational Fluid Dynamic) simulation [45–68].
Mixing behaviour [45–51], surface wave [52,53], plume eye [54], bubble behaviour [55–58],
fluctuating behaviour [59] were studied by water model to simulate the molten bath in
BBF. Lance arrangement [60–62], gas–liquid multi-phase flows [63–65], flow and mixing
behaviour [66] and multiphase interface behaviours [67,68] in the BBF were studied by the
CFD method. A summary of the research on the fluid dynamic of the molten bath in BBF is
presented in Table 4. Some examples are given in the following sections.
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Table 4. Summary of the research on the fluid dynamic studies for the molten bath of BBF.

Reference Research Method Objects Main Findings

Wang et al. [46,47] Water model Mixing behaviour Effects of bath height, installation angles of nozzle and gas
flow rate on velocity distribution

Shui et al. [48] Water model Mixing behaviour Effects of gas flow rate and bath height on mixing time

Shui et al. [49] Water model Mixing behaviour Effects of industry-adjustable variables on bath mixing time

Jiang et al. [50,51] Water model Mixing behaviour
Effect of horizontal distance between tuyeres, gas flow rate

and bath
height on mixing time

Shui et al. [52] Water model Surface wave Effect of blowing angle, gas flow rate and bath height on
mixing time on 1st asymmetric standing wave

Shui et al. [53] Water model Surface wave Amplitude and frequency of surface longitudinal waves

Jiang et al. [54] Water model Plume eye Effects of different operating parameters on the sizes of the
plume eyes

Wang et al. [55,56] Water model Average diameter of
bubbles

An empirical formula developed for average
bubble diameter

Cheng et al. [57,58] Water model Copper matte
attachment behaviour Effects of bubble on the copper losses to the smelting slags

Luo et al. [59] Water model Fluctuation behaviour Effects of diameter, inclination angle, gas flow rate and
liquid surface on the violent level of liquid level.

Yan et al. [60] CFD Lance arrangement An optimised lance arrangement (diameter,
spacing, inclination)

Zhang et al. [61] CFD Tuyere structure
parameters

An optimised tuyere arrangement
(spacing, size, angle)

Guo et al. [62] CFD oxygen lances An optimised oxygen lance layout

Zhang et al. [63] CFD,
Water model

Gas–liquid
multi-phase flows

The effects of bubble parameters, gas holdup distribution,
inlet pressure variations and the fluid level fluctuation on

oxygen–copper matte flow

Tang et al. [64] CFD Gas–liquid phase
interaction

Gas residence time and liquid copper matte splashing
phenomena under varying gas flow rates

Li et al. [65] CFD Gas–liquid multiphase
flow

The characteristics of each flow region in the furnace
are obtained

Shao and Jiang [66] CFD
Water model

Flow and mixing
behaviour

The effect of nozzle arrangement and gas flow rate on
mixing time

Zhang et al. [21] CFD Bubble behaviour The relation between mixing efficiency and
bubble characteristics

Guo et al. [67] CFD
Mechanism and

multiphase interface
behaviour

The capacity of BBS can be raised by reasonably controlling
the potential value in different layers and regions

Guo et al. [68] CFD Optimisation of
smelting process Matte grade and slag type have deep effect on copper in slag

In a molten bath, the first step of the reactions is the melting of the concentrate particles
and decomposition of the sulphides, such as FeS2 and CuFeS2. These sulphides are then
oxidised to form FeS–Cu2S matte and iron oxides (FeO, Fe2O3). The iron oxides generated
by the reactions continuously react with SiO2 to form slag which is insoluble to matte
and floats on the top of the matte layer. On the other hand, the injected oxygen reacts
with iron, copper and sulphur on the bottom of the bath to generate all heat to maintain
the temperature of the molten bath. The mass and thermal transfer inside the molten
bath significantly affect the reaction efficiency of the BBF. Cai et al. [69] did experiments
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in a physical model of a bottom-blowing lead smelting furnace to find an optimal lance
arrangement and configuration. An empiric calculation formula was concluded by normal
hydraulic model test:

S/W = 26.224·(W/D0)−0.629·(Fr′)0.122·(H/D)0.523 (1)

where S is the effective stirring diameter of the oxygen lance, W is the space between
oxygen lances, D0 is the inner diameter of the export oxygen lance, Fr′ is the modified
Froude number, H is the depth of bath pool, D is the inner diameter of the furnace. In a late
study, Shui et al. [48] defined effective stirring range De quantitatively and developed the
1st empiric equation to characterise the mixing behaviour of the copper BBF.

Figure 9 shows the mixing time as a function of distance from the lance at different
depths of the bath [48]. In the water model experiments, 4 M KCl solution as a tracer
of electric conductivity was added directly on the top of the gas injection lance. An
electrode connected to a potentiostat was put in the required position to measure the
electric conductivity of that location. The time to reach a stable electric conductivity was
defined as “mixing time”. It can be seen that within 220 mm the mixing time on the surface
decreases slightly and then increases sharply with increasing the distance between the
lance and electrode. However, De is different at different depths of the bath and increases
with increasing the depth. When the horizontal distance from the lance is greater than De,
the mixing time increases rapidly with increasing the distance. The maximum distance
between two neighbour lances is the De on the surface to ensure the whole bath in the
reaction zone can be efficiently stirred.

Figure 9. Mixing time vs. horizontal distance, at gas flow rate 150 mL/s, bath height 10 cm. Reprinted
with permission from ref. [48]. Copyright 2021 Springer Nature.
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The empiric equation to characterise the mixing behaviour of the copper BBF was
obtained from the experimental measurements of the water model [48]

τ = 37.5Q−0.39h−1.08 (2)

where τ is mixing time, Q is gas flow rate and h is bath height. Several important findings
from this study can be directly applied to BBS:

1. The effective stirring range can be accurately determined for a single lance which is
one of the important parameters to design the number of lances and distance between
the lances. The optimum number and distance of the lances enable the bath to be
efficiently mixed with minimum energy and gas consumption.

2. Within the effective stirring range, the mixing time is not sensitive to the vertical
locations. However, the effective stirring range is smaller on the surface and mixing
energy decreases much faster at the surface beyond the range. In copper BBF, many
reactions occur on the surface of the bath as all solid materials are fed from the top. It
is therefore important to ensure the surface area in the reaction zone is fully covered
within the effective stirring area by proper arrangement of the lances.

3. Equation (2) is the first quantitative expression of the mixing time for copper BBF.
Required injection gas flow rate and bath height can be calculated from this equation
according to productivity.

In copper BBF operation, molten matte is covered by a thick slag layer. The fluid
dynamic studies for a single layer bath are not enough to accurately describe the molten
bath of the copper BBF. Jiang et al. [50] and Shui et al. [49] studied mixing behaviours of
two-layer baths by using silicon oil and water to simulate slag and matte, respectively. It
can be seen from Figure 10 that the changes in mixing time are not significant when the
water thickness increases from 0.07 m to 0.09 m, but there is a sharp decrease when the
water thickness exceeds 0.09 m. This indicates that a minimum matte height is required to
generate enough stirring energy to mix the bath efficiently. In addition, it can be seen that
the trends are similar at different gas flow rates.

Figure 10. Effect of water height on mixing time at different gas flow rates, 0.03 m thick oil with
viscosity 5 × 10−5 m2/s on the top, symbols are experimental points. Reprinted with permission
from ref. [49]. Copyright 2021 Springer Nature.

56



Metals 2022, 12, 190

An empiric equation was also generated for a two-layer bath in copper BBF [49]. Four
variables H, Q, h, νs were converted into SI units and correlated with the experimental
mixing time in an overall multiple regression:

τ = 7.31× 10−5H−3.10Q−2.29h2.32νs
0.27 (3)

where τ is mixing time, Q is gas flow rate, H is water height, h is oil height and νs is
oil viscosity.

The waves formed on the bath surface play important role in the BBF operations.
Tapping of the viscous slag, corrosion of the refractory around the surface and settlement of
the matte droplets in the slag are all associated with the bath waves. Simulation experiments
were carried out to investigate the features of the waves formed on the bath surface of the
BBF [52,53]. It was found that the ripples, the 1st asymmetric standing wave and the 1st
symmetric standing wave can occur in the BBF bath. Empirical occurrence boundaries
were determined from water model experiments. The amplitude of the 1st asymmetric
standing wave was found to be much greater than the 1st symmetric standing wave and
the ripples. The amplitudes increase with increasing bath height and flow rate but decrease
with blowing angle. The frequency of the 1st asymmetric standing wave was found to
increase with increasing bath height but be independent of gas flowrate and blowing angle.
The dimensionless number We can be expressed as

We =
ρLQ2

g

σD3 (4)

where ρL is liquid density (kg/m3), σ is the surface tension of the liquid (dyn/cm), D is
container inner diameter (mm), Qg is gas flowrate (mL/s).

Figure 11 shows the conditions for the occurrence of the 1st asymmetric standing
waves [53]. The solid curves show the correlated boundaries while the points show the
experimental results. It can be seen that, in general, the boundaries of different blowing
angles are similar in shape. On the right side of the boundary, the 1st asymmetric standing
wave is present, while on the left side only minor ripples occur.

Figure 11. Occurrence condition of the 1st asymmetric standing wave at lance angle 7◦, symbols are
experimental points. Reprinted with permission from ref. [53]. Copyright 2021 Springer Nature.
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During the Fangyuan BBF operation, it was observed from the feeding mouth that a
plume eye was formed on the surface of the bath. The plume eye was initially observed
and reported in the steelmaking process to describe the exposure of the lower liquid as the
upper-level liquid was pushed away by the bottom injected gas. Through the water model
experiments, it was found that the sizes of the plume eyes increase with increasing gas
flow rate and lower liquid thickness, decrease with increasing upper liquid thickness [54].
Figure 12 shows the effects of gas flow rate and water height on the plume eye area at a
fixed oil thickness.

Figure 12. Effects of gas flow rate and water height on the plume eye area at a fixed oil thickness
4 cm. Reprinted with permission from ref. [54]. Copyright 2021 Springer Nature.

A modified model was developed in this study from the experimental data to predict
the size of the plume eye [54]. Formation of the plume eye is important to understand the
rapid reaction of the BBF. The presence of a plume eye below the feeding mouth means
that the dropped copper concentrate (considered as low-grade matte) can enter and melt
rapidly inside the matte layer where the oxygen partial pressure is relatively high. The
formed iron and sulphur oxides in the matte raise to the slag layer.

4. Conclusions

Commercialised bottom-blowing copper smelting technology started in 2008. In less
than 15 years this new technology has been developed rapidly to be the second-largest
copper smelting technology. Development history and features of the new technology
were reviewed from extensive publications. It is demonstrated that fundamental studies
on slag chemistry and bath fluid dynamics have played an important role in supporting
the development of this new technology. High-pressure gas injected from the bottom of
the molten bath showed several advantages: (1.) generating a plume eye to allow the
copper concentrate to react with matte directly; (2.) the surface waves assist in the tapping
of the viscus slag so that low-temperature operation to produce high-grade matte with
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high Fe/SiO2 slag is possible; (3.) strong stirring energy to enable fast reactions in the
molten bath resulting in high capacity and low-copper in the slag; (4.) high efficiency of
oxygen utilization and heat absorption. The flexibility of the BBS on feeding materials and
productivity is expected to not only increase its application in the copper industry to treat
more complicated concentrates but also to enable the exploration of more applications of
this technique in other high-temperature processes.
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Abstract: Bottom-blowing copper smelting is a bath smelting technology recently developed in
China. It has the advantages of good adaptability of raw materials, high oxygen utilization and
thermal efficiency, and flexible production capacity. Plume eye is a unique phenomenon observed
in the bottom-blowing copper-smelting furnace where the slag on the surface of the bath is pushed
away by the high-pressure gas injected from the bottom. The existence of plume eye was first
confirmed by analyzing the quenched industrial samples collected above the gas injection area
and then investigated by laboratory water model experiments. Combining the plant operating
data and the smelting mechanism of the copper concentrate, the role of the plume eye in bottom-
blowing-enhanced smelting is analyzed. It reveals that the direct dissolution of copper concentrate
as a low-grade matte into the molten matte can significantly accelerate the reactions between the
concentrate and oxygen. The productivity of the bottom-blowing furnace is therefore increased as
a result. The effects of the gas flow rate and thickness of the matte and of the slag layer on the
diameter of the plume eye were studied using water-model experiments. It was found that increasing
the gas flow and the thickness of the matte and reducing the thickness of the slag can increase the
diameter of the plume eye. This work is of great significance for further understanding the copper
bottom-blowing smelting technology and optimizing industrial operations.

Keywords: copper metallurgy; plume eye; bottom-blowing copper smelting; water model

1. Introduction

The concept of the plume eye was first proposed in steelmaking [1–9]. Plume eye was
a description of the exposure of lower-layer liquid due to upper-layer liquid being pushed
away because of high-pressure gas injection [2]. In a steel ladle, a large plume eye is not
desirable because it can result in oxygen and nitrogen pick up by the steel, which can affect
the steel quality [3]. Similarly, a large plume eye in steel tundish can lead to the formation
of inclusion and slag entrainment because of the metal-liquid re-oxidation reactions [4]. To
investigate the nature of the plume eye in steel ladle, the researchers used water to simulate
the metal and oil to simulate slag [2,4–7]. The control of the plume eye size was the primary
interest in the steel ladle [3,4,8,9].

Bottom blowing is a copper-smelting technology that was proposed in China in the
1990s [10]. Its unique technical characteristics, including good raw material adaptability,
high oxygen utilization rate and thermal efficiency, and flexible production capacity [11–15],
have attracted strong interest in the copper industry [16–24]. From November 1991 to June
1992, a plant trial was conducted at Shuikoushan (SKS) Smelter for 217 days to smelt
copper concentrate in a bottom-blowing furnace [16,17]. In 2005, the first industrial scope
BBF (Bottom-blowing furnace ) was built in the Sin Quyen smelter in Vietnam. The size
of the furnace was Ø3.8 m × 11.5 m and the capacity was designed to be 10,000 t Cu
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per year [18]. However, the BBF in the Sin Quyen smelter seemed to be operating incor-
rectly, as no operating details were reported. In 2008, the first real commercialized BBF
started in Dongying Fangyuan Nonferrous Metals (Fangyuan, Shangdong) [19,20]. The
oxygen-enriched bottom-blown matte smelting of Shandong Humon Smelting Co., Ltd.
(Yantai, China) was successfully put into production in April 2010. After nearly five months
of trial production, the unique advantages of this process in energy conservation, environ-
mental protection, safety, and other aspects have been fully demonstrated [21]. In 2011, the
bottom-blown furnace (Ø3.8 m × 13.5 m) of Baotou Huading Copper Industry Develop-
ment Co., Ltd. (Baotou, China) was officially put into operation, with an average feeding
capacity of 28 t/h and a matte grade of about 50% [22,23]. Thirteen BBS furnaces were
constructed or were under construction with the capacity of 1600 kt/a copper production
until 2016. The furnace size ranged from Ø3.8 m × 11.5 m to Ø5.8 m × 30 m [24]. During
the operation of oxygen bottom-blowing bath smelting, high-pressure oxygen-enriched
air is injected into liquid matte from the bottom to provide oxygen for copper-concentrate
smelting reactions and to strongly stir the bath. It has been observed by the authors directly
from the feeding mouth that the plume eye exists in the oxygen bottom-blowing furnace
(BBF). The high-pressure oxygen-enriched air pushes away the slag layer on the surface
of the bath above the oxygen lance area, exposing the matte to the feeding mouth. The
copper-smelting furnace is a horizontal cylindrical vessel, which is geometrically different
from a steelmaking ladle or tundish. In addition, the upper layer in the steel ladle or
tundish is skinny in comparison to the lower-layer thickness, but the upper slag layer is
considerably thick in copper-smelting furnaces. Therefore, the behavior of the plume eye
in a copper-smelting furnace is different from that in a steelmaking ladle or tundish. The
fundamental studies, including the thermodynamics of the slag and fluid dynamic of the
molten bath, have been extensively conducted in recent years to understand and support
the new technology [10,25,26]. However, few studies were reported on the plume eye in the
bottom-blowing copper-smelting process. Jiang et al. [27] studied the influencing factors of
plume eye using the laboratory water model.

This study aims to confirm the existence of plume eye and investigate the reaction
mechanisms in a copper bottom-blowing smelting furnace by analyzing the industrial
samples collected above the reaction region. The parameters to control the size of the plume
eye will be studied using laboratory water-model experiments to provide information for
industry operation.

2. Research Methods
2.1. Sampling and Analysis of Industrial Samples

Figure 1 shows a schematic diagram of an oxygen bottom-blowing smelting furnace. The in-
dustrial samples were collected from a bottom-blowing copper-smelting furnace (ϕ3.3 m × 15 m)
in Dongying Fangyuan Nonferrous Metals Co., Ltd., Dongying City, China. [10]. A long cold
iron rod is stretched into the furnace from the feeding mouth and the sample sprayed above the
oxygen lance area stuck on the iron rod and cooled rapidly. The slag sample was collected from
the tapping hole using a long cold iron rod dipped into the slag flow. All the quenched samples,
including the splash sample and slag sample, were mounted in epoxy resin, polished, and car-
bon coated for electron probe microanalysis (EPMA). A JXA 8200 Electron Probe Microanalyser
(Japan Electron Optics Ltd., Tokyo, Japan) with Wavelength Dispersive Spectroscopy (WDS, Japan
Electron Optics Ltd., Tokyo, Japan) was used for the microstructural and compositional analyses.
The EPMA was operated on at an accelerating voltage of 15 kV and a probe current of 15 nA.
The beam size was set to “0 µm” to accurately measure the composition of an area larger than
1 µm. The ZAF (Z is atomic number correction factor, A is absorption correction factor, and F
is fluorescence correction factor) correction procedure was applied for the data analysis. “The
standards used for the analysis were from Charles M. Taylor Co. (Stanford, CA, USA): Al2O3 for
Al, MgO for MgO, Fe2O3 for Fe, Cu2O for Cu, KAlSi3O8 for K, PbS for Pb, GaAs for As, CaMoO4
for Mo, CaSiO3 for Si and Ca and CuFeS2 for Cu Fe and S, and Micro-Analysis Consultant Ltd.
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(Cambridge, UK): ZnO for Zn”. The average accuracy of the composition measured using EPMA
is within 1 wt%.
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Figure 1. Schematic diagram of oxygen bottom-blowing smelting furnace.

2.2. Water Model Experiment

A horizontal cylindrical reactor was designed according to the ratio of 1:10 of the size
of the industrial bottom-blowing copper-smelting furnace. The front view and side view
of the reactor are shown in Figure 2a and b, respectively. In this study, high-pressure air
was injected into the furnace through the bottom lance. Water and silicone oil at 25 ◦C
have similar kinematic viscosities to matte (8 × 10−7 m2/s) and slag (6 × 10−6 m2/s)
at 1200 ◦C [28]. The ratio of water density to silicon oil density is close to that of the
matte density to slag density. Water and silicone oil were used to simulate matte and slag,
respectively. Low density silicone oil located on the upper part of the molten pool can be a
good observation of “plume eye”.
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Figure 2. Schematic diagram of water model experiment: (a) front view; (b) side view.

At the beginning of each experiment, the liquid bath was flashed with high-pressure
air for 20 min to stabilize the flow field of the bath in the furnace. The schematic diagram of
the plume eye generated in the model furnace is shown in Figure 3. Since the upper liquid
is yellow silicone oil, it is easy to distinguish the shape and size of the plume eye. The
plume eye was pictured with a high-speed camera and then the diameter Di of the “plume
eye” was measured compared to the width of the upper liquid (D5) from the pictures. By
measuring the ratio of the real width of the slag to D5, the diameter of the actual plume eye
in the water model can be obtained. The diameter D of the plume eye was determined by
calculating the average of ten measures in different directions.
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Figure 3. Schematic diagram of measuring the diameter of “plume eye”.

3. Results
3.1. Analysis of Industrial Samples

Figure 4 shows a typical microstructure of the quenched slag extracted from the
tapping hole. The temperature of the tapping slag was approximately 1180 ◦C. It can be
seen from the figure that liquid, spinel, and matte existed in the quenched slag. Spinel is a
primary phase that retained its shapes and compositions on quenching. The presence of the
spinel phase indicates that the operating temperature of the furnace (1180 ◦C) was lower
than the liquidus temperature (1350 ◦C) of the slag, which is the feature of the BBF [29].
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Table 1 provides the compositions of the liquid, spinel, and matte phases measured
using EPMA. It can be seen that the spinel mainly contains “FeO” (FeOx) causing the
Fe/SiO2 ratio in the liquid phase to be lower than that of the bulk slag. In addition to “FeO”
and SiO2, ZnO, Al2O3, CaO, MgO, and K2O also exist in the liquid. It is noted that the
dissolved Cu2O in the liquid phase is only 0.2 wt%. The matte grade entrained in the slag
is consistent with the matte grade collected at the matte tapping hole, both of which are
70% Cu.

Table 1. Phase compositions of oxygen bottom-blowing copper-smelting slag measured by EPMA.

Phase “FeO” Cu2O CaO SiO2 Al2O3 As2O3 MgO S PbO ZnO MoO3 K2O Fe/SiO2

Spinel 94.5 0.0 0.0 0.4 2.8 0.0 0.3 0.0 0.0 1.5 0.1 0.0
Slag 56.9 0.2 1.1 32.1 4.1 0.1 0.8 0.0 0.6 2.5 0.2 1.4 1.38

Phase Fe Cu S As2O3 PbO ZnO MoO3

Matte 2.4 70.1 21.7 0.1 0.1 0.1 0.5

Figure 5 shows the typical microstructures of the splashed samples extracted simulta-
neously above the lance area. The compositions of all the phases present in the splashed
samples are presented in Tables 2 and 3. It can be seen from Figure 5a–c that the matte phase
dominates the splashed samples confirming the existence of the plume eye in the BBF.
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Table 2. Phase compositions of liquid slag, spinel, and SiO2 in the splashed samples measured
using EPMA.

Sample Phase
Composition (wt.%)

FeO Cu2O CaO SiO2 Al2O3 As2O3 MgO S PbO ZnO MoO3 K2O Fe/SiO2

1#
spinel 92.8 0.1 0 0.5 4.1 0 0.3 0 0 1.3 0.2 0 -
liquid 57.2 0.4 1.2 31.3 4.2 0.1 0.7 0.1 0.4 2.5 0.3 1.3 1.42

2#
spinel 92.9 0.1 0 0.5 3.9 0 0.3 0 0.1 1.5 0 0 -
liquid 48.6 1.6 1.4 38.1 4.1 0.2 1 0.3 0.5 2.5 0.2 1.5 0.99

3#
SiO2 4.8 0.5 0.2 93.2 0.4 0 0.2 0 0.1 0.2 0.1 0.3 -

liquid 47.5 0.4 1.7 40 4.1 0.2 1.1 0.1 0.5 2.8 0.2 1.3 0.92

Table 3. Matte compositions in the splash samples measured using EPMA.

Sample Phase
Composition (wt.%)

Fe Cu S As Pb Zn Mo

1# matte 2.2 70.4 22.5 0.0 0.1 0.1 0.2

2#
matte 1 2.2 70.6 21.9 0.0 0 0.0 0.2
matte 2 5.9 64.2 21.4 0.2 0.7 0.1 0.1

3# matte 4.5 66.6 24.2 0 0.0 0.1 0.2

Figure 5a shows a larger matte together with slag is present. It is seen from Tables 2 and 3
that the Fe/SiO2 ratio in the liquid slag is 1.42 and the matte grade is 70.4% in the splashed
sample 1#. These values are close to those in the final slag shown in Table 1, indicating that
the splashed sample 1# is approaching the equilibrium. Figure 5b shows the existence of large
and small pieces of matte together with the slag. A large proportion of solid spinel is present
in the slag. The Fe/SiO2 of the liquid slag in the splash sample 2# is 0.99, which is much lower
than that in the final slag. In addition, the large matte phase contains 64.2% Cu, which is
lower than that in the final matte. Therefore, the splash sample 2# is still in the matte-forming
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reaction stage. Further oxidation of the low-grade matte will increase the Fe/SiO2 ratio in the
slag and the Cu concentration in the matte. In sample 3#, the undissolved SiO2 is together
with the large matte as shown in Figure 5c. The Fe/SiO2 in the splash sample 3# is 0.92 and
the matte grade is 66.2. It seems that the local SiO2 concentration in the slag is too high and
SiO2 is the primary phase. Further oxidation of the low-grade matte will increase the “FeO”
concentration in the slag and dissolve the SiO2 phase.

The analyses of the splash samples collected above the lance area indicate that the
equilibrated and unequilibrated matte were brought to the surface of the bath by the high-
pressure gas. A plume eye exits in this area without slag coverage above the matte. The
low-grade matte and low Fe/SiO2 slag in the splash samples indicate that the smelting
reactions are mainly inside the matte layer since the oxygen is injected from the bottom of
the bath and is almost completely consumed in the matte.

3.2. The Role of Plume Eye in Copper Bottom-Blowing Smelting

The presence of the plume eye in the bottom-blowing smelting furnace plays an
important role to enhance the reactions between the feeding materials and oxygen. It can
be seen from Figure 1 that the feeding mouth is directly above the lance area in the BBF.
Raw materials such as copper concentrate and SiO2 flux can directly fall into the molten
bath area with gas injection underneath. The reaction mechanisms with and without a
plume eye are discussed below.

Figure 6a shows a schematic diagram of the smelting reaction zone of BBF without a
plume eye. If the matte is covered by the slag (without plume eye), the copper concentrate
and SiO2 flux fall into the liquid slag. Because the sulfides are immiscible with the slag,
which does not contain excess oxygen, the sulfides do not react with the slag directly. The
liquid sulfides must pass through the viscus slag layer to enter the matte layer where
several phases such as Cu2O, Cu2S, and high-grade matte can react with the concentrate
(low-grade matte) to form a final matte. The fine sulfide particles melted to small liquid
droplets that require a long time to pass through the slag layer. The SiO2 stays in the slag
layer and reacts with liquid slag to form a slag with low Fe/SiO2.
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The schematic diagram of the smelting reaction zone of a BBF with a plume eye is
shown in Figure 6b. In this case, the copper concentrate as a low-grade matte falls into the
plume eye and contacts with the matte directly. The copper concentrate quickly dissolves
into the matte and oxidizes further to form the final matte. The “FeO” formed as a result
of the oxidation floats up and reacts with the slag and the SiO2 around the plume eye to
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form the final slag. This reaction mechanism can explain why the splash samples contain
different grades of matte, as shown in Table 3. The direct dissolution of copper concentrate
into the matte through a plume eye significantly increases the overall reaction rate of the
copper-concentrate smelting.

3.3. Effects of Operating Conditions on the Plume Eye Diameter

According to the analyses of the industrial samples combined with the study of the
reaction mechanism, a plume eye is confirmed to be present and plays an important role
in copper bottom-blowing smelting. Controlling the size of the plume eye will provide
useful guidelines for industrial operation. The effects of the gas flowrate rate, slag-layer
thickness, and matte-layer thickness on the diameter of the plume eye were studied using
water-model experiments. Figure 7a shows the influence of the matte layer thickness on the
diameter of the plume eye at a fixed slag-layer thickness of 4 cm. It can be seen from the
figure that, at a given gas flowrate, the diameter of the plume eye increases with increasing
the ratio of matte thickness to slag thickness. The greater difference in thickness between
the matte and the slag, the greater the increase in the diameter of the plume eye. This trend
is generally consistent with the results of the steel ladle study [7]. On the other hand, the
plume eye diameter increases with increasing the gas flowrate.

Metals 2023, 13, 217 7 of 10 
 

 

 
Figure 6. Schematic diagram of smelting reaction zone of oxygen-enriched bottom-blowing furnace 

(a) without “plume eye” and (b) with “plume eye”. 

3.3. Effects of Operating Conditions on the Plume Eye Diameter  

According to the analyses of the industrial samples combined with the study of the 

reaction mechanism, a plume eye is confirmed to be present and plays an important role 

in copper bottom-blowing smelting. Controlling the size of the plume eye will provide 

useful guidelines for industrial operation. The effects of the gas flowrate rate, slag-layer 

thickness, and matte-layer thickness on the diameter of the plume eye were studied using 

water-model experiments. Figure 7a shows the influence of the matte layer thickness on 

the diameter of the plume eye at a fixed slag-layer thickness of 4 cm. It can be seen from 

the figure that, at a given gas flowrate, the diameter of the plume eye increases with in-

creasing the ratio of matte thickness to slag thickness. The greater difference in thickness 

between the matte and the slag, the greater the increase in the diameter of the plume eye. 

This trend is generally consistent with the results of the steel ladle study [7]. On the other 

hand, the plume eye diameter increases with increasing the gas flowrate. 

Figure 7b shows the influence of slag thickness on the diameter of the plume eye 

when the thickness of the matte is fixed to 10 cm. At a given gas flowrate, the diameter of 

the plume eye increases with the ratio of the matte thickness to the slag thickness. How-

ever, the increase in the plume eye diameter is not sensitive with a high thickness of the 

slag layer.  

 

Figure 7. Effect of matte-to-slag ratio on plume eye diameter under different gas flow, (a) fixed slag 

thickness 4 cm and (b) fixed matte thickness 10 cm. 
Figure 7. Effect of matte-to-slag ratio on plume eye diameter under different gas flow, (a) fixed slag
thickness 4 cm and (b) fixed matte thickness 10 cm.

Figure 7b shows the influence of slag thickness on the diameter of the plume eye when
the thickness of the matte is fixed to 10 cm. At a given gas flowrate, the diameter of the
plume eye increases with the ratio of the matte thickness to the slag thickness. However, the
increase in the plume eye diameter is not sensitive with a high thickness of the slag layer.

The effect of the gas flowrate on the plume eye diameter is shown in Figure 8 at a fixed
ratio of matte thickness to slag thickness. It can be seen that the plume eye diameter is
increased linearly with the increase in the gas flowrate at a fixed ratio of water thickness to
oil thickness. The gas flowrate per unit area in the laboratory condition is similar to that in
the industrial furnace. With a higher-pressure gas injected into the molten bath from the
bottom, more dynamic energy will be provided to push the upper layer away.
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4. Discussions

In the copper bottom-blowing smelting furnace, raw materials are fed through a
feeding port above the lance area. The presence of a plume eye in the lance area enables
the feeds to fall directly into the matte through the plume eye causing the reaction mech-
anism to be different to previous works. Wang et al. [26] proposed a copper-smelting
mechanism in an oxygen bottom-blowing furnace. In their mechanism model, the reaction
zone of a BBF is divided into seven functional layers from top to bottom, i.e., gas layer,
mineral decomposition transitioning layer, slag layer, slag formation transitioning layer,
matte formation transitioning layer, weak oxidizing layer, and strong oxidizing layer. The
presence of a plume eye in a BBF improves the understanding of the copper-smelting
mechanism. The slag layer is not present above the gas injection zone in a bottom-blowing
copper-smelting furnace. Therefore, the slag layer, slag formation transitioning layer, and
matte formation transitioning layer proposed by Wang et al. [26] need to be removed and a
new reaction mechanism is proposed based on the present study.

The copper concentrate as a low-grade matte rapidly dissolves into the oxygen-rich
matte in the lance area. A large plume eye can improve the reaction efficiency and increase
the productivity of the furnace. This mechanism explained that the productivity of the
first BBF was doubled after a few months’ operation [18]. More importantly, with an
increased number of copper bottom-blowing smelting furnaces, not all feeding mouths
were designed exactly above the gas injection zone. The present study indicates that the
location and size of the feeding mouth need to be considered to ensure the raw materials to
be dropped directly into the plume eye. The water-model experimental study on the plume
eye provides the quantitative effect of different parameters on the size of the plume eye,
which will help the copper industry to optimize the operation parameters to control the
required plume eye diameter. In the operation of a BBF, the diameter of the plume eye can
be increased by increasing the oxygen-enriched air pressure or the thickness of the matte
layer. Reducing the thickness of the slag layer can also increase the diameter of the plume
eye to a lesser extent. The diameter of the plume eye needs to be adjusted to enable the raw
materials from the feeding mouth to be dropped into the matte layer directly as the size of
the feeding mouth is fixed.

5. Conclusions

In this study, the existence of plume eyes in a copper bottom-blowing furnace was
confirmed by analyzing industrial samples and laboratory water-model experiments. It
was found that the splashed samples above the lance zone of the BBF were mainly matte
and had a small amount of slag with high SiO2. The grade of the matte in the splashed
sample and the Fe/SiO2 ratio of the liquid slag are generally lower than those in the final
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products. The existence of the plume eye enables the copper concentrate to directly dissolve
into the matte, which improves the efficiency of the matte-producing reaction and increases
the productivity of the bottom-blowing smelting furnace. The water-model experiments
show that, when the thickness of the slag layer is constant, the thicker the matte layer, the
larger the diameter of the plume eye. When the thickness of the matte layer is constant,
the higher the thickness of the slag layer, the smaller the diameter of the plume eye. The
plume eye diameter increases significantly with the increase in the gas flowrate. At a given
gas flowrate, the diameter of the plume eye increases with the ratio of the matte thickness
to the slag thickness. This research is of great significance for further understanding the
strengthening smelting mechanism of the BBF and optimizing the industrial operations.
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Abstract: To determine slag properties and the factors influencing these properties for optimization
of operating conditions in the copper flash smelting process, the composition and microstructures of
the quenched smelting and converting slags have been analyzed. Thermodynamic software FactSage
8.2 has been used to investigate the effects of matte grade, SO2 partial pressure, and the Fe/SiO2

ratio on the liquidus temperature and the copper content of the smelting slag. The possibility to
recover valuable metals from the smelting and converting slags through pyrometallurgical reduction
by carbon is also discussed. It was found that the flash smelting slag temperature is usually higher
than its liquidus temperature and the copper (1.2% Cu) is mainly present in the slag as dissolved
copper. In the copper flash smelting process, the copper content in the slag can be decreased by
decreasing the Fe/SiO2 ratio and temperature. In pyrometallurgical slag reduction, most Cu, Mo,
and Ni can be recovered as an alloy. The conditions of recovery such as the ratio of smelting slag to
converting slag, temperature, and reduction extent have been discussed.

Keywords: smelting slag; liquidus temperature; converting slag; FactSage

1. Introduction

A total of 80% of copper is extracted from concentrates worldwide by the pyrometal-
lurgical process [1,2]. Flash smelting with the characteristics of copper concentrates directly
reacted with oxygen is widely used in the copper matte smelting process as a result of the
advantages of high productivity, high automation, and low investment costs [3]. Flash
smelting accounts for 43% of all Cu matte smelting [4]. The smelting process is developing
toward a high feeding rate, high matte grade, and high oxygen enrichment to increase
productivity and SO2 concentration in the off-gas. However, it is confronted with the
challenge of the control of copper content in slag and matte grade [5]. Matte and smelting
slag are separated normally in the settler of flash smelting furnaces [6]. If the smelting
temperature of the slag is lower than its liquidus temperature, spinel is precipitated from
the slag, which increases the viscosity of the slag and restrains the separation of matte
and slag [7]. In addition, long-term solid precipitation in the settler decreases its effective
volume and separation of matte from the slag [8]. The smelting temperature is generally
higher than the liquidus temperature of the slag to avoid the formation of spinel. The
liquidus temperature of the slag is related to the composition, matte grade, and SO2 partial
pressure [9,10]. Copper mainly exists in slag as dissolved copper if the smelting tempera-
ture is higher than the liquidus temperature [11]. The composition of slag, temperature,
matte grade, O2, and SO2 partial pressures affect the content of dissolved copper in slag [12].
Chemical analysis of smelting and converting slags indicated that they generally contain

73



Metals 2023, 13, 153

valuable metals such as copper, molybdenum, zinc, nickel, and tin [13]. Pyrometallur-
gical technology can be used to recover copper from smelting and converting slags in
general [14]. Deep reduction to recover copper and iron from copper slags was also studied
where coal, coke, diesel, hydrogen, and natural gas can be used as the reductants [15]. The
reduction of the slag using hydrogen can reduce CO2 emission and carbon in the Cu-Fe
alloy [16]. Nonetheless, the efficiency of the hydrogen utilization is lower and the cost is
higher than the solid reductants. However, other valuable metals such as Mo, Ni, and Zn
in slags remain unclear during the recovery process. FactSage thermodynamic software
contains powerful databases of optimized solutions, pure substances, and matte, and has
been successfully used in the processing of copper concentrates [17], as well as the recovery
of valuable metals from solid wastes [18].

This study aims to understand the effects of matte grade, SO2 partial pressure, and
Fe/SiO2 on the liquidus temperature and copper content in smelting slag and explore the
likelihood of recovering copper, molybdenum, zinc, nickel, and tin from smelting and
converting slags.

2. Research Methodology
2.1. Materials

The smelting and converting slags were provided by Jiangxi Copper Smelter where a
flash smelting furnace and PS converter are used for smelting and converting, respectively.
The slags were collected from slag tap holes using a cooled iron bar, which maintained
the microstructures and compositions of the slags at high-temperature conditions. The
slag samples were mounted in epoxy resin, polished, and examined using optical and
scanning electron microscopy. An MLA 650L scanning electron microscope (SEM-EDS),
FEI, Hillsboro, OR, USA, was employed to determine the microstructures of the slags. The
bulk compositions of the smelting and converting slags were measured by XRF (Axios max,
produced by PANalytical B.V, Almelo, The Netherlands).

2.2. Thermodynamic Predictions

The thermodynamic software, FactSage 8.2, which integrates a substantially opti-
mized oxide, pure substance, and matte database, is widely used in pyrometallurgical
processing [19,20]. The databases selected included “FactPs”, “Ftmisc”, and “Ftoxide”.
The solution phases selected in the smelting of copper concentrate included
“FTmisc-MATT”, “FToxid-SLAGA”, FToxid-SPINC”, FToxid-MeO”, “FToxid-OlivA”, and
“FToxid-ZNIT”. The solution phases selected in pyrometallurgical reduction included
“FTmisc-FeLQ”, “FTmisc-CuLQ”, “FTmisc-FeCu”, “FTmisc-MATT”, “FToxid-SLAGA”,
“FToxid-SPINC”, FToxid-MeO”, “FToxid-cPyrA”, “FToxid-WOLLA”, “FToxid-Bred”,
“FToxid-bC2SA”, “FToxid-AC2S”, “FToxid-Mel_A”, “FToxid-OlivA”, “FToxid-Mull”,
“FToxid-CORU”, and “FToxid-ZNIT”. Effects of matte grade, SO2 partial pressure, and
Fe/SiO2 on liquidus temperature and copper content of slag have been systematically
calculated. In addition, the effects of carbon addition on the liquidus temperature of
slag and the reduction level of valuable metals in pyrometallurgical reduction have also
been calculated.

3. Results and Discussion
3.1. Characterization of Slags

The composition of the smelting and converting slags analyzed by XRF are shown in
Table 1. As can be seen from Table 1, Fe/SiO2 values in the smelting and converting slags
are 1.3 and 2.0, respectively. The content of copper in the smelting and converting slags is
1.3% and 5.2% Cu2O, respectively. Moreover, the smelting slag contains 0.4% MoO3 and
1.5% ZnO, and the converting slag contains 0.3% NiO, 0.2% SnO, and 2.2% ZnO. Mo, Ni,
Sn, and Zn in the slags are valuable elements that should be recovered.
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Table 1. Composition of quenched smelting and converting slags (wt.%).

Processes “FeO” SiO2 Al2O3 CaO MgO Cu2O S PbO ZnO As2O3 Na2O K2O MoO3 NiO SnO TiO2

Smelting 53.2 31.8 4.9 2.0 1.2 1.3 0.5 0.3 1.5 0.6 0.5 1.2 0.4 0.0 0.0 0.5
Converting 64.0 24.9 1.1 0.2 0.3 5.2 0.2 0.6 2.2 0.1 0.2 0.2 0.1 0.3 0.2 0.1

Typical microstructures of the quenched smelting and converting slags are shown in
Figure 1. As can be seen from Figure 1a, the slag does contain large solid and matte phases
indicating that the smelting temperature was higher than the liquidus temperature of the
slag and the separation between the slag and the matte was efficient. The fine matte and
dendritic crystals were precipitated from the slag during cooling. The microstructure of
the quenched smelting slag confirms that all copper present in the slag was chemically dis-
solved. The converting slag shown in Figure 1b contains large spinel and matte indicating
that the converting temperature (1250 ◦C) was lower than the liquidus temperature of the
slag (1420 ◦C). The presence of an excessive solid phase in the slag increased the viscosity
and affected the separation of the matte droplets from the slag. The copper content in the
converting slag (5.2% Cu2O) includes chemically dissolved and entrained matte droplets.
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Figure 1. Typical microstructures of the quenched smelting and converting slags: (a) Smelting slag
and (b) Converting slag.

3.2. Control of Liquidus Temperature of Flash Smelting Slag

The liquidus temperature of a smelting slag is directly related to its composition and
oxygen partial pressure, which determines the FeO/Fe2O3 ratio in the slag [21]. The oxygen
partial pressure in the system cannot be measured directly but correlates to the matte grade,
SO2 partial pressure, and temperature [22,23]. The matte grade in the smelting process
can be controlled by the composition of copper concentrate and the ratio of oxygen to the
concentrate. The SO2 partial pressure in the off-gas is determined by the oxygen enrichment
in the input gas mixture. Figure 2 shows the effect of matte grade and SO2 partial pressure
on the liquidus temperature of the smelting slag whose composition is based on Table 1.
FactSage calculations show that the composition of the smelting slag shown in Figure 2
is in the spinel primary phase field. It can be seen that the liquidus temperatures of the
smelting slag increase with the increasing matte grade and SO2 partial pressure. At low-
oxygen enrichment, PSO2 is approximately 0.3 atm. It can be seen from Figure 2 that the
liquidus temperature increases from 1150 to 1215 ◦C when the matte grade is increased from
55 to 75. On the other hand, the liquidus temperature can be increased by approximately
12 ◦C when PSO2 is increased from 0.3 to 0.6 atm at a fixed matte grade.
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SiO2 is usually added as a flux in the copper smelting process, and the Fe/SiO2 ratio
can represent the composition of a copper smelting slag. It can be seen from Figure 3 that
at fixed matte grade and PSO2, the liquidus temperatures of a copper smelting slag increase
with an increasing Fe/SiO2 ratio, i.e., with a decreasing SiO2 addition. At a fixed operating
temperature and production of high-grade matte or high-SO2 off-gas, more SiO2 flux needs
to be added to keep the liquidus temperature below the operating temperature. The slope
of the liquidus temperature is decreased with the increase in Fe/SiO2. For example, the
temperature increase is 30 ◦C when the Fe/SiO2 ratio increases from 1.3 to 1.5. When the
Fe/SiO2 ratio is increased from 1.5 to 1.7, the increment of the liquidus temperature is only
20 ◦C at SO2 partial pressure 0.6 atm and matte grade 70%.
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In summary, low matte grade, low SO2 partial pressure, and high SiO2 addition can
decrease the liquidus temperature of the copper smelting slag. The modern smelting
process tends to increase productivity by producing high-grade matte with high-oxygen
enrichment. The intensified smelting can treat more copper concentrate and reduce the
volume of the off-gas capacity for easy production of sulfuric acid. Consequently, increased
SiO2 addition seems to be the efficient direction to control the liquidus temperature of the
smelting slag.

3.3. Control of Copper Content in Copper Smelting Slag

The microstructure of the quenched flash smelting slag shown in Figure 1a indicates
that the copper in the smelting slag is present as dissolved copper. The effects of matte
grade on copper content in the smelting slag are predicted by FactSage 8.2 and shown
in Figure 4. The copper content in smelting slag decreases with the increasing matte
grade up to 70% Cu. With a matte grade greater than 70%, the copper content in the slag
increases with the increasing matte grade. This trend is confirmed by the experimental
studies of Fallah-Mehrjardi et al. [24,25] but is different from the findings reported by
Shimpo et al. [26]. There is a general understanding [27] that the sulfidic dissolution of
copper in copper smelting decreases with the increasing matte grade. However, the oxidic
dissolution of copper in the slag increases with the increasing matte grade. As a result, the
copper content in the smelting slag is not a simple function of the matte grade. A total of
70% Cu in the matte seems to be the optimum grade to reduce the copper loss in the slag to
0.65%. It can be seen from the figure that SO2 partial pressure has little effect on the copper
content in the slag. This is a good indication that increased oxygen enrichment does not
increase the copper content in the smelting slag.
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1250 ◦C and Fe/SiO2 1.3, predicted by FactSage 8.2.

The effects of temperature and matte grade on copper content in the smelting slag are
shown in Figure 5 at a fixed SO2 partial pressure of 0.3 atm and a Fe/SiO2 ratio of 1.3. It can
be seen that the copper content in the smelting slag increases rapidly with the increasing
temperature. Nearly 0.3% Cu is increased in the slag if the temperature is increased from
1200 to 1300 ◦C. This is a significant copper loss as the volume of the smelting slag is very
high. An increase in the matte grade from 60 to 70% can decrease the copper solubility in
the slag.
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Figure 6 shows the copper content in the smelting slag as a function of the Fe/SiO2
ratio in the slag. It can be seen that copper content in the smelting slag increases with the
increasing Fe/SiO2 ratio in the slag. However, the increment is different at different matte
grades. When 70% matte is produced, the copper content in the slag increases slowly with
the increasing Fe/SiO2 ratio in the slag. An increase in the Fe/SiO2 ratio from 1.2 to 1.7 only
increases the copper content in slag by 0.05%. In contrast, an increase in the Fe/SiO2 ratio
from 1.2 to 1.7 can increase the copper content in slag by 0.2% with 60% matte production.
The increase in Fe/SiO2 means a decrease in SiO2 addition and slag volume. Copper loss
in the slag needs to consider both Cu% in the slag and slag volume. The selection of the
Fe/SiO2 ratio in the copper smelting slag needs to balance liquidus temperature, copper
content in slag, and slag volume.
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Copper in the smelting slag can be recovered by a pyrometallurgical process or flota-
tion process. The flotation process can only recover matte and metal particles. Fine matte
and copper metal may precipitate from the smelting slag on slow cooling. However, the
slag needs to be ground very finely to liberate the copper matte and metal from hard
oxides, which increases the cost of copper recovery. Therefore, the selection of an optimum
condition including an optimized matte grade, low temperature, and optimized Fe/SiO2
ratio can reduce the copper loss in the flash smelting slag.

3.4. Recovery of Valuable Metals from Smelting and Converting Slags

It can be seen from Table 1 that the smelting and converting slags provided by the
smelter contain significant amounts of valuable elements such as copper, molybdenum,
zinc, nickel, and tin. Copper can be effectively recovered by the flotation process. However,
it is unclear whether other elements can be recovered in the flotation process. The possibility
of recovering all valuable elements in the pyrometallurgical process is evaluated by the
thermodynamic calculations of FactSage 8.2. Smelting and converting slags can be treated
individually or together depending on the economic evaluation. The composition values
given in Table 1 are not sufficient for the calculation of reduction reactions. According to the
smelting temperature and matte grade provided by the smelter, the oxygen partial pressure
and Fe2+/Fe3+ ratio in the smelting slag were calculated by FactSage 8.2 and are shown
in Table 2. Similarly, the oxygen partial pressure and Fe2+/Fe3+ ratio in the converting
slag were also calculated by assuming the slag was in equilibrium with Cu2S. Using the
information given in Tables 1 and 2, the reduction of the smelting and converting slags by
carbon were predicted by FactSage 8.2 and discussed below.

Table 2. Fe2+/Fe3+ ratio in the smelting and converting slags calculated by FactSage 8.2.

Processes Temperature (◦C) PO2 (atm) FeO (wt%) Fe2O3 (wt%) Fe2+/Fe3+

Smelting 1300 10−7 47.9 5.6 9.55
Converting 1250 10−5 26.18 39.24 0.74

At high temperature reduction, the oxides of copper, molybdenum, zinc, nickel, iron,
and tin in the smelting and converting slags can be reduced with carbon addition. The
liquidus temperatures of the slag will change accordingly with the reduction. The effect of
carbon addition on liquidus temperatures when treating individual slag or mixed slags
(80% smelting slag and 20% converting slag) is shown in Figure 7. It can be seen that spinel
is the primary phase at low carbon addition and the liquidus temperatures decrease with
increasing the carbon percentage. More carbon addition brings the slags to the olivine
primary phase field where the liquidus temperatures are lower than 1200 ◦C. The smelting
slag enters into the SiO2 primary phase field with further addition of carbon. The liquidus
temperatures rapidly increase with the increasing carbon in the SiO2 primary phase field.
In a copper smelter, the ratio of the smelting slag to converting slag is approximately 4:1.
It can be seen from Figure 7 that treatment of the mixed smelting and converting slags is
possible. The liquidus temperatures can be controlled below 1200 ◦C without flux addition.
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The effect of carbon addition on the recovery of copper, iron, zinc, and molybdenum
from the smelting slag at 1250 ◦C is shown in Figure 8. It can be seen that copper is first
reduced followed by molybdenum. With less than 1% carbon addition, 100% molybdenum
oxide has been reduced. When 5% carbon is added, the recovery of copper, zinc, and iron is
88%, 58%, and 51%, respectively. It can be seen from Figure 7 that the liquidus temperature
is above 1250 ◦C when 5% carbon is added to the smelting slag. To add more carbon to
increase the recovery of copper and zinc, flux such as CaO needs to be added to lower the
liquidus temperature of the slag.
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Figure 8. Effect of carbon addition on the recovery of copper, iron, zinc, and molybdenum from
smelting slag at 1250 ◦C, calculated by FactSage 8.2.

Figure 9 shows the effect of carbon addition on the recovery of copper, iron, zinc,
nickel, and tin from converting slag at 1250 ◦C. Note that the converting slag contains less
sulfur than the smelting slag which causes different reduction behavior. With a 5% carbon
addition, over 95% of copper and nickel have been recovered from the slag. Less than 50%
of the zinc and 10% of the tin are reduced from the slag. Deep reduction is required to fully
reduce the oxides of zinc and tin.
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Figure 9. Effect of carbon addition on the recovery of copper, iron, zinc, nickel, and tin in converting
slag at 1250 ◦C, calculated by FactSage 8.2.

It is shown in Figure 7 that the liquidus temperatures of the reduced slag mixture
can be controlled below 1250 ◦C. Figure 10 shows the effect of carbon addition on the
recovery of copper, iron, zinc, molybdenum, nickel, and tin from the mixed slag (smelting
slag:converting slag = 4:1) at 1250 ◦C. It can be seen that almost all nickel and molybdenum
can be recovered from the mixed slag with a 5% carbon addition. In addition, 85% of the
copper can also be recovered. However, only part of the zinc oxide and tin oxide is reduced
at the same condition. Considering the liquidus temperature of the reduced slag and
recovery of multi-elements, it is more beneficial to treat the smelting slag and converting
slag together.
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4. Conclusions

Quenched flash smelting slag and converting slag have been analyzed as a base for
thermodynamic predictions. The control of liquidus temperatures and copper content in
the smelting slag and the recovery of valuable elements from the slags have been calculated
by FactSage 8.2. It was found that the smelting temperature in the flash furnace was higher
than the liquidus temperature of the slag and all copper was present in the flash smelting
slag as dissolved copper. High matte grade, SO2 partial pressure, and Fe/SiO2 can cause
high liquidus temperature of the smelting slag. Optimum matte grade, low temperature,
and low Fe/SiO2 are beneficial to decrease the copper content in the smelting slag. Copper,
nickel, and molybdenum can be recovered in alloy by reduction of the mixed smelting
and converting slags. Recovery of zinc and tin from the slags requires deep reduction and
flux addition.
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Abstract: Arsenic content in copper concentrates is continuously increasing worldwide. It is desirable
to remove arsenic from copper in the earlier stages of copper making due to the deposition of arsenic
to cathode copper during the electrorefining process. Effects of temperature, flux, and oxygen on
the distribution of arsenic during copper converting and fire refining processes were studied using
FactSage 8.2. The results showed that arsenic can be effectively removed by proper selection of
converting and refining slags. The decrease in Fe/SiO2 or Fe/CaO ratio in the converting slag is
favorable for arsenic distributed to slag. CaO is more effective than SiO2 in decreasing the liquidus
temperature of the slag and arsenic content in the blister copper during the converting process. Na2O
or CaO as a flux is effective to remove arsenic in the fire refining process.

Keywords: arsenic distribution; arsenic control; FactSage; blister copper; anode copper

1. Introduction

Most copper is extracted from concentrates from pyrometallurgical processes which
include smelting, converting, and fire and electro refining steps to obtain high-purity
cathode copper [1,2]. The Outokumpu flash furnace and bath smelting furnaces are widely
used in copper matte smelting processes [3]. The Peirce–Smith batch converting process
dominates the production of blister copper from matte. However, the Peirce–Smith batch
converting process has the disadvantages of low SO2 utilization, gas fugitive emissions,
and discontinuous operation. The flash converting and bath converting technologies have
been developed to overcome the disadvantages [4,5]. Copper fire refining is mostly carried
out in a rotary refining furnace, blowing gas, such as O2, CO2, and N2, for the removal of
sulfur and adding reductants for the removal of oxygen [6,7].

Arsenic is a harmful impurity present in copper concentrates [8]. In copper smelting,
converting, and fire refining processes, arsenic can be present in the condensed phases
and gas [8]. Arsenic-containing materials in the off gas is usually collected in the form of
dust [9]. In the condensed phases, the arsenic can be distributed between matte and slag in
the smelting process, between the blister copper and slag in the converting process, and
between the anode copper and slag in the fire refining process [10]. With the high-quality
copper concentrates exhausted worldwide, the content of arsenic in the copper concentrates
is increasing continuously [11]. If arsenic is not handled properly in copper production, it
will cause difficulty for copper extraction and endanger the environment [12,13]. Arsenic
from anode copper can accumulate in the electrolyte during copper electrorefining. Deposit
of the arsenic on the cathode copper significantly affects its quality and production rate
during the copper electrorefining [14]. Removal of arsenic before the electrorefining process
is important to produce high-quality cathode copper.

Swinbourne and Kho [15] studied the distribution of arsenic during copper flash
converting using HSC Chemistry 7.1 software. It was found that the distribution of ar-
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senic among copper, slag, and waste gas depends on their thermodynamic properties.
Swinbourne and Kho reported that one-half of arsenic is distributed in blister copper due
to the arsenic activity coefficient being lower than in slag. Li et al. [16,17] studied the
distribution behavior of arsenic during copper flash converting with the multi-phase equi-
librium mathematical model. It was found that arsenic is mainly present in blister copper
(51.4%) and slag (41.9%). All of these thermodynamics studies only used properties of pure
substances and did not consider solution phases. Yuan and Liu [18] and Liu [19] studied
the distribution of arsenic in the bottom-blowing smelting and converting processes. It was
found that increase in SiO2 in slag was beneficial to reduce the arsenic in blister copper.
Guo et al. [20] established a mass balance model and substance flow charts of arsenic in the
bottom-blowing smelting and Peirce–Smith converting processes. It was found that arsenic
mainly existed in both smelting and converting dusts. Zhou et al. [21] investigated the dis-
tribution of arsenic in ISA smelting, Peirce–Smith converting, and rotary refining processes
in detail. It was found that the addition of alkaline fluxes was efficient to remove the arsenic
from blister copper during the refining process. Kucharski [6] studied the effect of Na2CO3
on the removal of arsenic from blister copper during the refining process. It was found that
arsenic from the blister copper reacted with Na2CO3 to produce Na3AsO4. Hidayat [22]
summarized the experimental research of Kaur et al. [23], Nagamori and Mackey [24], and
Avarmaa et al. [25], and determined the distributions of Arsenic between liquid copper and
silicate slag at tridymite saturation. It was found that arsenic preferentially dissolved into
copper instead of slag. Moreover, the arsenic in the slag was increased with increasing the
oxygen partial pressure.

Most of the studies focused on the distribution of arsenic between different phases.
Few studies discussed the control of arsenic by slag in copper-converting and -refining
processes. Iron silicate is the major component of copper-smelting slags with variable
Fe/SiO2 ratios. It is not considered to use slag to control arsenic distribution in the smelting
process. However, different fluxes can be used in the converting and fire refining processes.
It is possible to evaluate the ability of different slags for the removal of arsenic from blister
copper and anode copper. Recently updated FactSage 8.2 with extensive slag and alloy
solution phases are used to investigate the optimal conditions to fix the arsenic in the
copper-converting and -refining slags [26]. This study aims to understand the distribution
of arsenic in matte converting and blister copper refining from a thermodynamics aspect.

2. Thermodynamic Predictions

FactSage 8.2 software was widely used in pyrometallurgical processing of differ-
ent minerals [27–29]. Propper selection of the databases and phases is important to
obtain reliable results. In the present study, the databases selected included “FactPs”,
“Ftmisc”, and “Ftoxide”. The solution phases selected in the smelting of copper concen-
trate included “FTmisc-PYRRB”, “Ftmisc-MeS2”, “Ftmisc-BCCS”, “Ftmisc-FCCS”, “Ftoxid-
SLAGA”, “Ftoxid-SPINA”, and “FToxid-Oliv”. The solution phases selected in the matte
converting included “FTmisc-CuLQ”, “FTmisc-FeCu”, “FToxid-SLAGA”, “FToxid-SPINA”,
“FToxid-MeO”, and “FToxid-Oliv”. The solution phases selected in fire refining of blister
copper included “FTmisc-CuLQ”, “FToxid-SLAGA”, “FToxid-SPINA”, and “FToxid-MeO.”

3. Results and Discussion
3.1. Converting of Copper Matte

Peirce–Smith converter is still the major converting technology in copper smelters due
to its advantages of easy operation and high adaptability of complex feeds. However, the
P–S converter has the disadvantages of low SO2 concentration, gas fugitive emissions, and
discontinuous operation. Several continuous converting technologies have been developed
in recent years, including flash converting and bottom-blowing converting processes. These
new technologies have good automation and more efficient capture and utilization of SO2.
The published data on arsenic distribution on different technologies during converting
are shown in Table 1. It can be seen from the table that more arsenic turns to the gas
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phase in the P–S converting process because of the strong stirring. In the condensed
phases, arsenic tends to stay in the blister copper with a small proportion of removal by
the slag. Guo et al. [20] simulated the distribution of arsenic in the converting process.
They indicated that up to 77% could go to gas with less than 10% arsenic left in the blister.
It seems that all plant data are far away from the simulation. Comparing with the P–S
converter, flash-converting and bottom-blowing-converting furnaces retain more than 95%
arsenic in the condensed phases where higher arsenic enters the blister.

Table 1. The published data on arsenic distribution during converting.

Authors Technology
Distribution (wt%)

Blister Copper Slag Gas

Li [16] Flash 52 42 6
Swinbourne [15] Flash 60 37 3

Liu [19] Bottom blowing 65.7 31.4 2.9
Guo [20] Peirce-smith 12.9 9.4 77.7
Zhou [21] Peirce-smith 39.0 17.0 44.0
Zhang [30] Peirce-smith 28.0 13.0 58.0
Wang [31] Peirce-smith 66.4 5.4 28.2
Wang [32] Peirce-smith 59.9 5.1 34.9
Vogt J [33] Peirce-smith 50.0 32.0 18.0

Typical composition of copper concentrate, matte, and blister copper from a smelting
plant were used in the present study as shown in Table 2 [21]. A total of 50% copper in matte
was produced in the smelting stage and the slag had Fe/SiO2 1.2. The slag temperature was
1200 ◦C and O2 content in the gas was 22.83%. It can be seen from Table 2 that the arsenic
content in the concentrate, matte, and blister copper was 0.30, 0.37, and 0.43%, respectively.

Table 2. Typical compositions of copper concentrate, matte, and blister copper.

Cu Fe S As O Ca Al2O3 CaO MgO

Concentrate 29.50 32.60 31.80 0.30 0.00 0.00 2.60 2.30 0.90
Matte 50.01 23.70 24.45 0.37 1.18 0.28 0.00 0.00 0.00

Blister copper 98.50 0.00 0.73 0.43 0.34 0.00 0.00 0.00 0.00

Matte converting was conducted at 1290 ◦C with a conventional slag containing
Fe/SiO2 ratio of 1.7. The effect of copper content in blister copper on arsenic distribution
during the converting is shown in Figure 1. Oxygen partial pressures during the converting
are also shown in the figure. Note that Figure 1 only shows the end of the converting
stage where the matte phase has been converted to the blister copper. It can be seen that
the Po2 increases with increasing copper content in the blister. At the same time, the
arsenic increases in the slag and decreases in the blister. According to the thermodynamic
predictions, arsenic in the gas phase is neglected as shown in Figure 1. It seems that
the converting reactions in the flashing and bottom furnaces approached equilibrium as
indicated in Table 1.

Figure 2 shows the phase proportion as a function of copper content in blister copper
under the same conditions as Figure 1. It can be seen that the proportion of gas remains
constant when the Cu in the blister is increased from 97 to 99%. However, the proportion
of the slag increases slowly initially and then rapidly with increasing copper content in
the blister. In contrast, the proportion of the blister decreases slowly initially and then
rapidly with increasing copper content in the blister. The reason is that high Cu in blister
corresponds to high oxygen partial pressure as shown in Figure 1. Cu in the blister is
oxidized to Cu2O which is dissolved into the slag resulting in copper loss in the converting
process. Arsenic in the blister can be reduced from 63 to 20% when the Cu in the blister is
increased from 97 to 99% according to Figure 1. However, it can be seen from Figure 2 that
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the proportion of the blister is reduced from 30 to 20%. The direct recovery of copper in the
converting process is decreased by 33% if a low-As and high-Cu blister is produced. More
effort will be required to recover the copper from the converting slag and the productivity
of the converting furnace is significantly affected. It is a choice of the operator to balance
the purity and productivity of the blister during the converting process.
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Figure 2. Effect of copper content in blister copper on proportions of the phases at 1290 ◦C with a
slag Fe/SiO2 ratio of 1.7.

Figure 3 shows the effect of temperature on arsenic distribution during converting
at a slag Fe/SiO2 1.7 and 98.5% Cu in blister copper. Little arsenic is present in the gas
phase. The arsenic is decreased slightly in the slag and increased slightly in the blister
with increasing temperature. Thermodynamically, a high converting temperature is not
beneficial to remove the arsenic from the blister.
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Figure 3. Effect of temperature on arsenic distribution at slag Fe/SiO2 1.7 and 98.5% Cu in blister copper.

Both SiO2 and CaO can be used in the copper converting process as a flux. The
primary role of a flux is to form a liquid slag with the impurities. Effects of SiO2 and CaO
on liquidus temperature of the converting slag are shown in Figure 4 at a fixed copper
content 98.5% in blister copper. Fe/SiO2 or Fe/CaO ratio is usually used in the operation to
control the addition of the flux and the composition of the converting slag. Figure 4 shows
that, when SiO2 is used as a flux, spinel is the only primary phase in the Fe/SiO2 ratios of
1.5 to 4.0. The liquidus temperatures increase with increasing Fe/SiO2 ratio. Ca2Fe2O5 and
spinel are the primary phases when CaO is used as a flux. In the Ca2Fe2O5 primary phase
field, liquidus temperatures decrease with increasing the Fe/CaO ratio. On the other hand,
the spinel is the primary phase when the Fe/CaO ratio is hgher than 2.65. The liquidus
temperatures in the spinel primary phase field increase with increasing the Fe/CaO ratio
in the slag. It is obvious that CaO is a more efficient flux to lower the liquidus temperature
of the converting slag. Much less CaO is required to control the liquidus temperature. As a
result, more scrap can be treated in the converting furnace.

Figure 5 illustrates the arsenic distribution as a function of Fe/SiO2 or Fe/CaO ratio
at 1290 ◦C and copper content in blister copper 98.5%. In both cases the arsenic in the gas
phase is neglected. The arsenic always increases in the slag and decreases in the blister
copper with decreasing Fe/SiO2 or Fe/CaO ratio. This means that both SiO2 and CaO can
fix the arsenic in the slag and decrease arsenic in the blister copper. Comparing with SiO2,
more arsenic can be fixed in the slag by adding CaO. Fe/SiO2 and Fe/CaO are usually
controlled between 1–2 and 3–4, respectively, in the converting process [34]. It can be
seen from Figures 4 and 5 that, the liquidus temperature is 1264 ◦C and 52% arsenic is
dissolved in the blister copper when the Fe/SiO2 ratio is 1.5. In contrast, the liquidus
temperature is 1217 ◦C and only 34% arsenic is dissolved in the blister copper when the
Fe/CaO ratio is 3.0.
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3.2. Fire refining of Blister Copper

After the converting process, blister copper containing 98.5% Cu is taken as an ex-
ample for refining. It can be seen from Table 2 that arsenic, sulfur, and oxygen are
the major impurities in blister copper and their concentrations are 0.43%, 0.73%, and
0.34%, respectively.

All blister copper needs to be fire refined to produce anode copper for electrorefining.
The purpose of fire refining is to produce liquid copper which can be cast with minimal
gas porosity, since sulfur and oxygen can disrupt the downstream electrorefining process.
The conventional fire refining process usually includes an oxidation stage to remove sulfur
and a reduction stage to remove oxygen. It can be seen from Figure 6 that in the oxidation
stage, sulfur content in the anode copper decreases rapidly at the beginning of oxygen
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blowing and then slowly after the sulfur content is lower than 0.1%. On the other hand,
oxygen content in the anode copper increases slowly with increasing oxygen blowing.
However, continuous blowing of oxygen will increase the oxygen in copper quickly, which
will require more reductant and time to remove oxygen in the reduction stage.
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Figure 6. Effect of O2/blister on sulfur and oxygen contents in anode copper at 1200 ◦C.

With increased arsenic content in the copper concentrates, it can be seen from
Tables 1 and 2 that arsenic cannot be completely removed in the smelting and converting
process. Arsenic in the anode copper will be brought into the electrorefining process which
will affect the quality of the cathode copper and the efficiency of the process. The electrolyte
needs to be purified frequently which will reduce the productivity of the electrorefining
process. Flux is not usually used in the conventional fire refining process because the
removal of sulfur and oxygen does not require a flux. It can be seen from Table 3 that over
80% arsenic is present in the anode copper after fire refining [20,21]. When Na2CO3 was
used as a flux, the arsenic in the anode copper can be reduced to 1% [6]. It is therefore
necessary to add a flux in the fire refining process to control arsenic in the anode copper.

Table 3. The published data on arsenic distribution during fire refining.

Authors Flux
Mass Fraction (%)

Copper Anode Slag Gas

Zhou [21] - 83.5% - -
Guo [20] - 96.9 3.1 -

Kucharski [6] Na2CO3 1 - -

It can be seen from Figure 7 that if only oxygen is used in the refining process, arsenic
in the anode copper is almost constant. In contrast, the addition of Na2O or CaO can
significantly reduce arsenic in the anode copper. Na2O is more effective than CaO for
removing arsenic from the copper.

The main reactions between arsenic and flux (CaO or Na2O) are

3CaO + 2[As] + 5[O] = Ca3(AsO4)2 (1)

3Na2O + 2[As] + 5[O] = 2Na3AsO4 (2)
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Figure 7. Effect of flux and oxygen on arsenic content in anode copper at 1200 ◦C.

It can be seen from the reactions that oxygen plays an important role in the removal of
arsenic. Figure 8 shows the effect of oxygen on arsenic content in anode copper with 0.5%
flux addition. It can be seen that oxygen does not affect the arsenic content in anode copper
when Na2O is a flux. However, the arsenic content in anode copper decreases significantly
with increasing oxygen/blister ratio. When the oxygen addition is higher than 0.6%, CaO
is a more effective flux than Na2O to remove arsenic. When the oxygen addition is lower
than 0.6%, it can be seen from Figure 6 that 0.15–0.6% S is present in the copper, which has
a competing reaction with As to react with CaO. The addition of more oxygen removes
sulfur from copper to enable the arsenic to react with CaO. On the other hand, the same
weight of Na2O has less mole% than CaO due to its higher molecular mass. Na2O can react
with both of sulfur and arsenic in the copper, which consumed all of the 0.5% Na2O added
without oxygen addition. More CaO in mole can remove more arsenic from copper when
sulfur in copper is low.
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Effect of temperature on arsenic content in anode copper is shown in Figure 9 with
0.2% flux addition. It can be seen that at lower temperature, the arsenic content in anode
copper can be reduced with increasing the temperature. The effect of temperature on arsenic
content in anode copper is not significant at high temperatures and high flux additions.
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Figure 9. Effect of temperature on arsenic content in anode copper with 1.5% O2/blister and 0.2%
flux/blister.

Figure 10 shows the effect of flux addition on arsenic distribution at 1200 ◦C with O2
addition 1.5%. It can be seen that CaO is a better flux than Na2O in the removal of arsenic if
oxygen is added which is the condition of oxidation stage in the fire refining process. With
0.55% CaO or Na2O addition, over 99% arsenic brought from blister can be removed in the
slag phase and a clean anode copper is obtained. The molecular mass of Na2O (61.98) is
larger than the molecular mass of CaO (56.08). When the same weight of Na2O or CaO is
added to the copper refining furnace with sufficient oxygen, CaO is a better flux than Na2O
to remove arsenic from the anode copper.
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4. Conclusions

Control of arsenic in the copper production is becoming to be a more and more
important issue. Most of the studies were focused on the smelting process. The distribution
and control of arsenic during copper converting and refining have been investigated by a
review of the industrial data and thermodynamic calculations. Conventional converting
and fire refining processes cannot remove arsenic efficiently. CaO is found to be a more
effect flux in decreasing the liquidus temperature of the slag and arsenic content in the
blister copper during the converting process. Both CaO and Na2O can fix arsenic in the slag
during the fire refining process. When oxygen is present, CaO is a better flux than Na2O
to remove arsenic from copper. Arsenic in anode copper can be slightly decreased with
increasing temperature when the flux is added. More oxygen is beneficial for the removal
of arsenic from anode copper with CaO addition.
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Abstract: Copper smelting slag usually contains 1–6 wt% copper, which can be recovered by py-
rometallurgical and flotation processes. However, the tailing slags still consist of 0.3–0.7 wt% Cu and
35–45 wt% Fe equivalents to those in the copper and iron ores, respectively. Most of the research
was focused on the recovery of iron from the tailing slags. Copper can increase the mechanical
strength, corrosion resistance and antibacterial property of some steels. A new process to recover
copper and iron directly and fully from hot copper smelting slag is proposed to produce Cu-Fe alloy
for steel production. Effects of flux, temperature, reaction time, reductant type and addition on the
recovery of copper and iron were investigated by high-temperature experiments and thermodynamic
calculations. It was found that, with 5% CaO and 13–16% carbon additions, most of the copper and
iron can be recovered from copper smelting slag at 1350–1400 ◦C. The copper and iron contents of the
reduced slag are lower than 0.1% and 0.5%, respectively, at optimum condition. The new process has
the advantages of low energy consumption, low flux addition and high recovery of copper and iron.

Keywords: copper smelting slag; smelting reduction; Cu-Fe alloy; FactSage

1. Introduction

80% to 90% of copper is produced through a pyrometallurgical process from concen-
trates around the world [1]. Copper smelting slag is a by-product of the pyrometallurgical
process. 2–3 tons slag is generated for producing per ton of copper [2]. Approximately
35.2 million tons were produced globally in 2022 [3]. In the modern smelting process,
copper smelting slag contains 1–6% copper and 35–45% iron [1]. Most of the copper in
the slag is present as entrained matte and can be recovered by the cleaning process [2,4].
Pyrometallurgical cleaning [5–9] and flotation cleaning [10–13] are the main methods to
recover copper from the smelting slag. The tailing slag contains 0.7% Cu from the pyromet-
allurgical cleaning [5–9] and 0.3% copper from the flotation cleaning. In addition, 35–45%
iron in the cleaning slag is not recovered.

The contents of copper (0.3–0.7%) and iron (35–45%) in the cleaning slags are close to
the grades of copper ores and iron ores, respectively. Extensive studies have been conducted
to recover iron from the cleaning slags through reduction process [14–22]. For example, a
tailing copper smelting slag containing 0.24% Cu and 38.23% Fe was used to recover iron
at 1100–1300 ◦C [15]. 16% CaO and 20% coke fines were mixed with the tailing slag and
pelletized for reduction. After reduction, the sample was ground, and the alloy powder
was recovered by magnetic separation. The alloy contained 91% Fe and 0.18% Cu together
with 0.1–0.6% Al2O3, CaO, MgO, Na2O and SiO2. This process used tailing slag powder
for low-temperature reduction, which saved ground and heating energy. However, the
maximum recovery of iron was only 92%, and the alloy cannot be directly used to produce
steel due to the high impurities. Smelting separation at 1500 ◦C was used to remove the
impurities, which increased the cost of the alloy [21]. The smelting reduction at 1500 ◦C
was undertaken with additions of CaO and MgO. The maximum recovery of 90% Fe was
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achieved with 20% CaO and 10% MgO [14]. Copper recovery was not mentioned in these
studies as the Cu content in the slags was low. The smelting reduction can separate the
alloy from the oxide slag completely to obtain a clean product. However, this process did
not consider the recovery of copper, and the smelting conditions such as flux addition
and temperature need to be optimized to increase the recovery of the metals. All copper
smelters have a slag cleaning process to recover copper from the slags. Most of the research
was focused on the recovery of iron from the cold tailing slags. The recovered alloy was
not suitable for general steel production because the copper in the alloy is considered an
impurity in most of the steels. All proposed processes to recover iron from copper cleaning
slags are not commercialized due to the high cost and high level of impurities.

In most of the steels, copper is considered an impurity that induces severe microstruc-
tural distortions in the steel and decreases its tensile strength, impact energy and hard-
ness [23]. On the other hand, it was found that 2.5–4% copper in steel increases the
mechanical strength, corrosion resistance and antibacterial property of steel [24–30]. Cop-
per metal is usually used to produce Cu-containing steels. However, the cost is high to
use high-purity copper, and the distribution of copper in the steel is not uniform, which
limits the applications of the Cu-containing steels. Hao et al. studied the possibility of
producing antibacterial stainless steel from copper cleaning slag via smelting reduction [31].
The optimum condition was found at 1450 ◦C with 20% CaO and 13% carbon additions.
The overall metal recovery was 91.76% at optimum condition. The contents of Cu and Fe
in the reduced slag were 0.015% and 0.29%, respectively. The copper content in the alloy
was 1.65%, which is lower than that required for antibacterial stainless steel. Extra copper
metal needs to be added to the steel production. A new process to recover iron and copper
directly from copper smelting slag is developed in the present study. The molten slag as a
feed can be used in the reduction process to save energy. The new technology omits the
cleaning process and produces a Cu-Fe alloy with high Cu, which can be directly used as a
feed for the production of Cu-containing steels. Effects of the parameters including flux,
temperature, reaction time, reductant type and addition on the recovery of copper and iron
from copper smelting slag are investigated in this study.

2. Materials and Methods
2.1. Materials

The copper smelting slag was provided by a smelter, and the composition of the slag
measured by an XRF (X-ray Fluorescence Spectrometer) is shown in Table 1. The iron in the
slag includes both Fe2+ and Fe3+. For presentation purposes, all iron is expressed as “FeO”.
It can be seen that “FeO” and SiO2 are the main components in the slag. 6.83% Cu2O and
8.52% ZnO are also present in the slag. In the high temperature experiments, coke and
graphite were used as reductants and CaO (analytically pure) was used as a flux.

Table 1. Composition of the smelting slag measured by XRF.

“FeO” MgO CaO SiO2 Al2O3 ZnO Cu2O S

54.67 2.53 3.22 20.54 2.23 8.52 6.83 1.46

2.2. Experiments

The equipment used in this study is shown in Figure 1. The experiments were carried
out in a vertical tube furnace heated by MoSi2 heating elements. A Pt/Pt-13%Rh thermo-
couple inside an alumina sheath was placed in the hot zone of the furnace to accurately
measure the temperature of the sample. The sample, consisting of the required slag, re-
ductant and flux was mixed in an agate mortar for 30 min and pelletized. The pelletized
mixture was placed in a corundum crucible and suspended at the bottom of the furnace.
The furnace was properly sealed, and ultrahigh purity argon was flushed for 30 min to
remove the air inside. The crucible with the mixture was raised from the bottom to the
hot zone of the reaction tube for the required reaction time. The sample was quenched in

98



Metals 2023, 13, 271

water after the reduction was finished. The experimental conditions are shown in Table 2.
Alloy and slag were separated after the reduction and quenching. The compositions of the
alloy and slag were measured by ICP-OES (Inductively Coupled Plasma Optical Emission
Spectrometer; Agilent 5900, Palo Alto, CA, USA), and the microstructures of the quenched
slag were observed by SEM (Scanning electron microscopy; FEI, Hillsboro, OR, USA).
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Figure 1. Schematic diagram of the experimental system used in this study.

Table 2. Experimental conditions.

Exp Slag/g CaO/g Carbon/g C Type Temperature/◦C Time/min

1 10 0.5 1.3 Graphite 1250 120
2 10 0.5 1.3 Graphite 1350 120
3 10 0.5 1.3 Graphite 1450 120
4 10 0.5 1 Graphite 1400 120
5 10 0.5 1.3 Graphite 1400 120
6 10 0.5 1.6 Graphite 1400 120
7 10 0.5 1.4 Graphite 1350 120
8 10 0.5 1.3 Graphite 1400 60
9 10 0.5 1.3 Graphite 1400 120

10 10 0.5 1.3 Graphite 1400 180
11 10 0.5 1 Coke 1400 120
12 10 0.5 1.3 Coke 1400 120
13 10 0.5 1.6 Coke 1400 120

2.3. Thermodynamic Predictions

The thermodynamic software FactSage has been widely used in the fields of mate-
rials and metallurgy [32]. The latest version, FactSage 8.2 (Thermfact/CRCT and GTT-
Technologies), was used in the present study to predict the reactions and plan the ex-
periments. The databases “FactPS“, “FToxid“ and “FTmisc“ were used in the “Equilib”
module. The solution phases selected in the calculations included “FTmisc-FeLQ”, “FTmisc-
CuLQ”, “FTmisc-FeCu”, “FTmisc-MATT”, “FToxid-SLAGA”, “FToxid-SPINC”, FToxid-
MeO”, “FToxid-cPyrA”, “FToxid-WOLLA”, “FToxid-bC2SA”, “FToxid-aC2S”, “FToxid-
Mel_A”, “FToxid-OlivA”.
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3. Results and Discussion

The overall reaction in the present study to recover valuable metals from the copper
smelting slag includes the following:

Slag1(Cu2O, FeOx, SiO2, Al2O3, MgO)(l) + CaO(s) + C(s)→ Cu-Fe(l) +
Slag2(Cu2O, FeOx, ZnO, SiO2, Al2O3, MgO)(l)

Slag1, in the previous studies, is a tailing slag which after cleaning contained little
copper. In the present study, Slag1 is a smelting slag containing relatively more copper.
CaO is a flux that can be added as CaCO3 or CaO. C is a reductant to be added as graphite,
coal or coke. The Cu2O and FeOx in Slag1 can be reduced to form the Cu-Fe alloy. Other
components from Slag1 react with the flux to form Slag2, which is a tailing slag. The
variables in the reaction include the ratios of flux and reductant to Slag1, temperature and
reaction time, which will be discussed in the following sections.

3.1. Control of Liquidus Temperature of Reduced Slag

When the copper smelting slag reacts with carbon, the oxides of copper, iron and zinc
can be reduced to form the Cu-Fe-C alloy, and zinc is vaporized from the condensed system.
Most of sulfur in the slag is also present in the alloy. After reduction, the remaining slag
contains only CaO, MgO, Al2O3 and SiO2. The liquidus temperature of the alloy Cu-Fe-C
is low. It is essential to keep the reduced slag fully liquid to separate the alloy from the
slag completely. The effect of flux addition on the liquidus temperature of the reduced
slag is calculated by FactSage 8.2 and shown in Figure 2. It can be seen that the liquidus
temperature of the reduced slag without flux is 1560 ◦C. Both CaO and MgO can decrease
the liquidus temperature of the reduced slag. 5% CaO can rapidly decrease the liquidus
temperature to 1270 ◦C. If the CaO addition is more than 7%, the slag will enter the CaSiO3
primary phase field and the liquidus temperatures will increase. MgO can only decrease
the liquidus temperatures to 1380 ◦C, showing that CaO is a more effective flux to control
the liquidus temperature of the reduced slag.
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Figure 2. Effect of flux addition on the liquidus temperature of slag.

Figure 3 shows the appearance of the alloy from experiments 1 to 6 in Table 2. It can
be seen from the figure that, after the reduction at 1250 ◦C (Exp 1), both alloy and slag were
not liquid and they were not separated. As the reduction temperature was increased to
1350 ◦C (Exp 2), the alloy was separated from the slag. However, there are still slag and
pores present inside the alloy, indicating that it was not completely melted. A dense alloy
was obtained from experiments 3–6 indicating that the reduction temperature of 1400 ◦C is
suitable to produce a dense alloy.
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Figure 4a shows the typical microstructure of the quenched sample after reduction
at 1250 ◦C. The black phase shown in Figure 4a is graphite, the grey phase is slag, and
the white phase is alloy. It seems that the alloy was not liquid at 1250 ◦C because it did
not separate from the graphite and slag. Figure 4b shows the typical microstructure of the
quenched sample after reduction at 1350 ◦C. It can be seen that the slag was fully liquid at
a high temperature and converted to a homogeneous glass on quenching. The microstruc-
tures shown in Figure 4 confirm the observations shown in Figure 3 and the prediction
shown in Figure 2. With the support of thermodynamic predictions, high temperature
experiments show that only a 5% addition of CaO can decrease the liquidus temperature
of the reduced slag to approximately 1300 ◦C. This result provides the possibility of low-
temperature smelting reduction compared to those (1450–1500 ◦C) previously reported in
the literature [14,31]. 5% CaO addition not only decreases the flux cost but also reduces the
volume of the reduced slag by approximately 30% compared to the previous studies [14,31]
where 20% CaO was added.
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3.2. Effect of Reductant on the Recovery of Copper and Iron

The effect of carbon addition on amounts of the phases during the reduction of the
copper smelting slag was calculated by FactSage 8.2, and the results are shown in Figure 5.
100 g of copper smelting slag was used as a base, and the temperature and CaO addition
were 1400 ◦C and 5%, respectively, for the calculations. It can be seen that the proportion of
the slag phase decreases with increasing carbon addition as “FeO”, Cu2O and ZnO in the
slag were reduced from the slag. As a result, Fe and Cu form an alloy, and Zn vaporizes
as a gas. Zinc can be collected in flue gas as a dust which is an extra advantage of this
technology. According to the prediction, ZnO in the slag is completely reduced with the
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2.5% carbon addition. All iron and copper oxides are reduced with a 14% carbon addition.
Further addition of carbon causes the formation of graphite.
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Figure 5. Effect of carbon addition on the amounts of the phases during reduction at 100g slag,
1400 ◦C and 5% CaO addition.

Figure 6 shows the experimental results on the copper and iron contents remaining in
the reduced slag after reduction at 1400 ◦C with 5% CaO addition. As can be seen from
Figure 6, after reduction by 10% graphite, the copper and iron contents in the remining slag
are 0.14% and 16%, respectively. The copper and iron contents of the remining slag decrease
with increasing carbon addition. As the carbon addition increased to 16%, the copper and
iron in the reduced slag decreased to 0.06% and 0.5%, respectively. The experimental results
confirmed the reductant ratio predicted by FactSage and that reported by Hao et al. [31].
The exact requirement of the reductant depends on the proportions of the reducible oxides
in the slag, the types of the reductants and the reaction temperature.

Metals 2023, 13, 271 7 of 12 
 

 

 

Figure 6. Experimentally determined copper and iron contents in the reduced slag at 1400 °C with 

5% CaO addition. 

Figure 7 and Figure 8 show the effect of carbon type on the copper and iron contents 

in the reduced slags after reduction at 1400 °C and 5% CaO addition. It can be seen from 

Figure 7 that the copper content in the reduced slag decreases with increasing graphite 

and coke additions. The coke (which contains 85% carbon) is a more effective reductant 

than the graphite due to its higher reactivity and surface area. With 13% graphite and coke 

(13% caron equivalent) addition, the copper content in the reduced slag is 0.12 and 0.053%, 

respectively. To decrease the copper content to 0.06%, 16% graphite is required. It can be 

seen from Figure 8 that 13% carbon equivalent coke addition can reduce the iron in the 

slag to 0.2%. The same amount of graphite addition only reduced the iron content in the 

slag to 2.5%. Similarly, more than 16% graphite is required to reduce the iron content in 

the slag to 0.2%. 

 

Figure 7. Effect of carbon type on copper content in the reduced slags after reduction at 1400 °C and 

5% CaO addition. 

10 11 12 13 14 15 16
0.04

0.06

0.08

0.10

0.12

0.14

0.16

C
u
 i

n
 s

la
g

 (
%

)

CuFe

C addition (%)

0

3

6

9

12

15

18

F
e 

in
 s

la
g

 (
%

)

10 11 12 13 14 15 16
0.00

0.05

0.10

0.15

0.20

C
u
 i

n
 s

la
g
 (

%
)

C addition (%)

Graphite

Coke

Figure 6. Experimentally determined copper and iron contents in the reduced slag at 1400 ◦C with
5% CaO addition.

Figures 7 and 8 show the effect of carbon type on the copper and iron contents in
the reduced slags after reduction at 1400 ◦C and 5% CaO addition. It can be seen from
Figure 7 that the copper content in the reduced slag decreases with increasing graphite
and coke additions. The coke (which contains 85% carbon) is a more effective reductant
than the graphite due to its higher reactivity and surface area. With 13% graphite and coke
(13% caron equivalent) addition, the copper content in the reduced slag is 0.12 and 0.053%,
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respectively. To decrease the copper content to 0.06%, 16% graphite is required. It can be
seen from Figure 8 that 13% carbon equivalent coke addition can reduce the iron in the slag
to 0.2%. The same amount of graphite addition only reduced the iron content in the slag to
2.5%. Similarly, more than 16% graphite is required to reduce the iron content in the slag
to 0.2%.
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Figure 7. Effect of carbon type on copper content in the reduced slags after reduction at 1400 ◦C and
5% CaO addition.
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Figure 8. Effect of carbon type on iron content in the reduced slags after reduction at 1400 ◦C and 5%
CaO addition.

3.3. Effect of Temperature on the Recovery of Copper and Iron

The effect of temperature on the copper and iron contents in the reduced slag, predicted
by FactSage 8.2, is shown in Figure 9. From 1350 to 1410 ◦C, the amount of iron in the
reduced slag decreases slowly with increasing temperature. Above 1410 ◦C, the iron content
of the reduced slag decreases rapidly with increasing temperature. In contrast, copper in
the reduced slag increases with decreasing temperature below 1410 ◦C. Above 1410 ◦C,
the copper content of the reduced slag decreases rapidly with increasing temperature. The
increase of copper in the slag can be explained by the sulfur in the slag. It can be seen
from Figure 9 that sulfur in the slag first increases and then decreases with increasing
temperature. When the sulfur is high in the slag, the chemical bond Cu-S is strong, which
affects the reduction of copper from the slag.
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Figure 9. Effect of temperature on the copper and iron contents in the reduced slag, predicted by
FactSage 8.2: 13% carbon and 5% CaO.

Figure 10 shows the experimental results about the effect of temperature on the
copper and iron contents in the reduced slag with 5% CaO and 13% graphite. It can be
seen that the iron content of the slag decreases slowly at lower temperatures and fast at
higher temperatures, which shows the same trend as that predicted by FactSage. In the
temperature range investigated (1350–1450 ◦C), copper in the slag continuously increases,
which is different from that predicted by FactSage as shown in Figure 9. An optimum
temperature should be selected to maximize the recovery of copper by considering the
liquidus temperatures of the alloy and slag and the copper content in the reduced slag.
Hao et al. [31] reported that the copper content in the reduced slag decreased from 1400
to 1450 ◦C and then increased from 1450 to 1500 ◦C, followed by a decrease from 1500 to
1550 ◦C. They also reported that the iron content of the reduced slag increased from 1400
to 1500 ◦C, followed by a decrease from 1500 to 1550 ◦C, but the reasons for the observed
trends were not mentioned.
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Figure 10. Effect of temperature on the copper and iron contents in the reduced slag by experiments,
5% CaO and 13% graphite.

3.4. Effects of Reduction Time on the Recovery of Copper and Iron

The effect of reduction time on the copper and iron contents in the reduced slag was
studied by experiments at 1400 ◦C with 5% CaO addition and 13% graphite. As can be seen
from Figure 11, the copper and iron contents of the slag decrease with increasing reduction
time. It seems that the reduction of copper approached equilibrium because thre was only
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a small decrease in the copper content from 120 min to 180 min. On the other hand, the
iron content in the slag continuously decreases, indicating that the reduction of iron did
not reach equilibrium in 180min. A proper reaction time is determined economically, as a
long reaction time increases the fuel cost and reduces productivity. Heo et al. [14] reported
that the iron content in the reduced slag decreased linearly with the reaction time up to
60 min which showed the same trend as the present study. However, in the study of Hao
et al. [31], the contents of copper and iron in the reduced slag showed a fluctuating upward
trend with the reaction time between 15 and 60 min.
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Figure 11. Effect of reduction time on the copper and iron contents in the reduced slag at 1400 ◦C, 5%
CaO and 13% graphite.

Laboratory research is a systematic study to identify the optimum conditions to
maximize the recovery of valuable metals from the copper smelting slag with a minimum
cost. Copper smelting slag is around 1200 ◦C when it is tapped from the smelting furnace.
In most of the smelters, the slag is slow-cooled and ground to recover copper through a
flotation process. The previous research was focused on the recovery of metals (mainly iron)
from the tailing slag. In the present study, a novel process is proposed to recover valuable
metals directly from the hot copper smelting slag. This process does not need a flotation
plant and fully uses the heat from the molten slag. In one single step, copper, iron and zinc
can be recovered through smelting and reduction. The present study demonstrates that the
optimum conditions to achieve a good recovery of the metals from the copper smelting
slag include 5% CaO and 13–16% carbon additions, 1350–1400 ◦C, and a 60 min reaction.
These conditions are specifically for the as-received copper smelting slag and available
flux and reductants. In an industrial operation, maximum recovery is not the target, and
economic factors need to be taken into account. For example, higher temperatures and
longer reaction times can increase the recovery but also increase the cost of the fuel and
refractory. The optimum conditions in the laboratory study may not be the best when they
are applied to an industrial operation. The research is only used as a guideline to support
the industry in adjusting the operating parameters to maximize the economic benefits.

4. Conclusions

Cu-Fe alloy has wide applications in the production of Cu-containing steels. A new
process to produce Cu-Fe alloy directly from hot copper smelting slag. Effects of flux,
temperature, reaction time, reductant type, and amount on the recovery of copper and iron
were studied by thermodynamic calculations and high temperature experiments. Optimal
flux and reductant additions have been determined. High temperatures decrease the iron
content but increases the copper content in the slag. Coke is a better reductant than graphite
to reduce copper and iron from the slag. In optimal conditions, over 99% of copper and
iron can be recovered from the copper smelting slag. Zinc in the slag can also be recovered
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from the dust. The proposed process has the potential to replace the existing slag cleaning
plant in the copper smelter to produce a Cu-Fe alloy suitable for steel production.
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Abstract: Modern blast furnaces with extensive operational volume demand better-quality iron
agglomerates as feed for stable operation. Sinter is the principal feed used in blast furnaces across
Asia. Liquid generated during the sintering process plays an essential role in the coalescence of the
sinter blend and in sinter quality. Therefore, an estimation of liquid properties at peak bed conditions
during sintering helps manage sintering liquid behaviour, leading to better control of final sinter
properties. In this study, three different iron sinters were reheated to sinter bed conditions, followed by
quenching. Electron probe X-ray microanalysis (EPMA) was used to identify the resultant phases and
quantify their chemical compositions. The impact of sinter bulk compositions was analysed, especially
on sintering liquid properties. Furthermore, experiments were conducted to study the softening
and melting behaviour of the sinters, and the cohesive range of the sinters was identified. Finally,
the effect of the sinter bulk compositions on sintering liquid properties and softening behaviour
is detailed.

Keywords: sinter; sintering liquid; EPMA; sinter softening behaviour

1. Introduction

Steel is an important alloy used in our daily lives, spanning households to space
technology. The predominant means of steel production are through basic oxygen furnaces
(BOF). The blast furnace route produces the principal amount of the total hot metal used
as raw material in BOF [1]. Efficient blast furnaces with extensive operational volume
are competitive, mainly because of the economies of scale, operational continuity, and no
colossal electricity consumption. Moreover, as the blast furnaces are becoming taller and
broader with increased operating volume, the demand for good quality feed withstanding
the harsh environment inside the blast furnace is rising, leading to increased adoption
of agglomeration techniques for preparing blast furnace feed [2]. Agglomerates, such as
sinters and pellets, have become significant, mainly due to their mechanical reliability and
suitability for large-scale production [1,2].

Despite its competitive operation, the blast furnace unit is the foremost contributor
of CO2 equivalent emissions in a steel plant. Therefore, in addition to pulverised coal
injection and other techniques to increase the ore/coke ratio, there is also a significant effort
to control the slag volume. As sinters are the predominant feed for blast furnaces across
Asia, sinters generating low-FeO containing slags on reduction are increasingly preferred
so as to have a higher softening start temperature and a narrow cohesive zone, and slags
containing low-FeO and higher basicity have reduced adhesion to the iron surface, leading
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to the latter’s increased carburisation. In addition, the increased gangue content in sinters
increases the melt-down temperature, expanding the cohesive zone [3].

To achieve lower slag content, when Al2O3 content and FeO content were reduced
in sinters, an improvement in shaft efficiency of the blast furnace was observed using a
blast furnace inner reaction simulator [4]. Here, the silica content was also reduced to
compensate for the excess melt generated during sintering due to the reduced alumina
content. The silica content is vital in melt/liquid formation during sintering. The increase
in silica content helps reduce the liquid formation temperature and thereby increases the
amount of liquid formed when the peak sinter bed temperature is reached [5,6]. However,
higher silica content increases the FeO content in the final sinter as more of 2FeO.SiO2
is formed, blocking FeO reoxidation [7]. The challenge for sinter plants is to produce
low-silica and low-FeO sinters without compromising final sinter properties. Reduction
properties of the sinter can be improved by controlling the liquid formation during sintering
as the sintering liquid not only agglomerates the blend but also plays an essential role
in sinter mineralogy and pore structure [4]; better control of sintering liquid properties
helps the sinter plants to produce high-quality sinters, even when using economic and
low-grade ores.

Before preparing the above-mentioned new sinters, the behaviour of current sinters
with respect to their bulk compositions needs to be assessed, especially, the amount of
sintering liquid generated at peak bed conditions should be estimated. The research
published so far primarily focused on the impact of sinter blend properties on final sinter
properties using micro-sintering experiments. There are only a few publications on liquid
formation during sintering [8–12], however, the details regarding the sintering liquid
properties published so far were qualitative, focusing on changes in height or the cross-
sectional area of the sintered sample upon temperature variance to calculate the liquid
properties. The data regarding these phases and phase compositions present at peak bed
conditions were simulated using FactSage [6,12,13].

The current study obtained three sinters with a stable blast furnace operation from
a steel plant. These sinters were reheated to peak sinter bed conditions in a tube furnace,
followed by quenching to analyse the phases and phase compositions present and calcu-
late the sintering liquid properties. Apart from sintering liquid properties, assessing the
softening and melting behaviour of the above sinters is also needed to ascertain or judge
the new sinter behaviour in the blast furnace, as sinters with very high reducibility tend
to coagulate, leading to increased melting temperatures [14]. Therefore, the softening and
melting experiments of the three sinters were conducted, and the softening start and end
temperatures and the melting temperature were calculated based on the displacement
changes in the sandwich bed with the rise in temperature [15]. This study helps understand
the effect of sinter bulk compositions on sintering liquid generated at peak bed conditions.
Understanding and controlling sintering liquid properties help control the required final
sinter compositions. In addition, analyses of softening and melting behaviour of the current
sinters with stable blast furnace operation help determine or adjust the feed-ratio and
operational conditions of the blast furnace to prevent coagulation and have a permeable
cohesive layer while using new sinters generating low-slag volume.

2. Materials and Methods
2.1. Reheating of Sinters

The sinters were reheated to peak sinter bed conditions in a vertical tube furnace
heated by LaCrO3 elements. The temperature in the pre-determined hot zone of the furnace
was relatively stable, with a variation of less than 2 K (2 ◦C). The details of the tube
furnace, including a schematic diagram, are shown elsewhere [16]. Based on industry data,
the peak sintering temperature was set to 1300 ◦C, and the oxygen partial pressure was
maintained at approximately 0.01 atm by passing pure argon mixed with 1% O2 gas for
the reheating experiments. Sinters used in these experiments were sourced from different
sinter plants. The sinter samples were named S1, S2, and S3. In sinters, ferrous iron content
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was determined by titration, and the rest of the compositions were determined by X-ray
fluorescence. Fe2O3 was calculated by removing ferrous iron from total iron. The significant
compositions were normalised and detailed in Table 1.

Table 1. Sinter samples used in the present study along with their bulk compositions.

Sinter
Composition (wt.%)

Fe2O3 FeO CaO SiO2 Al2O3 MgO

S1 74.7 7.8 9.0 5.0 1.9 1.6

S2 72.3 8.4 10.6 5.4 1.8 1.5

S3 67.8 8.6 12.6 6.8 2.2 2.0

The sinter samples were powdered and mixed using mortar and pestle for uniformity,
and then the powder was pressed into pellets around 5 × 5 × 5 mm3 by applying pressure.
Next, the sample was placed in a basket made of Kanthal wire and raised to the hot zone of
the furnace. The sinters were held in the hot zone at a temperature of 1300 ◦C for 10 min
and then quenched directly into the water container by displacing the removable glass end
at the bottom of the tube furnace. After drying, the quenched sample was mounted with
epoxy resin and then polished and carbon-coated for electron probe X-ray microanalysis
(EPMA). To further understand the sintering liquid behaviour, the peak temperature was
varied from 1250 ◦C to 1350 ◦C, and the holding time was varied from 10 min to 60 min for
sinter S2.

2.2. Sinter Softening Experiments

The softening experiments were carried out by applying a specific load on the bed
under controlled atmospheres in a Pyrox furnace with LaCrO3 heating elements, which
is shown in Figure 1. The quantifying of the softening behaviours were determined by
the bed contraction rate, which is the ratio of the sample bed thickness on heating to its
original thickness [15]. The load was selected to be 1 kg/cm2, and a gas mixture of Ar and
CO (30% CO + 70% Ar) was used. The samples were heated at a constant ramping rate of
300 ◦C per hour, with isothermal holding at 950 ◦C for 10 min to simulate the blast furnace
thermal reserve zone.

The furnace tube and the upper chamber were sealed in a gas-tight condition.
Two independent gas flow circuits were used to suppress heat transfer and protect the laser
displacement sensor in the upper chamber from high temperatures. A graphite crucible
with holes drilled in the bottom was placed on a supporting alumina platform. An alumina
tube was used to support the crucible to be located within the hot zone of the furnace, and
a B-type thermocouple was inserted into the tube to monitor the temperature continuously.

Within the graphite crucible, the sandwich bed structure comprised two layers of 2 cm
coke at the bottom and top, with 4 cm iron ore samples in the middle. The displacement
changes to the sandwich bed (sample bed) were recorded with the help of the laser. The
laser displacement sensor was fixed on a movable platform in the upper chamber. The
change in sample bed height containing only coke that was 4 cm thick coke layer without
any iron feeds was considered as the baseline curve for the softening experiments.

2.3. Characterization

The sinter phase and composition were characterised using a JXA 8200 electron probe
X-ray microanalyser (EPMA) (from Japan Electron Optics Ltd., Tokyo, Japan) with wave-
length dispersive detectors (WDD). An accelerating voltage of 15 kV and probe current
of 15 nA was used. The standards used are hematite (Fe2O3), wollastonite (CaSiO3), and
spinel (MgAl2O4). The measurement time for Fe was 60 s on peak and 15 s on background,
and other elements (Ca, Si, Mg, Al) were measured for 40 s on peak and 10 s on background.
Metal cation measurements were adjusted to selected oxidation states. Under experimental
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conditions in this study, there may be both Fe2+ and Fe3+ present in the samples, but all
iron concentrations are univocally presented as Fe3+ for a clear-cut explanation.

Figure 1. Schematic diagram of Pyrox furnace used for softening and melting test along with the
sandwich bed containing coke and sinters, and laser displacement sensor.

3. Results & Discussion
3.1. Reheated and Quenched Sinter Analysis
3.1.1. Analysis of Phases and Phase Composition of the Three Sinters

Phase compositions were assessed at 80 points for each phase in the reheated and
quenched sample. The average composition of each phase is presented in Table 2. Typical
microstructures of the reheated sinter samples quenched from 1300 ◦C are shown in Figure 2.
The two phases present at the peak temperature are indicated, where ‘L’ is the liquid phase,
and ‘H’ is hematite. We could see that a more liquid phase appears from S1 to S3 because of
more SiO2 and CaO content in the sinter composition. The compositions of the liquid phase
and hematite are presented in Table 2. There is no silica content present in the hematite.
The phase proportions are calculated as per Equation (1); the liquid basicity is the ratio of
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CaO/SiO2, and the viscosity of the liquid at 1300 ◦C is estimated by FactSage 7.3, based on
liquid compositions from EPMA, and is included in Table 2.

Liquidphaseproportion =
Silicacontentinsinterbulk

Silicacontentinsinterliquid
× 100% (1)

Table 2. Phases and phase compositions present upon reheating the three sinters at 1300 ◦C for
10 min and Po2 of 0.01 atm, followed by quenching and EPMA.

Composition (wt.%)

Sinter Phase Fe2O3 CaO SiO2 Al2O3 MgO Phase Proportion (%) Liquid Basicity Viscosity (Poise)

S1
Sintering liquid 38.4 31.3 28.9 1.3 0.1 17.3 1.1 2.43

Hematite 96 2.2 0 1.4 0.4 82.7 N/A N/A

S2
Sintering liquid 49.7 31.9 14.8 3.3 0.3 36.5 2.2 1.03

Hematite 95.7 2.3 0 1.6 0.4 63.5 N/A N/A

S3
Sintering liquid 49.7 32.7 13.5 3.7 0.4 50.4 2.4 0.99

Hematite 94.9 2.6 0 1.7 0.8 49.6 N/A N/A

Figure 2. Microstructural BSE images of various reheated sinters quenched from 1300 ◦C. Microstruc-
ture (A) S1, (B) S2, and (C) S3. All samples comprise the hematite (H) and liquid phase (L).

The sintering liquid basicity and liquid proportion increased, and the liquid viscosity
decreased from S1 to S3, as shown in Figure 3. In comparison to the bulk properties of the
three sinters, the sinter basicity increased from S1 to S2 and then decreased, whereas the
silica content and ferrous iron content increased from sinters S1 to S3. The rise in silica, FeO,
and the lowering of alumina in sinter bulk (compositions detailed in Table 1) contributed
to a more than doubling of liquid proportion from S1 to S2. Despite the rise in alumina
content from S2 to S3, the significant increase in silica content contributed to the rise in
liquid proportion from S2 to S3.

3.1.2. Effect of Peak Temperature

Experiments were carried out to analyse the impact of variation of the peak operating
temperature on sinter liquid. The microstructures of reheated S2 samples are presented in
Figure 4. The phases present and their compositions upon reheating and quenching are
shown in Table 3.
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Figure 3. Sintering liquid properties of the three sinters upon reheating and quenching with respect
to sinter bulk compositions.

Figure 4. Microstructural BSE images of reheated sinter ‘S2’ at varied peak temperatures. (a) 1250 ◦C,
(b) 1300 ◦C, and (c) 1350 ◦C.
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Table 3. Phases and phase compositions present in sinter ‘S2’ upon reheating at 1250 ◦C, 1300 ◦C,
and 1350 ◦C, followed by quenching and EPMA.

Composition of Liquid (wt.%)

Peak
Temperature (◦C)

Holding
Time (min) Phase Fe2O3 CaO SiO2 Al2O3 MgO Phase

Proportion (wt.%)
Liquid

Basicity
Viscosity
(Poise)

1250 10
Sintering

liquid 44.3 32.0 20.5 3.2 0.1 26.4 1.6 1.90

Hematite 97.4 1.1 0.0 1.3 0.2 73.6 N/A N/A

1300 10
Sintering

liquid 49.7 31.9 14.8 3.3 0.3 36.5 2.2 1.03

Hematite 95.7 2.3 0 1.6 0.4 63.5 N/A N/A

1350 10
Sintering

liquid 51.2 31.8 13.2 3.7 0.2 41.0 2.4 0.74

Hematite 94.0 2.9 0.0 1.4 1.6 59.0 N/A N/A

Figure 4 shows the presence of sintering liquid and hematite upon reheating and
quenching at 1250 ◦C, 1300 ◦C, and 1350 ◦C. The microstructures show an increase in the
liquid phase and further deformation of hematite with the temperature rise. Analyses of
liquid and hematite compositions in Table 3 show the increase of Fe2O3 in sinter liquid and
a decrease of hematite with a temperature rise from 1250 to 1350 ◦C. In contrast, the SiO2
amount decreased in the liquid phase with the temperature rise. Therefore, the calculated
liquid proportion and liquid basicity increased as the temperature increased, whereas the
liquid viscosity decreased, as shown in Figure 5. This varied peak temperature and liquid
proportion estimation help control the liquid proportion while preparing the low-silica and
low-FeO sinters.

Figure 5. Variation of sinter liquid properties with varied reheating temperatures.
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3.1.3. Effect of Holding Time

Experiments were carried out to analyse the impact of varied holding times on sinter
liquid. The microstructures of reheated and quenched S2 samples are presented in Figure 6.
The phases present and their compositions are shown in Table 4.

Figure 6. Microstructural BSE images of reheated S2 sinters at different holding times. (a) 10 min,
and (b) 60 min.

Table 4. Phases present and phase compositions in sinter ‘S2’ upon reheating for two different
holding times of 10 min and 60 min at 1300 ◦C.

Composition of Liquid (wt.%)

Peak
Temperature (◦C)

Holding
Time (min) Phase Fe2O3 CaO SiO2 Al2O3 MgO Phase

Proportion (wt.%)
Liquid

Basicity
Viscosity
(Poise)

1300 10
Sintering

liquid 49.7 31.9 14.8 3.3 0.3 36.5 2.2 1.03

Hematite 95.7 2.3 0 1.6 0.4 63.5 N/A N/A

1300 60
Sintering

liquid 49.0 32.0 15.8 3.1 0.1 34.3 2.0 1.07

Hematite 96.1 2.2 0.0 1.2 0.5 65.7 N/A N/A

On varying the holding time from 10 min to 60 min at 1300 ◦C, while the liquid
viscosity increased from 1.03 poise to 1.07 poise, which is a minor change, the Fe2O3 content
decreased from 49.7% to 49% in the liquid phase, and the liquid basicity decreased from
2.2 to 2.0. The variation with increased holding time on liquid properties is very minimal,
showing the sample was in near equilibrium for a holding time of 10 min at 1300 ◦C.

3.2. Softening Behaviour of Sinters

As the temperature increased, the sample bed initially expanded during the softening
tests, and then there was a continuous contraction. The present study defines the tem-
perature at 0% displacement contraction as the softening starting temperature (Ts). At
40% displacement contraction, the temperature is defined as the softening ending tem-
perature (Te). Finally, the temperature at 100% displacement contraction is defined as the
melting temperature (Tm) [15]. The softening and melting temperatures are represented in
Graph A in Figure 7 by considering the S1 curve. The three sinters’ and coke’s displacement
contraction curves are shown in Graph B in Figure 7.
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Figure 7. Graph (A) indicates the softening and melting temperature at the respective displacement
percentage for sinter S1. Graph (B) shows the sinter softening and melting behaviour with initial
expansion followed by continuous contraction for the three sinters, S1, S2 and S3.

The softening temperature range is the difference between the softening ending temper-
ature and softening starting temperature (Te-Ts). The cohesive zone range is the difference
between the melting and softening starting temperatures (Tm-Ts). Therefore, as the sample
expands and then contracts back to the initial position, then the temperatures of Ts followed
by Te and Tm are calculated at the corresponding displacement percentage. The softening
and cohesive range for the three different sinters are detailed in Table 5.

Table 5. Softening and melting temperatures of the sinters S1, S2, and S3 along with softening and
cohesive range.

Sample
Softening Starting

Temperature
(Ts, ◦C)

Softening
Ending

Temperature
(Te, ◦C)

Melting
Temperature

(Tm, ◦C)

Softening
Temperature Range

(Te-Ts, ◦C)

Cohesive Range
(Tm-Ts, ◦C)

S1 1205 1333 1479 128 274

S2 1209 1335 1527 126 318

S3 1178 1334 1518 128 340

The sinters should have a higher softening starting temperature and a lower melting
temperature, resulting in a narrow cohesive zone for the efficient functioning of the blast
furnace. Although the three sinters are currently used as blast furnace feed, on conducting
the softening and melting experiments and measuring the cohesive range among these
sinters, S1 has the narrowest cohesive range, while S3 has the broadest. In addition, S3,
the sinter with the highest FeO content and silica content among the three sinters, has the
lowest softening start temperature and the highest melting temperature.

3.3. Correlation of Sinter Liquid Properties to Sinter Softening Properties

Understanding sinter bulk compositions on sinter softening behaviour is essential in
preparing sinters with higher softening start temperature, low-FeO containing slags on
reduction, and a narrow cohesive zone. In addition, the estimation of phases present and
phase compositions at peak sinter bed conditions is vital, as the sintering liquid phase
properties play a crucial role in the final sinter morphology. Once the sintering liquid
properties were determined by reheating and quenching the sinters, it was followed by
the sinters’ softening and melting behaviour analyses. Finally, the impact of sinter bulk
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compositions and gangue content ((CaO + MgO + SiO2 + Al2O3)/TFe) [3] on sinter cohesive
zone behaviour was analysed and correlated to the sinter liquid behaviour in Figure 8.

Figure 8. Correlation of sintering liquid proportion and sinters gangue content with the sinters
cohesive range.

The liquid proportion, gangue content, and cohesive range have increased from S1 to
S3. Though the rise in gangue content from S1 to S2 was lower compared to the increase
from S2 to S3, as shown in Figure 8, the liquid phase proportion more than doubled from S1
to S2, and the increased silica, calcia, and FeO contents along with decreased alumina in the
sintered bulk, as detailed in Table 1, contributed to this. Despite an increase in the softening
starting point from S1 to S2, as shown in Table 5, the significant rise in liquid proportion
might have led to an increased glass phase in the sinters, resulting in the generation of
viscous slags containing higher FeO, causing coagulation, and therefore leading to an
increase in the melting point of S2. Additional increases in silica, calcia, and FeO contents in
S3 showed a further rise in the liquid phase proportion. In S3, the liquid phase proportion
was nearly 50% at the peak temperature of 1300 ◦C. It is far beyond the optimal liquid phase
required; this resulted in a lower softening starting temperature and further broadening of
the cohesive range from S2 to S3. This correlation shows the necessity of controlling the
sintering liquid behaviour to achieve better sinter properties.

4. Conclusions

The sinters’ reheating and quenching experiments determined the phases and phase
compositions present at the peak sinter bed conditions. The liquid basicity and the liquid
proportion increased with an increase in silica content in sinter bulk. Apart from that, the
liquid phase proportion increased on increasing the peak operational temperature.

As the gangue content increases in the sinters, broadening/widening of the cohesive
range is observed, detrimental to blast furnace efficacy. This suggests that though an
optimal liquid phase is needed to bind the blend, the excess liquid raises the gangue content
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in sinters, resulting in high-FeO containing slags on reduction, apart from increasing the
glass phase and increased sinter returns generation.

This research is a primary step in exploring the relationship between sintering liquid
properties, sinter bulk properties, and softening properties. This study helps better under-
stand the sintering liquid behaviour at peak temperature, which impacts the final sinter
morphology, thereby the reduction behaviour of the sinters.
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Abstract: With the raw materials for ironmaking becoming increasingly complex, more accurate
phase equilibrium information on the slag is needed to refine the blast furnace operation to reduce
the energy cost and CO2 emissions. CaO-SiO2-Al2O3-MgO is a basic system of ironmaking slag in
which CaO and MgO mainly come from the flux, SiO2 and Al2O3 are mainly from raw materials. The
effect of flux additions on the phase equilibrium of the slag can be described by a pseudo-ternary
system CaO-MgO-(Al2O3+SiO2) at a fixed Al2O3/SiO2 ratio of 0.4. Liquidus temperatures and
solid solutions in the CaO-MgO-Al2O3-SiO2 system with Al2O3/SiO2 weight ratio of 0.4 have been
experimentally determined using high temperature equilibration and quenching techniques followed
by electron probe microanalysis. Dicalcium silicate (Ca2SiO4), cordierite (2MgO·2Al2O3·5SiO2), spinel
(MgO·Al2O3), merwinite (3CaO·MgO·2SiO2), anorthite (CaO·Al2O3·2SiO2), mullite (Al2O3·SiO2),
periclase (MgO), melilite (2CaO·MgO·2SiO2-2CaO·Al2O3·SiO2) and forsterite (Mg2SiO4) are the
major primary phases in the composition range investigated. A series of pseudo-binary phase
diagrams have been constructed to demonstrate the application of the phase diagrams on blast
furnace operation. Composition of the solid solutions corresponding to the liquidus have been
accurately measured and will be used for the development of the thermodynamic database.

Keywords: phase equilibria; liquidus temperature; CaO-MgO-Al2O3-SiO2 system; blast furnace
slag; basicity

1. Introduction

Due to the shortage of high-grade iron ore resources and the increasingly fierce competi-
tion in the steel market, many steel enterprises face the use of low-quality raw materials [1].
However, a variety of negative problems, including incomplete separation of slag and hot
metal, difficult tapping of the slag from the blast furnace and inefficient reaction between slag
and hot metal, can happen when using low-quality raw materials [2–4]. On the other hand, a
modern blast furnace with automatic operating system can adjust the parameters accurately
if the required information is available. Hence, more accurate slag phase equilibrium infor-
mation should be provided for modern blast furnaces to treat complex raw materials [5–7].
The oxide system CaO-MgO-Al2O3-SiO2 forms a base for ironmaking slags. SiO2 and
Al2O3 are mainly from raw materials such as iron ores, coke and coal. CaO and MgO are
mainly added as flux to adjust the slag composition to obtain the required properties.

Phase equilibrium information of the CaO-MgO-Al2O3-SiO2 system has been studied
by many scholars [8–23]. Slag Atlas summarized the CaO-MgO-Al2O3-SiO2 system based
on the earlier studies [24]. The phase diagrams reported were presented in the form of CaO-
MgO-SiO2 pseudo-ternary sections at fixed Al2O3 concentrations [10] or Al2O3-CaO-SiO2
pseudo-ternary sections at fixed MgO concentrations [11–13]. Due to the limitations of the
experimental techniques, earlier studies [8–14] only determined the liquidus temperatures
without the composition of the solid solutions. Significant differences were also observed

121



Metals 2023, 13, 224

between the reported results [9,10,14]. With the development of the ironmaking tech-
niques, previous phase diagrams are not enough to provide accurate operation guidelines.
CaO/SiO2 is usually fixed for a given blast furnace to obtain stable liquidus temperature of
the slag and sulfur removal. Phase equilibria in the (CaO+SiO2)-MgO-Al2O3 system have
been investigated recently at fixed CaO/SiO2 weight ratios of 0.9, 1.1, 1.3 and 1.5 [15–18].
With this information, MgO addition corresponding to the Al2O3 concentrations in the slag
can be adjusted to maintain the stable liquidus temperatures. When a blast furnace has a
stable supply of the raw materials, the Al2O3/SiO2 weight ratio in the slag is relatively fixed.
Addition of CaO and MgO in different ratios and amounts can confer different properties of
the slag including liquidus temperature and sulfur capacity. The existing phase diagrams
summarized above cannot provide the detailed phase equilibrium information for various
CaO and MgO additions. In addition, powerful thermodynamic software such as Fact-
Sage [25] and Thermo-Calc [26] have been developed to predict liquidus temperatures of
the slags. It was found that there are still differences between the experimental results and
the predicted results, indicating that the thermodynamic database needs to be optimized.
Experimentally determined liquidus temperatures and corresponding compositions of
the solid solutions can provide accurate data to support the development of a reliable
thermodynamic database.

In this study, the phase equilibria of the CaO-MgO-Al2O3-SiO2 system at a fixed
Al2O3/SiO2 weight ratio of 0.4 were experimentally investigated using a high-temperature
equilibration, quenching and electron probe microanalysis (EPMA) method. Effects of
the flux ratio MgO/CaO and quaternary basicity (CaO+MgO)/(Al2O3+SiO2) on liquidus
temperature will be discussed. The experimental results will be compared with FactSage
predictions to evaluate the existing thermodynamic database.

2. Experimental

The experimental procedure includes sample preparation from pure chemicals, high-
temperature equilibration, and analyses of the microstructures and compositions of the
phases present in the quenched samples. The experiments were first planned based on
the available information, including low-order phase diagrams, FactSage predictions and
preliminary experiments. High purity powders of Al2O3, SiO2, MgO and CaCO3 were
weighed and mixed according to the experimental plan and pelletized. An approximately
0.2 g pellet was placed in a graphite crucible (inner diameter 5 mm and height 5 mm).
Equilibration experiments were carried out in a vertical tube furnace (recrystallized alu-
mina as a reaction tube, 30 mm inner diameter). The graphite crucible, which contained
the pelletized mixtures was suspended using a platinum wire (0.5 mm diameter). Ar-
gon gas (flow rate: 500 mL/min) was passed through the furnace during the experi-
ment to avoid oxidization of the crucible. The sample was pre-melted at a temperature
20–50 ◦C higher than the equilibration temperature for 30 min. Then the temperature was
lowered to the desired temperature and kept for a time sufficient to achieve equilibrium.
The equilibration usually took from 2 to 12 h, depending on the viscosity of the slag, which
is related to the composition and temperature. For example, a shorter time was employed
at higher temperatures or with lower-silica slag. Several steps were taken to ensure the
equilibrium was reached in the system. First, preliminary experiments were carried out
for different periods at the beginning of the project. The sufficient time was determined
by the same phase compositions obtained over the reaction period. The actual reaction
time was always much longer than that from the preliminary experiments. Second, uni-
form microstructure and liquid composition from different areas of the quenched sample
confirmed the equilibrium. Third, self-consistence of all experimental data was checked to
confirm the equilibrium.

After equilibration, the sample was dropped into water directly to attain rapid cooling.
The quenched samples were mounted in epoxy resin, polished and carbon-coated for
electron probe microanalysis (EPMA). A JXA 8200 (Japan Electron Optics Ltd., Tokyo,
Japan) Electron Probe Microanalyser with Wavelength Dispersive Spectroscopy (WDS,
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Japan Electron Optics Ltd., Tokyo, Japan) was used for microstructural and compositional
analyses. The EPMA was operated at an accelerating voltage of 15 kV and a probe current
of 15 nA. The beam size was set to “0 µm” to accurately measure the composition of an area
larger than 1 µm. The ZAF (Z is atomic number correction factor, A is absorption correction
factor, and F is fluorescence correction factor) correction procedure was applied for the data
analysis. The standards used for EPMA included alumina (Al2O3) for Al, magnesia (MgO)
for Mg, and wollastonite (CaSiO3) for Ca and Si. These standards were provided by Charles
M Taylor Co., Stanford, CA, USA. The average accuracy of the EPMA measurements was
within ±1 wt%.

On rapid cooling, the liquid phase in the equilibrated sample was converted to
homogeneous glass and the solid phases were retained in their shapes and composi-
tions. The homogeneity of the phases can be confirmed by the EPMA measurements
in different areas of the quenched sample. Usually, 8–20 points of the liquid phase and
3–5 points of the solid phase were measured from different areas by EPMA. The samples
with the standard deviation of the phase compositions less than 1% were accepted for
phase diagram construction.

FactSage 8.2 [25] was used for the thermodynamic calculations that are compared
with the experimental results. The databases of “FactPS” and “FToxid” were used in the
“Equilib” module. The solution phases selected in the calculations were “FToxide-SLAGA”,
“FToxide-SPINC”, “FToxide-MeO_A”, “FToxide-bC2S”, “FToxide-aC2S”, “FToxide-Mel”,
“FToxide-WOLLA, “FToxide-OlivA” and “FToxide-Mull”.

3. Results and Discussion
3.1. Description of the Pseudo-Ternary Section

Proper presentation of the multi-component phase diagram is essential for easy use
by industrial operators and academic researchers. Figure 1 shows the presentation of the
pseudo-ternary phase diagram CaO-MgO-(Al2O3+SiO2) at a fixed Al2O3/SiO2 weight ratio
of 0.4. The end members of the pseudo-ternary section are CaO, MgO and (Al2O3+SiO2)
with a fixed Al2O3/SiO2 weight ratio of 0.4 in the liquid. This Al2O3/SiO2 weight ratio
was selected based on the average compositions of the current blast furnace slags from
Shougang [27]. The selection of CaO and MgO as the end members enables us to discuss
the effect of flux composition on slag phase equilibrium.
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The microstructures and phase compositions of the quenched samples were deter-
mined by EPMA. Anorthite (CaO·Al2O3·2SiO2), cordierite (2MgO·2Al2O3·5SiO2), dical-
cium silicate (Ca2SiO4), melilite (2CaO·MgO·2SiO2-2CaO·Al2O3·SiO2), merwinite
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(3CaO·MgO·2SiO2), MgO, mullite (3Al2O3·2SiO2), spinel (MgO·Al2O3) and forsterite
(2MgO·SiO2-2CaO·SiO2) were observed in the quenched samples. Typical backscattered
SEM micrographs of the quenched samples are shown in Figure 2a–f. Figure 2a–e show the
coexistence of liquid with anorthite, cordierite, spinel, Mg2SiO4 and melilite, respectively.
Figure 2f–h show the coexistence of liquid with anorthite and Mg2SiO4, melilite and spinel,
MgO and merwinite, respectively. It can be seen from the figures that rapid cooling enabled
the liquid to be converted to the uniform glass. All solid phases have a sharp edge and
large enough size for EPMA measurements.
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Initial compositions of the sample used in the high temperature experiments was
presented in Table A1. The compositions of the phases measured by EPMA are given
in Table A2 (weight%) and Table A3 (mol%). The experimental data from previous
studies [15–18,23] using the same technique are also present in the Table A1. The compo-
sitions of the anorthite, dicalcium silicate, merwinite, MgO, mullite, forsterite and spinel
are close to their stoichiometry with limited solid solutions. Melilite is the solid solution
between akermanite (2CaO·MgO·2SiO2) and gehlenite (2CaO·Al2O3·SiO2). Cordierite is
the solid solution between 2MgO·2Al2O3·5SiO2 and 2CaO·2Al2O3·5SiO2. The solubilities
of the solid phases are summarized below:

Anorthite (CaO·Al2O3·2SiO2): contains 24.5–25.3 mol% CaO, 0.3–1.1 mol% MgO,
23.1–24.7 mol% Al2O3 and 49.8–51.3 mol% SiO2. The SiO2/(Al2O3+CaO+MgO) molar ratio
is around 1.0 in the anorthite.

Dicalcium silicate (Ca2SiO4): up to 3.7 wt% MgO is present in the dicalcium silicate,
the (CaO+MgO)/SiO2 molar ratio varies from 1.99 to 2.04.

Merwinite (3CaO·MgO·2SiO2): the CaO/MgO molar ratios vary in the range of
4.02–4.24 and MgO/SiO2 molar ratios vary in the range of 0.33–0.38 in the merwinite.

MgO: up to 0.3 wt% CaO and 1.2 wt% Al2O3 are present in the MgO. Unexpectedly,
more Al2O3 than CaO is present in the MgO.

Mullite (3Al2O3·2SiO2): up to 0.3 wt% CaO and 0.4 wt% MgO are present in the
mullite. The molar ratio of Al2O3 to SiO2 is up to 1.68.

Spinel (MgO·Al2O3): up to 0.3 wt% CaO and 0.4 wt% SiO2 are present in the spinel.
The molar ratio of Al2O3 to MgO is up to 1.62.

Forsterite (Mg2SiO4): up to 4.2 wt% CaO and 0.5 wt% Al2O3 are present in the
forsterite. The molar ratio of (CaO+MgO) to SiO2 is 1.91–2.04.

Melilite: the molar ratio of akermanite (2CaO·MgO·2SiO2) to gehlenite (2CaO·Al2O3·SiO2)
in the melilite phase varies from 0 to 5.59.

Cordierite: 2MgO·2Al2O3·5SiO2 was initially reported to be a compound in the sys-
tem MgO-Al2O3-SiO2 [28]. In the later studies of the system CaO-SiO2-Al2O3-MgO, the
cordierite primary phase field was reported again in the high-MgO and high-Al2O3 sec-
tions [10–13]. However, both the experimental studies and FactSage predictions did not
mention the solubility of CaO in the 2MgO·2Al2O3·5SiO2. 2CaO·2Al2O3·5SiO2 phase was
not reported in the literature. In the present study, four experiments (74–77) reported the
exitance of the cordierite in equilibrium with liquid at high temperature. Analysis of the
EPMA measurements shows that the cordierite was composed of CaO 21.3–22.7, MgO
0.4–0.8, Al2O3 21.4–22.8 and SiO2 53.7–56.8 mol%. The SiO2/(Al2O3+CaO+MgO) molar
ratio in the cordierite is around 1.25 which is higher than that in the anorthite. Figure 2b
shows a typical microstructure of cordierite in a quenched sample where the solid phase is
lighter than the liquid phase. In contrast, it can be seen from Figure 2a that the anorthite
is darker than the liquid phase confirming that cordierite is a phase different from the
anorthite although they have close compositions. The new information will provide useful
information to develop a cordierite solid solution in the thermodynamic database.

The experimental data given in Table A1 have been used to construct the pseudo-
ternary section (Al2O3+SiO2)-CaO-MgO as shown in Figure 3. The boundaries were drawn
by passing through the three phase points where liquid was in equilibrium with two solid
phases (Exp No. 121–158). If three phase points were not available, the boundaries were
drawn between the experimental points in different primary phase fields. It can be seen
from the figure that most of the experimental points are in the primary phase fields of
anorthite, melilite, forsterite, MgO, mullite and dicalcium silicate. The solid symbols are
the liquid compositions determined in the present study and the open symbols are the
liquid compositions reported in the previous studies using the same technique. The thin
solid thin lines represent experimentally determined isotherms and the dashed thin lines
represent the estimated isotherms. The thick lines represent the boundaries between the
primary phase fields.
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Figure 3. Experimentally determined pseudo-ternary phase diagram (SiO2+Al2O3)-MgO-CaO with
Al2O3/SiO2 weight ratio of 0.4.

Nine special points in the system are estimated according to the boundaries and
isothermals, as shown in Figure 4. The compositions and temperatures of the special
points are given in Table 1. Point K on the boundary line BC joining the primary phase
fields of anorthite and forsterite represents a local maximum temperature (1260 ± 5 ◦C).
Experimental results reported by Osborn et al. [10] and Cavalier et al. [12] are shown
in Figure 4 for comparison. The number next to the symbol is the liquidus temperature
reported. The primary phases reported by Osborn et al. [10] show general agreement with
the present results; however, the liquidus temperatures reported by Osborn et al. [10] are
lower than the present results in some areas. Two points reported by Cavalier et al. [12] are
shown in the figure. The point in the cordierite primary phase field agrees with the present
result. However, another point was reported in the anorthite primary phase field with the
liquidus temperature of 1272 ◦C by Cavalier et al. [12] which is in the forsterite primary
phase field with the liquidus temperature of 1350 ◦C according to the present study.

126



Metals 2023, 13, 224

Metals 2023, 13, x FOR PEER REVIEW 7 of 28 
 

 

However, another point was reported in the anorthite primary phase field with the liqui-
dus temperature of 1272 °C by Cavalier et al. [12] which is in the forsterite primary phase 
field with the liquidus temperature of 1350 °C according to the present study. 

 
Figure 4. Comparison of the present results with the literature data [10,12]. 

Table 1. Estimated compositions and temperatures of the special points in the CaO-MgO-Al2O3-SiO2 
system with Al2O3/SiO2 weight ratio of 0.4. 

Special 
point Description T (°C) 

Composition(wt%) 
CaO MgO Al2O3 SiO2 

A L + mullite ↔ cordierite + anorthite 1250 (±5) 7.6  6.6  24.5  61.3 
B L ↔ cordierite + anorthite + Mg2SiO4 1240 (±10) 10.0  14.3  21.6  54.1 
C L ↔ melilite + anorthite + Mg2SiO4 1235 (±5) 27.5  11.6  17.4  43.6 
D L + spinel ↔ Mg2SiO4 + melilite 1270 (±10) 28.2  13.3  16.7  41.8 
E L + merwinite ↔ melilite + spinel 1380 (±10) 37.2  14.0  14.0  34.9 
F L + melilite + Ca2SiO4 ↔ merwinite 1455 (±5) 45.6  4.5  14.3  35.7 
G L + Ca2SiO4 ↔ merwinite + MgO 1480 (±10) 36.7  16.6  13.3  33.3 
H L + MgO ↔ merwinite + spinel 1410 (±10) 43.1  13.2  12.5  31.2 
I L + MgO + Mg2SiO4 ↔ + spinel 1650 (±20) 20.0  32.1  13.7  34.2 

3.2. Application of Phase Diagram in Ironmaking Process 

Figure 4. Comparison of the present results with the literature data [10,12].

Table 1. Estimated compositions and temperatures of the special points in the CaO-MgO-Al2O3-SiO2

system with Al2O3/SiO2 weight ratio of 0.4.

Special Point Description T (◦C)
Composition (wt%)

CaO MgO Al2O3 SiO2

A L + mullite↔ cordierite + anorthite 1250 (±5) 7.6 6.6 24.5 61.3
B L↔ cordierite + anorthite + Mg2SiO4 1240 (±10) 10.0 14.3 21.6 54.1
C L↔melilite + anorthite + Mg2SiO4 1235 (±5) 27.5 11.6 17.4 43.6
D L + spinel↔Mg2SiO4 + melilite 1270 (±10) 28.2 13.3 16.7 41.8
E L + merwinite↔melilite + spinel 1380 (±10) 37.2 14.0 14.0 34.9
F L + melilite + Ca2SiO4 ↔merwinite 1455 (±5) 45.6 4.5 14.3 35.7
G L + Ca2SiO4 ↔merwinite + MgO 1480 (±10) 36.7 16.6 13.3 33.3
H L + MgO↔merwinite + spinel 1410 (±10) 43.1 13.2 12.5 31.2
I L + MgO + Mg2SiO4 ↔ + spinel 1650 (±20) 20.0 32.1 13.7 34.2

3.2. Application of Phase Diagram in Ironmaking Process

Pseudo-binary phase diagrams are often used by operators and researchers to discuss
the effect of slag composition on liquidus temperatures. A typical composition of Shougang
BF slag [27] is shown in Figure 5. It can be seen that the BF composition is in the melilite
primary phase field with the liquidus temperature 1400–1450 ◦C. Shougang has a stable
supply of raw materials for the BF, resulting a relative stable Al2O3/SiO2 weight ratio of 0.4
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in the slag. The additions of MgO and CaO can be adjusted according to the requirements.
It is more convenient to use a pseudo-binary phase diagram to discuss the effect of a
single parameter on liquidus temperature. The red line, as shown in Figure 5, indicates
how the pseudo-binary phase diagrams are interpolated from the pseudo-ternary phase
diagram. Based on the pseudo-ternary phase diagram determined, the effects of MgO/CaO,
and quaternary basicity (CaO+MgO)/(Al2O3+SiO2) on the liquidus temperature can be
considered from different directions, as shown in Figure 5.
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Figure 5. A typical composition of Shougang blast furnace slag [27] and effects of slag composition
on the liquidus temperature.

3.2.1. Effect of MgO/CaO Weight Ratio on Liquidus Temperature

Figure 6 shows the liquidus temperatures as a function of MgO/CaO weight ratio in
liquid at fixed (Al2O3+SiO2) of 50 and 55 wt%, respectively. The typical composition of
Shougang BF slag and FactSage predictions are also shown in the figure. It can be seen that
melilite is the primary phase at low MgO/CaO weight ratio and spinel is the primary phase
at high MgO/CaO weight ratio. The liquidus temperatures decrease in the melilite primary
phase field and increase in the spinel primary phase field with increasing MgO/CaO weight
ratio. In both melilite and spinel primary phase fields, higher (Al2O3+SiO2) concentration
(55 wt%) results in a lower liquidus temperature at a given MgO/CaO weight ratio. It is
possible to decrease the liquidus temperature of the BF slag by increasing the MgO/CaO
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weight ratio up to 0.52. However, there is a limitation for the MgO/CaO ratio where the
primary phase changes to the spinel. In comparison between the experimental results and
FactSage predictions, it can be seen that the sizes of the melilite and spinel primary phase
fields determined in the present study are much larger than the FactSage predictions. For
example, FactSage predicts the MgO primary phase field when the MgO/CaO weight
ratio is higher than 0.93. However, the MgO primary phase only appears from MgO/CaO
weight ratio 1.39 according to the experimental results. Nearly 100 ◦C difference of the
liquidus temperature occurs between the experimental results and FactSage predictions at
MgO/CaO ratio 0.52.

Metals 2023, 13, x FOR PEER REVIEW 9 of 28 
 

 

that melilite is the primary phase at low MgO/CaO weight ratio and spinel is the primary 
phase at high MgO/CaO weight ratio. The liquidus temperatures decrease in the melilite 
primary phase field and increase in the spinel primary phase field with increasing 
MgO/CaO weight ratio. In both melilite and spinel primary phase fields, higher 
(Al2O3+SiO2) concentration (55 wt%) results in a lower liquidus temperature at a given 
MgO/CaO weight ratio. It is possible to decrease the liquidus temperature of the BF slag 
by increasing the MgO/CaO weight ratio up to 0.52. However, there is a limitation for the 
MgO/CaO ratio where the primary phase changes to the spinel. In comparison between 
the experimental results and FactSage predictions, it can be seen that the sizes of the meli-
lite and spinel primary phase fields determined in the present study are much larger than 
the FactSage predictions. For example, FactSage predicts the MgO primary phase field 
when the MgO/CaO weight ratio is higher than 0.93. However, the MgO primary phase 
only appears from MgO/CaO weight ratio 1.39 according to the experimental results. 
Nearly 100 °C difference of the liquidus temperature occurs between the experimental 
results and FactSage predictions at MgO/CaO ratio 0.52. 

 
Figure 6. Liquidus temperature as a function of MgO/CaO in liquids at fixed (Al2O3+SiO2) of 50 and 
55 wt% in the CaO-MgO-SiO2-Al2O3 system with Al2O3/SiO2 weight ratio of 0.4. 

3.2.2. Effect of Quaternary Basicity on Liquidus Temperature 
Due to the significant impact of the concentrations of Al2O3 and MgO in slag on the 

actual basicity and desulfurization capacity of the BF slag, the CaO/SiO2 binary basicity 
cannot reflect the basicity of high Al2O3 slag objectively [5]. Therefore, the desulfurization 
coefficient or capacity is more closely related to quaternary basicity 
(CaO+MgO)/(SiO2+Al2O3). It is worth noting that the quaternary basicity will be forced to 
increase when the magnesium flux pellet is widely used in the blast furnace, which can 
greatly affect the softening–melting properties of burden materials in the cohesive zone 

Figure 6. Liquidus temperature as a function of MgO/CaO in liquids at fixed (Al2O3+SiO2) of 50
and 55 wt% in the CaO-MgO-SiO2-Al2O3 system with Al2O3/SiO2 weight ratio of 0.4.

3.2.2. Effect of Quaternary Basicity on Liquidus Temperature

Due to the significant impact of the concentrations of Al2O3 and MgO in slag on the
actual basicity and desulfurization capacity of the BF slag, the CaO/SiO2 binary basicity can-
not reflect the basicity of high Al2O3 slag objectively [5]. Therefore, the desulfurization coef-
ficient or capacity is more closely related to quaternary basicity (CaO+MgO)/(SiO2+Al2O3).
It is worth noting that the quaternary basicity will be forced to increase when the magne-
sium flux pellet is widely used in the blast furnace, which can greatly affect the softening–
melting properties of burden materials in the cohesive zone [7]. Hence, it is necessary to
understand the effect of quaternary basicity on the liquidus temperature of the BF slags.
Figure 7 shows the liquidus temperature as a function of (CaO+MgO)/(SiO2+Al2O3) in
liquids at fixed MgO/CaO weight ratios of 0.15 and 0.25. FactSage predictions are also
shown in the figure for comparison. As can be seen, mullite, anorthite, melilite, merwinite
and Ca2SiO4 are the primary phases in the composition range investigated. The quaternary
basicity has a significant influence on the liquidus temperatures of all primary phase fields.
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The typical Shougang BF slag composition is in the melilite primary phase field close to the
merwinite (MgO/CaO = 0.25) or Ca2SiO4 (MgO/CaO = 0.15) primary phase field. Decrease
of the quaternary basicity from the current slag composition can decrease the liquidus
temperature significantly. Further increase of the quaternary basicity will bring the slag into
the merwinite or Ca2SiO4 primary phase fields causing significant increase of the liquidus
temperature. It can be seen that increase of the MgO/CaO ratio from 0.15 to 0.25 can
slightly decrease the liquidus temperature in the anorthite and melilite primary phase fields
but significantly decrease the liquidus temperature in the Ca2SiO4 primary phase field.
In conclusion, the Shougang BF slag with a quaternary basicity of 1.05 has the optimum
composition at the MgO/CaO weight ratio 0.15. If the MgO/CaO weight ratio is increased
to 0.25, the quaternary basicity can be further increased, which will decrease the liquidus
temperature and increase the desulfurization capacity. The predicted liquidus temperatures
in the anorthite and Ca2SiO4 primary phase fields are close to the experimental results.
In the melilite primary phase field, there is up to 50 ◦C difference between the FactSage
predictions and experimental results. Experimentally determined merwinite phase is not
predicted by FactSage.
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3.3. Comparison of Experimental Data and FactSage Predictions

FactSage is one of the most successful thermodynamic models in predicting the
liquidus temperatures of oxide slags [25]. Accurate experimental data can be used to
evaluate the accuracy of the FactSage predictions and support the optimization of the
existing database and new database development. Clarifying the difference between the
calculated and experimental data is of great significance for optimizing thermodynamic
database and avoiding misleading industrial practices. As shown in Figures 6 and 7, a
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significant difference occurs on the primary phase and the liquidus temperatures between
the FactSage predictions and experimental results.

As discussed above, the current composition of the Shougang blast furnace slag is
usually in the melilite primary phase field as shown in Figures 6 and 7. Melilite is the
solid solution between akermanite (2CaO·MgO·2SiO2) and gehlenite (2CaO·Al2O3·SiO2).
Figure 8 presents the comparison of the experimental data and FactSage predictions. The
experiments No. 44–63 listed in Table A1 were used to calculate the primary phases and
their liquidus temperatures by FactSage 8.2. Melilite is the primary phase in experiments
No. 44–63. However, it can be seen from Figure 8 that anorthite, spinel and Ca2SiO4 are
also predicted by the FactSage in addition to melilite. Up to 75 ◦C difference of the liquidus
temperature is observed between the predictions and experimental results.
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Figure 8. Comparison of the experimental results and FactSage predictions on primary phase and
liquidus temperatures. All experimental liquidus are in the melilite primary phase field. The predicted
primary phases are shown in the figure.

The experiments No. 99–100 listed in Table A1 show that Mg2SiO4 is the primary
phase in the quenched samples. The liquid compositions of these samples were used to
calculate the primary phase and liquidus temperatures and the results are shown in Table 2.
It can be seen that anorthite, spinel, melilite and merwinite are predicted by the FactSage
showing that the current database needs to be optimized. The discrepancies between the
experimental and predicted liquidus temperatures are up to 112 ◦C.

Table 3 shows the comparison of the experimental results and FactSage predictions
where merwinite is the primary phase of the experiments No. 115–119. FactSage predicted
melilite, MgO and spinel as the primary phases but no merwinite. The liquidus temperature
predicted by FactSage 8.2 is 189 ◦C higher than the experimental data
(No. 117). Lack of accurate experimental data in the composition range causes inaccuracy
in the thermodynamic database.
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Table 2. Comparison of the experimental data with the FactSage predictions on primary phase and
liquidus temperature, Mg2SiO4 is the primary phase in all experiments.

Exp. No. Experimental Liquidus
Temperature (◦C)

Liquid Composition (wt%) Predicted Liquidus
Temperature (◦C)

Predicted
Primary PhaseCaO MgO Al2O3 SiO2

90 1250 25.8 11.6 18.7 44.0 1287 Anorthite
91 1250 27.6 11.7 17.2 43.5 1258 Spinel
92 1250 26.9 11.8 18.1 42.8 1287 Spinel
93 1300 20.5 14.4 18.5 46.6 1294 Anorthite
94 1300 24.6 13.9 18.2 43.2 1315 Spinel
95 1300 25.9 14.1 17.3 42.7 1307 Spinel
96 1300 40.9 11.6 7.9 39.6 1412 Merwinite
97 1330 24.2 15.3 17.8 42.7 1333 Spinel
98 1350 29.2 16.6 14.0 40.1 1325 Melilite
99 1400 27.7 18.5 13.7 40.0 1342 Mg2SiO4

100 1400 28.0 14.7 15.8 41.4 1306 Spinel

Table 3. Comparison of the experimental data with the FactSage prediction on primary phase and
liquidus temperature; merwinite is the primary phase in all experiments.

Exp. No.
Experimental Liquidus

Temperature (◦C)
Liquid Composition (wt%) Predicted Liquidus

Temperature (◦C)
Predicted

Primary PhaseCaO MgO Al2O3 SiO2

115 1400 41.1 8.9 14.7 35.3 1427 Melilite
116 1400 37.9 14.2 13.1 34.7 1421 Spinel
117 1430 39.8 15.7 13.4 31.1 1619 MgO
118 1450 40.1 15.1 13.1 31.7 1555 MgO
119 1450 43.1 9.6 13.8 33.4 1425 Melilite

4. Conclusions

The phase equilibria in the CaO-MgO-SiO2-Al2O3 system with an Al2O3/SiO2 weight
ratio of 0.4 have been experimentally investigated in the composition range related to
blast furnace slags. A pseudo-ternary phase diagram (CaO+MgO)-SiO2-Al2O3 has been
constructed using the experimentally data. Pseudo-binary phase diagrams are used to
discuss the effects of quaternary basicity and MgO/CaO weight ratio on liquidus tempera-
tures of the blast furnace slags. The experimentally determined liquidus temperatures and
solid solution compositions are compared with the FactSage predictions to provide useful
information for optimization of the thermodynamic database.
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Appendix A

Table A1. Initial compositions of the sample used in the high temperature experiments.

No.
Composition (wt%)

CaO MgO Al2O3 SiO2

M1 31.3 6.3 17.9 44.5
M2 41.7 8.3 14.3 35.7
M3 37.0 7.4 15.9 39.7
M4 45.4 9.1 13.0 32.5
M5 27.8 5.6 19.0 47.6
M6 39.3 7.9 15.1 37.7
M7 34.3 6.9 16.8 42.0
M8 25.6 5.1 19.8 49.5
M9 12.4 2.5 24.3 60.8

M10 10.4 2.1 25.0 62.5
M11 6.3 1.3 26.4 66.0
M12 9.0 1.8 25.5 63.7
M13 32.5 20.5 14.0 33.0
M14 14.7 2.9 30.9 51.5
M15 27.8 5.6 25.0 41.6
M16 11.4 4.6 24.0 60.0
M17 7.9 3.2 25.4 63.5
M18 9.4 3.8 24.8 62.0
M19 22.1 8.9 19.7 49.3
M20 28.5 11.4 17.2 42.9
M21 35.4 14.2 14.4 36.0
M22 36.4 14.6 14.0 35.0
M23 39.4 15.8 12.8 32.0
M24 42.9 17.1 11.4 28.6
M25 32.1 12.9 15.7 39.3
M26 25.3 10.1 18.4 46.2
M27 34.9 25.1 11.4 28.6
M28 29.1 20.9 14.3 35.7
M29 23.3 16.7 17.1 42.9
M30 32.0 23.0 12.8 32.2
M31 26.7 19.2 15.4 38.7
M32 20.4 14.7 18.6 46.3
M33 30.5 21.9 13.6 34.0
M34 16.6 12.0 20.4 51.0
M35 9.7 7.0 23.8 59.5
M36 5.8 4.2 25.7 64.3
M37 35.4 21.2 12.4 31.0
M38 25.3 15.2 17.0 42.5
M39 7.8 4.7 25.0 62.5
M40 10.0 6.0 24.0 60.0
M41 18.8 11.3 20.0 49.9
M42 21.9 13.1 18.6 46.4
M43 23.0 13.8 18.1 45.1
M44 26.9 16.1 16.3 40.7
M45 31.3 18.8 14.3 35.6
M46 37.5 22.5 11.4 28.6
M47 33.6 20.2 13.2 33.0
M48 24.0 14.4 17.6 44.0
M49 12.5 7.5 22.8 57.2
M50 5.6 3.4 26.0 65.0
M51 16.4 6.6 22.0 55.0
M52 7.7 5.6 24.8 61.9
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Table A2. Experimental Results in the System CaO-MgO-Al2O3-SiO2 system with Al2O3/SiO2

weight ratio of 0.4.

Mixture Compositions (wt%)

No. No. T (◦C) Phases CaO MgO Al2O3 SiO2 Al2O3/SiO2

Liquid only
M20 1 1250 Liquid 28.9 11.5 17.3 42.3 0.41
M26 2 1250 Liquid 27.1 9.6 19.7 43.6 0.45
M34 3 1250 Liquid 16.5 12.1 20.4 51.0 0.40
M16 4 1280 Liquid 11.6 4.6 23.8 60.0 0.40
M16 5 1300 Liquid 11.6 4.5 24.0 59.9 0.40
M34 6 1300 Liquid 16.4 12.1 20.3 51.2 0.40
M35 7 1300 Liquid 9.6 7.0 23.3 60.1 0.39
M36 8 1300 Liquid 6.8 4.9 21.5 66.8 0.32
M42 9 1300 Liquid 22.6 12.7 18.9 45.8 0.41
M48 10 1300 Liquid 24.8 14.0 18.0 43.2 0.42
M42 11 1310 Liquid 22.2 13.2 18.7 45.9 0.41
M19 12 1320 Liquid 22.7 9.0 19.7 48.6 0.41
M42 13 1320 Liquid 24.3 13.9 17.9 43.9 0.41
M25 14 1330 Liquid 31.6 13.0 15.9 39.5 0.40
M25 15 1330 Liquid 32.6 12.0 16.2 39.2 0.41
M48 16 1340 Liquid 22.9 12.6 19.3 45.2 0.43
M13 17 1350 Liquid 32.9 20.2 13.5 33.4 0.40
M16 18 1350 Liquid 11.6 4.5 23.6 60.3 0.39
M19 19 1350 Liquid 22.1 8.7 19.9 49.3 0.40
M25 20 1350 Liquid 31.9 12.8 15.6 39.7 0.39
M51 21 1350 Liquid 17.9 6.8 23.1 52.2 0.44
M51 22 1350 Liquid 18.5 7.3 23.8 50.4 0.47
M29 23 1350 Liquid 23.2 16.7 17.2 42.9 0.40
M42 24 1350 Liquid 24.4 12.3 20.3 43.0 0.47
M44 25 1350 Liquid 26.7 16.4 16.4 40.5 0.40
M49 26 1350 Liquid 12.9 7.6 23.1 56.4 0.41
M16 27 1350 Liquid 11.5 4.6 23.9 60.0 0.40
M35 28 1350 Liquid 9.9 7.0 23.9 59.2 0.40
M22 29 1390 Liquid 36.5 14.4 14.1 35.0 0.40
M22 30 1400 Liquid 36.5 14.0 13.7 35.8 0.38
M28 31 1400 Liquid 29.8 21.0 14.2 35.0 0.41
M41 32 1400 Liquid 20.9 11.9 22.5 44.7 0.50
M49 33 1400 Liquid 14.7 8.4 25.4 51.5 0.49
M21 34 1400 Liquid 35.6 14.2 14.5 35.7 0.41
M23 35 1450 Liquid 38.7 14.1 12.8 34.4 0.37
M23 36 1450 Liquid 39.4 15.7 12.8 32.1 0.40
M47 37 1450 Liquid 33.8 18.9 13.2 34.1 0.39
M23 38 1450 Liquid 38.8 15.4 13.6 32.2 0.42
M14 39 1480 Liquid 15.0 2.9 30.6 51.5 0.59
M14 40 1500 Liquid 15.0 3.0 30.5 51.5 0.59
M23 41 1500 Liquid 39.5 15.8 12.9 31.8 0.40
M30 42 1500 Liquid 45.0 1.1 17.9 36.0 0.50
M47 43 1500 Liquid 33.9 19.1 13.5 33.5 0.40

Liquid + Melilite
M20 44 1230 Liquid 27.7 11.4 17.7 43.2 0.41

melilite 41.0 12.1 6.4 40.5
M7 45 1250 Liquid 33.0 6.2 17.6 43.2 0.41

melilite 41.1 10.4 10.4 38.1
M43 46 1250 Liquid 27.4 11.3 17.9 43.4 0.41

melilite 40.5 12.4 5.8 41.3
47 * 1280 Liquid 31.7 9.5 16.3 42.5 0.38

melilite 8.8 40.6 39.1 11.5
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Table A2. Cont.

Mixture Compositions (wt%)

No. No. T (◦C) Phases CaO MgO Al2O3 SiO2 Al2O3/SiO2

M7 48 1300 Liquid 34.5 6.5 16.6 42.4 0.39
melilite 41.7 8.4 12.4 37.5

49 * 1300 Liquid 37.0 4.7 16.6 41.7 0.40
melilite 32.9 41.0 18.7 7.4

M21 50 1350 Liquid 31.8 16.8 14.7 36.7 0.40
melilite 41.1 9.6 13.2 36.1

M17 51 1350 Liquid 8.6 3.5 23.4 64.5 0.36
melilite 0.1 0.2 73.1 26.6

M3 52 1350 Liquid 36.4 7.2 15.4 41.0 0.37
melilite 41.0 8.3 15.8 34.9

53 * 1360 Liquid 43.2 0.0 16.3 40.5 0.40
melilite 40.6 0.0 36.6 22.8

M22 54 1370 Liquid 35.3 15.9 13.7 35.1 0.39
melilite 40.8 8.6 16.1 34.5

M21 55 1380 Liquid 35.4 14.2 14.7 35.7 0.41
melilite 41.7 8.0 16.6 33.7

M6 56 1400 Liquid 39.5 8.0 14.6 37.9 0.39
melilite 41.6 5.6 22.6 30.2

57 * 1420 Liquid 41.6 5.1 15.3 38.0 0.40
melilite 41.2 3.9 27.0 27.9

58 * 1420 Liquid 40.9 6.8 14.7 37.6 0.39
melilite 41.0 5.1 24.3 29.6

59 * 1430 Liquid 47.4 0.0 15.1 37.5 0.40
melilite 41.4 0.0 36.4 22.2

60 * 1450 Liquid 44.6 5.4 14.5 35.5 0.41
melilite 41.1 2.8 29.8 26.3

61 * 1450 Liquid 48.0 0.0 14.9 37.1 0.40
melilite 41.0 0.0 36.9 22.1

62 * 1450 Liquid 47.4 2.0 14.1 36.5 0.39
melilite 41.0 1.4 33.4 24.2

63 * 1450 Liquid 48.9 0.0 14.4 36.7 0.39
melilite 40.9 0.0 37.2 21.9

Liquid + Anorthite
M26 64 1250 Liquid 27.7 11.3 17.0 44.0 0.39

Anorthite 20.3 0.2 35.4 44.1
M35 65 1250 Liquid 32.1 6.7 16.3 44.9 0.36

Anorthite 20.2 0.3 35.8 43.7
M43 66 1280 Liquid 22.0 13.3 18.3 46.4 0.39

Anorthite 20.2 0.4 35.6 43.8
67 * 1280 Liquid 33.4 5.2 16.8 44.6 0.38

Anorthite 36.1 43.4 20.3 0.2
M34 68 1290 Liquid 17.2 12.4 20.6 49.8 0.41

Anorthite 20.1 0.6 34.5 44.8
M41 69 1300 Liquid 18.6 11.5 19.5 50.4 0.39

Anorthite 20.0 0.6 34.4 45.0
M19 70 1300 Liquid 22.3 9.7 17.4 50.6 0.35

Anorthite 20.1 0.5 35.7 43.7
M5 71 1300 Liquid 29.1 6.3 16.8 47.8 0.35

Anorthite 20.5 0.3 36.0 43.2
M8 72 1350 Liquid 26.1 5.3 18.8 49.8 0.38

anorthite 20.4 0.3 35.6 43.7
M9 73 1400 Liquid 12.3 2.6 23.5 61.6 0.38

anorthite 19.8 0.2 36.3 43.7
Liquid + Cordierite

M17 74 1250 Liquid 9.7 7.2 23.7 59.4 0.40
Cordierite 18.0 0.5 32.6 48.9
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Table A2. Cont.

Mixture Compositions (wt%)

No. No. T (◦C) Phases CaO MgO Al2O3 SiO2 Al2O3/SiO2

M49 75 1300 Liquid 11.7 8.5 21.8 58.0 0.38
Cordierite 18.6 0.5 33.9 47.0

M40 76 1300 Liquid 10.0 6.0 23.8 60.2 0.39
Cordierite 18.3 0.3 33.6 47.8

M10 77 1300 Liquid 9.9 2.4 24.5 63.2 0.39
Cordierite 17.5 0.2 32.1 50.2

Liquid + Mullite
M17 78 1250 Liquid 9.0 3.7 23.5 63.8 0.37

Mullite 0.2 0.4 68.5 30.9
M18 79 1320 Liquid 9.6 3.7 24.7 62.0 0.40

Mullite 0.2 0.2 71.1 28.5
M39 80 1350 Liquid 8.0 4.7 24.7 62.6 0.39

Mullite 0.1 0.3 70.9 28.7
M36 81 1400 Liquid 6.2 4.5 23.5 65.8 0.36

Mullite 0.2 0.3 72.6 26.9
M12 82 1400 Liquid 9.5 1.8 23.9 64.8 0.37

Mullite 0.1 0.1 71.9 27.9
M11 83 1450 Liquid 8.4 1.8 25.1 64.7 0.39

Mullite 0.1 0.0 74.0 25.9
M50 84 1500 Liquid 5.9 3.5 24.4 66.2 0.37

Mullite 0.1 0.1 73.2 26.6
Liquid + Spinel

M29 85 1320 Liquid 25.2 14.9 18.5 41.4 0.45
Spinel 0.0 28.2 71.7 0.1

M44 86 1350 Liquid 27.1 16.3 16.3 40.3 0.40
Spinel 0.1 28.2 71.6 0.1

M22 87 1370 Liquid 35.6 15.6 13.8 35.0 0.39
Spinel 0.0 28.1 71.8 0.1

89 * 1500 liquid 30.4 21.7 14.1 33.8 0.42
Spinel 0.3 0.4 70.9 28.4

Liquid + Mg2SiO4
M48 90 1250 Liquid 25.8 11.6 18.7 43.9 0.42

Mg2SiO4 1.0 56.9 0.1 42.0
M38 91 1250 Liquid 27.6 11.7 17.2 43.5 0.40

Mg2SiO4 1.6 55.8 0.1 42.5
M44 92 1250 Liquid 27.0 11.8 18.2 43.0 0.42

Mg2SiO4 1.4 56.4 0.4 41.8
M32 93 1300 Liquid 20.5 14.4 18.5 46.6 0.40

Mg2SiO4 0.6 56.7 0.1 42.6
M29 94 1300 Liquid 24.6 13.9 18.2 43.3 0.42

Mg2SiO4 1.1 56.4 0.3 42.2
M38 95 1300 Liquid 25.9 14.1 17.3 42.7 0.41

Mg2SiO4 1.3 56.0 0.2 42.5
M28 96 1300 Liquid 40.9 11.6 7.9 39.6 0.20

Mg2SiO4 4.2 53.8 0.2 41.8
M29 97 1330 Liquid 24.2 15.3 17.8 42.7 0.42

Mg2SiO4 1.1 56.6 0.2 42.1
M31 98 1350 Liquid 29.2 16.6 14.0 40.2 0.35

Mg2SiO4 2.4 55.2 0.5 41.9
M31 99 1400 Liquid 27.7 18.5 13.7 40.1 0.34

Mg2SiO4 2.6 55.1 0.3 42.0
M44 100 1400 Liquid 28.0 14.7 15.8 41.5 0.38

Mg2SiO4 0.6 56.7 0.1 42.6
Liquid + MgO

M30 101 1450 Liquid 33.4 19.3 13.6 33.7 0.40
MgO 0.2 98.9 0.9 0.0
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Table A2. Cont.

Mixture Compositions (wt%)

No. No. T (◦C) Phases CaO MgO Al2O3 SiO2 Al2O3/SiO2

M23 102 1470 Liquid 39.5 15.5 12.8 32.2 0.40
MgO 0.3 98.9 0.8 0.0

103 * 1500 Liquid 30.0 22.7 13.5 33.8 0.40
MgO 0.1 0.2 1.2 98.5

104 * 1500 Liquid 41.4 14.6 12.3 31.7 0.39
MgO 0.3 99.0 0.7 0.0

M27 105 1500 Liquid 38.7 16.3 12.6 32.4 0.39
MgO 0.2 99.0 0.8 0.0

M30 106 1500 Liquid 32.9 20.3 13.5 33.3 0.40
MgO 0.1 98.8 1.1 0.0

M30 107 1500 Liquid 32.9 20.2 13.5 33.4 0.40
MgO 0.2 98.7 1.1 0.0

M30 108 1500 Liquid 32.9 20.3 13.5 33.3 0.40
MgO 0.2 98.8 1.0 0.0

M37 109 1500 Liquid 36.6 17.6 13.1 32.7 0.40
MgO 0.3 98.8 0.9 0.0

M27 110 1550 Liquid 38.1 17.1 12.8 32.0 0.40
MgO 0.1 99.0 0.9 0.0

M24 111 1550 Liquid 44.9 13.0 12.1 30.0 0.40
MgO 0.3 99.1 0.6 0.0

M46 112 1550 Liquid 41.1 14.8 12.6 31.5 0.40
MgO 0.3 99.0 0.7 0.0

M46 113 1550 Liquid 40.6 15.7 12.9 30.8 0.42
MgO 0.3 98.9 0.8 0.0

M37 114 1550 Liquid 36.6 18.4 12.8 32.2 0.40
MgO 0.2 98.8 1.0 0.0

Liquid + Merwinite
115 * 1400 Liquid 38.0 14.2 13.1 34.7 0.38

Merwinite 51.2 12.6 0.1 36.1
M2 116 1400 Liquid 41.1 8.9 14.7 35.3 0.42

Merwinite 51.1 12.2 0.1 36.6
M23 117 1430 Liquid 39.8 15.7 13.4 31.1 0.43

Merwinite 52.4 13.0 0.1 34.5
118 * 1450 Liquid 43.2 9.6 13.8 33.4 0.41

Merwinite 51.3 12.1 0.1 36.5
M23 119 1450 Liquid 40.1 15.1 13.1 31.7 0.41

Merwinite 51.8 12.7 0.1 35.4
Liquid + Ca2SiO4

M4 120 1500 Liquid 45.1 9.1 13.4 32.4 0.41
Ca2SiO4 61.6 2.9 0.2 35.3

Liquid + Melilite + Spinel
M25 121 1300 Liquid 29.2 13.8 16.2 40.8 0.40

Melilite 40.9 10.0 11.5 37.6
Spinel 0.1 28.2 71.6 0.1

M25 122 1320 Liquid 31.0 12.2 16.7 40.1 0.42
Melilite 41.2 10.0 11.9 36.9
Spinel 0.1 28.5 71.3 0.1

Liquid + Melilite + Anorthite
M15 123 1250 Liquid 30.4 9.3 17.6 42.7 0.41

Anorthite 20.5 0.4 36.6 42.5
Melilite 41.1 11.0 9.5 38.4

M1 124 1250 Liquid 32.1 6.8 16.5 44.6 0.37
Anorthite 20.5 0.1 35.9 43.5
Melilite 40.9 11.4 7.3 40.4
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Table A2. Cont.

Mixture Compositions (wt%)

No. No. T (◦C) Phases CaO MgO Al2O3 SiO2 Al2O3/SiO2

Liquid + Melilite + Mg2SiO4
M20 125 1220 Liquid 27.1 11.0 18.8 43.1 0.44

Mg2SiO4 1.3 56.5 0.3 41.9
Melilite 40.8 11.7 7.0 40.5

M25 126 1250 Liquid 27.2 12.9 17.9 42.0 0.43
Mg2SiO4 1.6 56.3 0.2 41.9
Melilite 40.3 9.8 12.2 37.7

M45 127 1300 Liquid 29.0 13.8 15.5 41.7 0.37
Mg2SiO4 2.4 55.2 0.4 42.0
Melilite 40.7 9.9 12.1 37.3

M44 128 1300 Liquid 25.4 14.2 12.6 47.8 0.56
Mg2SiO4 40.7 11.0 8.6 39.7
Melilite 2.1 54.8 1.7 41.4

M28 129 1350 Liquid 31.0 16.4 12.8 39.8
Mg2SiO4 40.9 11.9 6.8 40.4
Melilite 3.9 53.8 0.3 42.0

M45 130 1350 Liquid 30.1 16.4 13.5 40.0 0.34
Mg2SiO4 4.1 54.0 0.2 41.7
Melilite 40.3 12.5 7.1 40.1

M45 131 1450 Liquid 34.0 15.9 10.4 39.7 0.34
Mg2SiO4 4.1 53.5 0.4 42.0
Melilite 41.2 11.7 7.8 39.3

Liquid + Mg2SiO4 + Anorthite
M42 132 1200 Liquid 23.2 15.3 13.9 47.6 0.29

Anorthite 19.7 0.8 34.6 44.9
Mg2SiO4 1.2 56.5 0.2 42.1

M42 133 1230 Liquid 22.8 13.4 17.5 46.3 0.38
Anorthite 20.2 0.5 35.7 43.6
Mg2SiO4 0.8 57.0 0.1 42.1

M20 134 1230 Liquid 25.9 11.9 17.2 45.0 0.38
Anorthite 20.1 0.2 35.6 44.1
Mg2SiO4 0.9 56.2 0.3 42.6

M34 135 1240 Liquid 16.2 12.1 15.6 56.1 0.28
Anorthite 19.9 1.0 33.1 46.0
Mg2SiO4 0.3 57.2 0.1 42.4

M34 136 1250 Liquid 17.4 13.0 15.8 53.8 0.29
Anorthite 19.8 0.9 33.7 45.6
Mg2SiO4 0.3 57.0 0.1 42.6

M41 137 1250 Liquid 16.5 13.0 15.8 54.7 0.29
Anorthite 19.7 0.9 34.1 45.3
Mg2SiO4 0.5 57.2 0.1 42.2

M42 138 1250 Liquid 26.9 11.8 17.4 43.9 0.40
Anorthite 20.3 0.5 34.8 44.4
Mg2SiO4 0.8 56.6 0.2 42.4

Liquid + Mg2SiO4 + Spinel
M28 139 1400 Liquid 31.5 20.0 11.3 37.2 0.30

Spinel 0.0 28.1 71.5 0.4
Mg2SiO4 4.4 53.4 0.3 41.9

M28 140 1400 Liquid 30.7 19.7 11.4 38.2 0.30
Spinel 0.0 28.5 71.3 0.2

Mg2SiO4 4.7 53.5 0.3 41.5
M28 141 1400 Liquid 30.8 19.7 11.8 37.7 0.31

Spinel 0.0 28.1 71.5 0.4
Mg2SiO4 4.4 53.4 0.3 41.9
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Table A2. Cont.

Mixture Compositions (wt%)

No. No. T (◦C) Phases CaO MgO Al2O3 SiO2 Al2O3/SiO2

Liquid + Merwinite + MgO
M23 142 1450 Liquid 38.8 15.4 13.6 32.2 0.42

MgO 0.3 98.9 0.8 0.0
Merwinite 50.8 12.6 0.1 36.5

Liquid + MgO + Ca2SiO4
M24 143 1550 Liquid 44.6 13.3 12.0 30.1 0.40

Ca2SiO4 60.9 3.7 0.2 35.2
MgO 0.3 99.0 0.7 0.0

M24 144 1550 Liquid 42.3 12.8 17.1 27.8 0.30
Ca2SiO4 51.5 12.2 0.2 36.1

MgO 0.3 98.9 0.8 0.0
Liquid + MgO + Spinel

M47 145 1430 Liquid 34.9 18.5 12.5 34.1 0.37
Spinel 0.2 28.1 71.6 0.1
MgO 0.2 99.0 0.8 0.0

M33 146 1450 Liquid 30.5 21.7 12.6 35.2 0.36
Spinel 0.0 28.4 71.4 0.2
MgO 0.1 99.0 0.9 0.0

Liquid + Merwinite + Spinel
147 * 1400 Liquid 37.6 14.2 14.0 34.2 0.41

Spinel 0.1 28.0 71.8 0.1
Merwinite 51.1 12.4 0.1 36.4

148 * 1420 Liquid 36.8 15.8 13.3 34.1 0.39
Spinel 0.6 27.9 71.1 0.4

Merwinite 50.7 12.7 0.1 36.5
149 * 1420 Liquid 36.5 16.5 13.3 33.7 0.40

Spinel 0.1 28.5 71.3 0.1
Merwinite 50.8 12.6 0.1 36.5

Liquid + Mullite + Anorthite
M52 151 1250 Liquid 7.4 6.0 24.4 62.2 0.39

Mullite 0.1 0.6 70.2 29.1
Anorthite 17.7 0.4 33.3 48.6

M39 152 1250 Liquid 8.2 5.1 23.0 63.7 0.36
Mullite 0.1 0.5 70.7 28.7

Anorthite 17.1 0.4 31.8 50.7
M18 153 1270 Liquid 6.9 5.4 22.8 64.9 0.37

Mullite 0.1 0.4 70.9 28.6
Anorthite 17.4 0.5 32.3 49.8

M18 154 1270 Liquid 7.7 5.2 23.8 63.3 0.38
Mullite 0.1 0.3 71.2 28.4

Anorthite 17.7 0.4 32.4 49.5
M39 155 1300 Liquid 8.0 4.7 23.2 64.1 0.36

Mullite 0.1 0.4 71.2 28.3
Anorthite 18.0 0.4 33.4 48.2

M52 156 1300 Liquid 8.0 5.6 24.2 62.2 0.39
Mullite 0.1 0.4 71.4 28.1

Anorthite 18.7 0.5 34.6 46.2
M10 157 1300 Liquid 8.7 3.0 23.4 64.9 0.36

Mullite 0.2 0.1 72.2 27.5
Anorthite 17.4 0.2 31.8 50.6

M18 158 1310 Liquid 9.1 4.2 24.8 61.9 0.40
Mullite 0.2 0.2 71.7 27.9

Anorthite 18.3 0.3 33.7 47.7

* Experimental data from previous work [15–18,23].
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Table A3. Experimental Results in the System CaO-MgO-Al2O3-SiO2 system with Al2O3/SiO2

weight ratio of 0.4.

Mixture Compositions (mol%)

No. No. T (◦C) Phases CaO MgO Al2O3 SiO2 Al2O3/SiO2

Liquid only
M20 1 1250 Liquid 30.7 17.2 10.1 42.0 0.41
M26 2 1250 Liquid 29.4 14.6 11.8 44.2 0.45
M34 3 1250 Liquid 17.9 18.4 12.2 51.5 0.40
M16 4 1280 Liquid 13.3 7.4 15.0 64.3 0.40
M16 5 1300 Liquid 13.3 7.3 15.2 64.2 0.40
M34 6 1300 Liquid 17.8 18.4 12.1 51.7 0.40
M35 7 1300 Liquid 10.9 11.1 14.5 63.5 0.39
M36 8 1300 Liquid 7.7 7.8 13.5 71.0 0.32
M42 9 1300 Liquid 24.2 19.0 11.1 45.7 0.41
M48 10 1300 Liquid 26.2 20.7 10.4 42.7 0.42
M42 11 1310 Liquid 23.6 19.7 11.0 45.7 0.41
M19 12 1320 Liquid 24.8 13.8 11.8 49.6 0.41
M42 13 1320 Liquid 25.7 20.6 10.4 43.3 0.41
M25 14 1330 Liquid 33.1 19.1 9.2 38.6 0.40
M25 15 1330 Liquid 34.3 17.7 9.4 38.6 0.41
M48 16 1340 Liquid 24.5 18.9 11.4 45.2 0.43
M13 17 1350 Liquid 33.0 28.4 7.4 31.2 0.40
M16 18 1350 Liquid 13.3 7.2 14.9 64.6 0.39
M19 19 1350 Liquid 24.2 13.4 12.0 50.4 0.40
M25 20 1350 Liquid 33.4 18.8 9.0 38.8 0.39
M51 21 1350 Liquid 20.1 10.7 14.3 54.9 0.44
M51 22 1350 Liquid 20.8 11.5 14.7 53.0 0.47
M29 23 1350 Liquid 24.1 24.3 9.8 41.8 0.40
M42 24 1350 Liquid 26.2 18.5 12.0 43.3 0.47
M44 25 1350 Liquid 27.7 23.8 9.3 39.2 0.40
M49 26 1350 Liquid 14.5 12.0 14.3 59.2 0.41
M16 27 1350 Liquid 13.2 7.4 15.1 64.3 0.40
M35 28 1350 Liquid 11.2 11.1 14.9 62.8 0.40
M22 29 1390 Liquid 37.6 20.8 8.0 33.6 0.40
M22 30 1400 Liquid 37.6 20.2 7.8 34.4 0.38
M28 31 1400 Liquid 29.8 29.6 7.8 32.8 0.41
M41 32 1400 Liquid 22.8 18.2 13.5 45.5 0.50
M49 33 1400 Liquid 16.6 13.3 15.8 54.3 0.49
M21 34 1400 Liquid 36.8 20.6 8.2 34.4 0.41
M23 35 1450 Liquid 39.7 20.3 7.2 32.8 0.37
M23 36 1450 Liquid 40.0 22.4 7.2 30.4 0.40
M47 37 1450 Liquid 34.0 26.7 7.3 32.0 0.39
M23 38 1450 Liquid 39.7 22.0 7.6 30.7 0.42
M14 39 1480 Liquid 17.9 4.8 20.0 57.3 0.59
M14 40 1500 Liquid 17.9 5.0 20.0 57.1 0.59
M23 41 1500 Liquid 40.1 22.5 7.2 30.2 0.40
M30 42 1500 Liquid 50.0 1.7 10.9 37.4 0.50
M47 43 1500 Liquid 34.1 26.9 7.5 31.5 0.40

Liquid + Melilite
M20 44 1230 Liquid 29.6 17.0 10.4 43.0 0.41

melilite 41.3 17.1 3.5 38.1
M7 45 1250 Liquid 36.0 9.5 10.6 43.9 0.41

melilite 42.4 15.0 5.9 36.7
M43 46 1250 Liquid 29.2 16.9 10.5 43.4 0.41

melilite 40.6 17.4 3.2 38.8
47 * 1280 Liquid 33.8 14.2 9.6 42.4 0.38

melilite 9.0 58.2 21.9 10.9
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Table A3. Cont.

Mixture Compositions (mol%)

No. No. T (◦C) Phases CaO MgO Al2O3 SiO2 Al2O3/SiO2

M7 48 1300 Liquid 37.4 9.9 9.9 42.8 0.39
melilite 43.7 12.4 7.2 36.7

49 * 1300 Liquid 40.4 7.2 10.0 42.4 0.40
melilite 30.6 53.4 9.6 6.4

M21 50 1350 Liquid 32.6 24.1 8.3 35.0 0.40
melilite 43.0 14.1 7.6 35.3

M17 51 1350 Liquid 9.9 5.7 14.8 69.6 0.36
melilite 0.2 0.4 61.4 38.0

M3 52 1350 Liquid 39.0 10.8 9.1 41.1 0.37
melilite 43.6 12.4 9.3 34.7

53 * 1360 Liquid 48.0 0.0 10.0 42.0 0.40
melilite 49.6 0.0 24.5 25.9

M22 54 1370 Liquid 36.1 22.8 7.7 33.4 0.39
melilite 43.5 12.8 9.4 34.3

M21 55 1380 Liquid 36.5 20.6 8.4 34.5 0.41
melilite 44.6 12.0 9.8 33.6

M6 56 1400 Liquid 42.1 11.9 8.5 37.5 0.39
melilite 46.2 8.7 13.8 31.3

57 * 1420 Liquid 44.9 7.7 9.1 38.3 0.40
melilite 47.2 6.2 16.9 29.7

58 * 1420 Liquid 43.7 10.2 8.6 37.5 0.39
melilite 46.0 8.0 15.0 31.0

59 * 1430 Liquid 52.2 0.0 9.2 38.6 0.40
melilite 50.5 0.0 24.3 25.2

60 * 1450 Liquid 47.9 8.1 8.5 35.5 0.41
melilite 47.7 4.6 19.1 28.6

61 * 1450 Liquid 52.9 0.0 9.0 38.1 0.40
melilite 50.0 0.0 24.8 25.2

62 * 1450 Liquid 51.6 3.0 8.4 37.0 0.39
melilite 48.9 2.3 21.9 26.9

63 * 1450 Liquid 53.6 0.0 8.7 37.7 0.39
melilite 50.0 0.0 25.0 25.0

Liquid + Anorthite
M26 64 1250 Liquid 29.5 16.9 10.0 43.6 0.39

Anorthite 25.0 0.3 24.0 50.7
M35 65 1250 Liquid 34.8 10.2 9.7 45.3 0.36

Anorthite 24.9 0.5 24.3 50.3
M43 66 1280 Liquid 23.4 19.8 10.7 46.1 0.39

Anorthite 24.9 0.7 24.1 50.3
67 * 1280 Liquid 36.5 7.9 10.1 45.5 0.38

Anorthite 33.3 56.2 10.3 0.2
M34 68 1290 Liquid 18.6 18.8 12.3 50.3 0.41

Anorthite 24.6 1.0 23.2 51.2
M41 69 1300 Liquid 20.1 17.4 11.6 50.9 0.39

Anorthite 24.5 1.0 23.1 51.4
M19 70 1300 Liquid 24.1 14.7 10.3 50.9 0.35

Anorthite 24.7 0.9 24.2 50.2
M5 71 1300 Liquid 31.7 9.6 10.1 48.6 0.35

Anorthite 25.3 0.5 24.4 49.8
M8 72 1350 Liquid 28.9 8.2 11.4 51.5 0.38

anorthite 25.1 0.5 24.1 50.3
M9 73 1400 Liquid 14.2 4.2 15.0 66.6 0.38

anorthite 24.5 0.3 24.7 50.5
Liquid + Cordierite

M17 74 1250 Liquid 11.0 11.4 14.8 62.8 0.40
Cordierite 21.9 0.9 21.8 55.4
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Table A3. Cont.

Mixture Compositions (mol%)

No. No. T (◦C) Phases CaO MgO Al2O3 SiO2 Al2O3/SiO2

M49 75 1300 Liquid 13.1 13.3 13.4 60.2 0.38
Cordierite 22.7 0.9 22.8 53.6

M40 76 1300 Liquid 11.4 9.6 14.9 64.1 0.39
Cordierite 22.4 0.5 22.6 54.5

M10 77 1300 Liquid 11.6 3.9 15.7 68.8 0.39
Cordierite 21.3 0.3 21.5 56.9

Liquid + Mullite
M17 78 1250 Liquid 10.4 6.0 14.9 68.7 0.37

Mullite 0.3 0.8 56.0 42.9
M18 79 1320 Liquid 11.1 6.0 15.8 67.1 0.40

Mullite 0.3 0.4 59.0 40.3
M39 80 1350 Liquid 9.2 7.6 15.7 67.5 0.39

Mullite 0.2 0.6 58.8 40.4
M36 81 1400 Liquid 7.1 7.3 14.9 70.7 0.36

Mullite 0.3 0.6 60.8 38.2
M12 82 1400 Liquid 11.1 3.0 15.4 70.5 0.37

Mullite 0.2 0.2 60.0 39.6
M11 83 1450 Liquid 9.9 3.0 16.2 70.9 0.39

Mullite 0.2 0.0 62.6 37.2
M50 84 1500 Liquid 6.9 5.7 15.6 71.8 0.37

Mullite 0.2 0.2 61.6 38.0
Liquid + Spinel

M29 85 1320 Liquid 26.6 22.0 10.7 40.7 0.45
Spinel 0.0 50.0 49.9 0.1

M44 86 1350 Liquid 28.0 23.7 9.3 39.0 0.40
Spinel 0.1 50.0 49.8 0.1

M22 87 1370 Liquid 36.4 22.4 7.8 33.4 0.39
Spinel 0.0 49.9 50.0 0.1

89 * 1500 liquid 30.4 30.4 7.8 31.4 0.42
Spinel 0.5 0.8 58.7 40.0

Liquid + Mg2SiO4
M48 90 1250 Liquid 27.6 17.4 11.0 44.0 0.42

Mg2SiO4 0.8 66.5 0.0 32.7
M38 91 1250 Liquid 29.3 17.4 10.1 43.2 0.40

Mg2SiO4 1.3 65.5 0.0 33.2
M44 92 1250 Liquid 28.8 17.7 10.7 42.8 0.42

Mg2SiO4 1.2 66.0 0.2 32.6
M32 93 1300 Liquid 21.7 21.4 10.8 46.1 0.40

Mg2SiO4 0.5 66.3 0.0 33.2
M29 94 1300 Liquid 26.1 20.6 10.6 42.7 0.42

Mg2SiO4 0.9 66.1 0.1 32.9
M38 95 1300 Liquid 27.3 20.8 10.0 41.9 0.41

Mg2SiO4 1.1 65.6 0.1 33.2
M28 96 1300 Liquid 41.6 16.5 4.4 37.5 0.20

Mg2SiO4 3.5 63.5 0.1 32.9
M29 97 1330 Liquid 25.4 22.5 10.3 41.8 0.42

Mg2SiO4 0.9 66.2 0.1 32.8
M31 98 1350 Liquid 29.9 23.8 7.9 38.4 0.35

Mg2SiO4 2.0 65.0 0.2 32.8
M31 99 1400 Liquid 28.1 26.3 7.6 38.0 0.34

Mg2SiO4 2.2 64.8 0.1 32.9
M44 100 1400 Liquid 29.2 21.5 9.1 40.2 0.38

Mg2SiO4 0.5 66.3 0.0 33.2
Liquid + MgO

M30 101 1450 Liquid 33.7 27.2 7.5 31.6 0.40
MgO 0.1 99.5 0.4 0.0
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Table A3. Cont.

Mixture Compositions (mol%)

No. No. T (◦C) Phases CaO MgO Al2O3 SiO2 Al2O3/SiO2

M23 102 1470 Liquid 40.1 22.1 7.2 30.6 0.40
MgO 0.2 99.5 0.3 0.0

103 * 1500 Liquid 29.8 31.6 7.4 31.2 0.40
MgO 0.1 0.3 0.7 98.9

104 * 1500 Liquid 42.2 20.8 6.9 30.1 0.39
MgO 0.2 99.5 0.3 0.0

M27 105 1500 Liquid 39.3 23.1 7.0 30.6 0.39
MgO 0.1 99.6 0.3 0.0

M30 106 1500 Liquid 33.0 28.5 7.4 31.1 0.40
MgO 0.1 99.5 0.4 0.0

M30 107 1500 Liquid 33.0 28.4 7.4 31.2 0.40
MgO 0.1 99.5 0.4 0.0

M30 108 1500 Liquid 33.0 28.5 7.4 31.1 0.40
MgO 0.1 99.5 0.4 0.0

M37 109 1500 Liquid 37.0 24.9 7.3 30.8 0.40
MgO 0.2 99.4 0.4 0.0

M27 110 1550 Liquid 38.5 24.2 7.1 30.2 0.40
MgO 0.1 99.5 0.4 0.0

M24 111 1550 Liquid 46.0 18.6 6.8 28.6 0.40
MgO 0.2 99.6 0.2 0.0

M46 112 1550 Liquid 41.9 21.1 7.1 29.9 0.40
MgO 0.2 99.5 0.3 0.0

M46 113 1550 Liquid 41.2 22.4 7.2 29.2 0.42
MgO 0.2 99.5 0.3 0.0

M37 114 1550 Liquid 36.8 25.9 7.1 30.2 0.40
MgO 0.1 99.5 0.4 0.0

Liquid + Merwinite
115* 1400 Liquid 38.9 20.4 7.4 33.3 0.38

Merwinite 49.8 17.2 0.1 32.9
M2 116 1400 Liquid 43.5 13.2 8.5 34.8 0.42

Merwinite 49.8 16.7 0.1 33.4
M23 117 1430 Liquid 40.5 22.4 7.5 29.6 0.43

Merwinite 50.9 17.7 0.1 31.3
118 * 1450 Liquid 45.2 14.1 8.0 32.7 0.41

Merwinite 50.0 16.6 0.1 33.3
M23 119 1450 Liquid 40.9 21.6 7.3 30.2 0.41

Merwinite 50.3 17.4 0.1 32.2
Liquid + Ca2SiO4

M4 120 1500 Liquid 47.2 13.4 7.7 31.7 0.41
Ca2SiO4 62.4 4.1 0.1 33.4

Liquid + Melilite + Spinel
M25 121 1300 Liquid 30.6 20.3 9.3 39.8 0.40

Melilite 42.4 14.6 6.6 36.4
Spinel 0.1 49.9 49.9 0.1

M25 122 1320 Liquid 32.8 18.1 9.7 39.4 0.42
Melilite 42.8 14.6 6.8 35.8
Spinel 0.1 50.3 49.5 0.1

Liquid + Melilite + Anorthite
M15 123 1250 Liquid 32.7 14.0 10.4 42.9 0.41

Anorthite 25.4 0.7 24.9 49.0
Melilite 42.1 15.8 5.4 36.7

M1 124 1250 Liquid 34.8 10.3 9.8 45.1 0.37
Anorthite 25.3 0.2 24.4 50.1
Melilite 41.5 16.2 4.1 38.2
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Table A3. Cont.

Mixture Compositions (mol%)

No. No. T (◦C) Phases CaO MgO Al2O3 SiO2 Al2O3/SiO2

Liquid + Melilite + Mg2SiO4
M20 125 1220 Liquid 29.1 16.6 11.1 43.2 0.44

Mg2SiO4 1.1 66.2 0.1 32.6
Melilite 41.3 16.6 3.9 38.2

M25 126 1250 Liquid 28.8 19.2 10.4 41.6 0.43
Mg2SiO4 1.3 65.9 0.1 32.7
Melilite 42.0 14.3 7.0 36.7

M45 127 1300 Liquid 30.3 20.2 8.9 40.6 0.37
Mg2SiO4 2.0 64.9 0.2 32.9
Melilite 42.3 14.5 6.9 36.3

M44 128 1300 Liquid 26.2 20.6 7.2 46.0 0.56
Mg2SiO4 41.5 15.8 4.8 37.9
Melilite 1.8 64.8 0.8 32.6

M28 129 1350 Liquid 31.5 23.4 7.2 37.9
Mg2SiO4 41.3 16.8 3.8 38.1
Melilite 3.3 63.6 0.1 33.0

M45 130 1350 Liquid 30.8 23.5 7.6 38.1 0.34
Mg2SiO4 3.5 63.7 0.1 32.7
Melilite 40.7 17.7 3.9 37.7

M45 131 1450 Liquid 34.4 22.5 5.8 37.3 0.34
Mg2SiO4 3.5 63.3 0.2 33.0
Melilite 41.8 16.6 4.4 37.2

Liquid + Mg2SiO4 + Anorthite
M42 132 1200 Liquid 24.0 22.2 7.9 45.9 0.29

Anorthite 24.1 1.4 23.3 51.2
Mg2SiO4 1.0 66.1 0.1 32.8

M42 133 1230 Liquid 24.1 19.9 10.2 45.8 0.38
Anorthite 24.9 0.9 24.2 50.0
Mg2SiO4 0.7 66.5 0.0 32.8

M20 134 1230 Liquid 27.5 17.8 10.0 44.7 0.38
Anorthite 24.8 0.3 24.1 50.8
Mg2SiO4 0.8 65.9 0.1 33.2

M34 135 1240 Liquid 17.2 18.0 9.1 55.7 0.28
Anorthite 24.1 1.7 22.1 52.1
Mg2SiO4 0.2 66.9 0.0 32.9

M34 136 1250 Liquid 18.4 19.3 9.2 53.1 0.29
Anorthite 24.1 1.5 22.6 51.8
Mg2SiO4 0.2 66.7 0.0 33.1

M41 137 1250 Liquid 17.5 19.3 9.2 54.0 0.29
Anorthite 24.0 1.5 22.9 51.6
Mg2SiO4 0.4 66.9 0.0 32.7

M42 138 1250 Liquid 28.6 17.6 10.2 43.6 0.40
Anorthite 24.9 0.9 23.5 50.7
Mg2SiO4 0.7 66.2 0.1 33.0

Liquid + Mg2SiO4 + Spinel
M28 139 1400 Liquid 31.4 27.9 6.2 34.5 0.30

Spinel 0.0 49.8 49.7 0.5
Mg2SiO4 3.7 63.2 0.1 33.0

M28 140 1400 Liquid 30.7 27.6 6.3 35.4 0.30
Spinel 0.0 50.4 49.4 0.2

Mg2SiO4 4.0 63.2 0.1 32.7
M28 141 1400 Liquid 30.8 27.6 6.5 35.1 0.31

Spinel 0.0 49.8 49.7 0.5
Mg2SiO4 3.7 63.2 0.1 33.0
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Mixture Compositions (mol%)

No. No. T (◦C) Phases CaO MgO Al2O3 SiO2 Al2O3/SiO2

Liquid + Merwinite + MgO
M23 142 1450 Liquid 39.7 22.0 7.6 30.7 0.42

MgO 0.2 99.5 0.3 0.0
Merwinite 49.5 17.2 0.1 33.2

Liquid + MgO + Ca2SiO4
M24 143 1550 Liquid 45.6 19.0 6.7 28.7 0.40

Ca2SiO4 61.5 5.2 0.1 33.2
MgO 0.2 99.5 0.3 0.0

M24 144 1550 Liquid 44.3 18.8 9.8 27.1 0.30
Ca2SiO4 50.3 16.7 0.1 32.9

MgO 0.2 99.5 0.3 0.0
Liquid + MgO + Spinel

M47 145 1430 Liquid 35.0 26.1 6.9 32.0 0.37
Spinel 0.3 49.8 49.8 0.1
MgO 0.1 99.6 0.3 0.0

M33 146 1450 Liquid 30.3 30.2 6.9 32.6 0.36
Spinel 0.0 50.3 49.5 0.2
MgO 0.1 99.5 0.4 0.0

Liquid + Merwinite + Spinel
147 * 1400 Liquid 38.7 20.5 7.9 32.9 0.41

Spinel 0.1 49.8 50.0 0.1
Merwinite 49.8 17.0 0.1 33.1

148 * 1420 Liquid 37.5 22.6 7.5 32.4 0.39
Spinel 0.8 49.3 49.4 0.5

Merwinite 49.4 17.3 0.1 33.2
149 * 1420 Liquid 37.2 23.5 7.4 31.9 0.40

Spinel 0.1 50.4 49.4 0.1
Merwinite 49.5 17.2 0.1 33.2

Liquid + Mullite + Anorthite
M52 151 1250 Liquid 8.5 9.6 15.4 66.5 0.39

Mullite 0.1 1.3 57.9 40.7
Anorthite 21.6 0.7 22.4 55.3

M39 152 1250 Liquid 9.4 8.2 14.5 67.9 0.36
Mullite 0.2 1.1 58.4 40.3

Anorthite 20.8 0.7 21.2 57.3
M18 153 1270 Liquid 7.9 8.6 14.3 69.2 0.37

Mullite 0.2 0.8 58.8 40.2
Anorthite 21.1 0.9 21.6 56.4

M18 154 1270 Liquid 8.8 8.4 15.0 67.8 0.38
Mullite 0.2 0.6 59.2 40.0

Anorthite 21.5 0.7 21.7 56.1
M39 155 1300 Liquid 9.2 7.6 14.7 68.5 0.36

Mullite 0.2 0.8 59.1 39.9
Anorthite 22.0 0.7 22.4 54.9

M52 156 1300 Liquid 9.2 9.0 15.3 66.5 0.39
Mullite 0.2 0.8 59.4 39.6

Anorthite 22.9 0.9 23.3 52.9
M10 157 1300 Liquid 10.1 4.9 14.9 70.1 0.36

Mullite 0.3 0.2 60.4 39.1
Anorthite 21.1 0.3 21.2 57.4

M18 158 1310 Liquid 10.5 6.8 15.8 66.9 0.40
Mullite 0.3 0.4 59.8 39.5

Anorthite 22.4 0.5 22.7 54.4

* Experimental data from previous work [15–18,23].
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Abstract: The corrosion resistance to molten iron of four kinds of carbon bricks used in blast fur-
nace hearth were investigated to elaborate the corrosion mechanism through the macroscopic and
microscopic analysis of carbon bricks before and after reaction and thermodynamic analysis. The
macroscopic analysis showed that brick A had the lowest degree of corrosion and highest uniformity
at different heights, attributing to its moderate carbon content of 76.15%, main phases of C, Al2O3,
SiC, and Al6Si2O13 (mullite), and lower resistance to molten iron infiltration, etc. The microscopic
analysis showed that all the carbon bricks had more and larger pores than the original carbon bricks.
The phenomena of the iron beads adhering to carbon brick and iron infiltration were observed
between the interface of carbon brick and molten iron. In addition, the obvious corrosion process was
presented that the carbon matrix was broken and peeled off during the iron infiltration process. For
the carbon brick being corroded, the dissolution of carbon was the predominant reaction. The higher
the carbon solubility of the molten iron, the easier the corrosion on the carbon brick. Al2O3 and SiC
enhanced the corrosion resistance to molten iron of carbon bricks, and SiO2 could react with carbon
to form pores as channels for the penetration of molten iron and increase the corrosion on carbon
bricks. A higher graphitization degree of carbon bricks was beneficial to lessen their corrosion degree.
The corrosion on carbon bricks by molten iron could be attributed to three aspects: carburization,
infiltration, and scouring of molten iron. The carburization process of molten iron was the main
reaction process. The molten iron infiltration into the carbon bricks facilitated the dissolution of
carbon and destroyed the structure and accelerated the corrosion of the carbon bricks. The scouring
of molten iron subjected the iron–carbon interface to interaction forces, promoting the separation of
the exfoliated fragmented carbon brick from the iron–carbon interface to facilitate a new round of
corrosion process.

Keywords: carbon brick; corrosion resistance to molten iron; carburization; iron infiltration

1. Introduction

With the continuous development of blast furnaces towards large-scale and high
smelting strength, their safety and longevity have been unprecedentedly threatened [1–3].
To meet demand, the refractories for blast furnace hearth are constantly updated to adapt
to high smelting strength and maintain the safety and longevity of blast furnaces [4–7].
Among the refractories such as carbon brick, carbon composite brick, corundum brick, and
castable, carbon brick is still a dominant refractory, and its corrosion resistance to molten
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iron and slag, oxidation resistance, and thermal conductivity affect the service life of the
hearth. Therein, the corrosion resistance to molten iron is a key link in determining the
longevity of the blast furnace. To improve the corrosion resistance, especially the corrosion
resistance to molten iron, some carbon brick manufacturers have been making continuous
efforts, including adding different additives, such as aluminum powder; improving the
microporous properties of carbon brick, such as adjusting the production process; in situ
generation of whiskers, such as silicon powder addition; and adding titanium-containing
substances to reduce the contact of molten iron and carbon and decrease the update rate of
molten iron at the interface, which results in higher mechanical strength, lower porosity
sizes, etc., greatly improving the corrosion resistance to molten iron of carbon brick [8,9]
and enhancing the compressive strength and thermal shock performance [10–12].

Clarifying the influencing factors and mechanism of the corrosion resistance to molten
iron of carbon brick can provide theoretical guidance for the carbon brick quality improve-
ment, the carbon brick selection for the blast furnace hearth, and even the adjustment
of blast furnace operation so as to prolong the service life of blast furnace hearth. The
previous studies on the dissolution of carbonaceous materials in molten iron mainly focus
on iron–coke, iron–graphite, etc. [13–17], aiming at enhancing their carburizing ability and
optimizing the smelting process. In contrast, few studies on the corrosion of carbon brick
in molten iron were reported, especially on the corrosion of the new generation of super-
microporous carbon bricks. Deng et al. [18–20] investigated the dissolution mechanism
of carbon bricks into molten iron; the dissolution reaction of carbon was considered as
the dominant reaction and controlled by interfacial reaction and mass transfer of carbon
when the phosphorus content was up to 0.2% in molten iron. Stec et al. [21] undertook
the molten metal infiltration into micropore carbon refractory materials using X-ray com-
puted tomography; changes were observed in the micropore carbon refractory material’s
microstructure, and the elements of the open pore structure that were crucial in molten
metal infiltration were identified. Jiao et al. [22] investigated the corrosion behavior of
alumina–carbon composite brick in blast furnace slag and iron; the corrosion caused by iron
decreased with increasing slag basicity, the dissolution of carbon was one of the corrosion
reasons, and the reaction between carbon and silica in the brick could also be promoted by
the appearance of iron. With respect to the fact there is scarce and unsystematic research
on the corrosion resistance to molten iron of carbon bricks, it is urgent to illustrate the
influence mechanism of the chemical composition, physical and chemical properties, and
microstructure of carbon bricks on the corrosion resistance performance of different types
of carbon bricks in molten iron, allowing the safety and longevity of blast furnace as well
as high-efficiency and low-consumption smelting.

2. Experimental
2.1. Sample Preparation

The experimental samples were taken from four types of carbon bricks used exten-
sively in blast furnace hearths worldwide. The chemical composition is presented in Table 1.
Among them, A, B, and C are super-microporous carbon bricks, and D is a microporous car-
bon brick. The carbon bricks were cut into cylinders (ϕ30 mm × 50 mm) with a concentric
and through-hole cylinder using a special drill as shown in Figure 1. To make the surface
of the cylinders smooth, they were coarsely ground and finely ground with sandpaper of
different particle sizes and then immersed in absolute ethanol for ultrasonic treatment to
remove impurities. After cleaning, they were dried in a drying oven at 105 ◦C for 4 h to
avoid the influence of moisture on the experimental results, then stored hermetically for
later use. Before the test, the cylinders were inserted into a special ceramic rod to stir the
molten iron. The matching ceramic rod is 8 mm in diameter, and its length is determined
by the distance between the motor and the molten iron surface. One end of the ceramic rod
has a 60 mm long thread and a matching nut as also shown in Figure 1.
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Table 1. Chemical composition of the four types of carbon bricks.

Carbon Brick
Chemical Composition/%

C Al2O3 SiO2 SiC TiO2 Others

A 76.15 8.74 7.41 6.91 0.22 0.57
B 84.13 4.43 6.76 3.23 0.33 1.12
C 71.68 0.91 14.34 10.78 0.42 1.87
D 79.54 1.33 11.80 4.43 0.21 2.69
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Figure 1. Carbon brick sample and matching ceramic rod.

Molten iron samples were prepared using reduced iron powder (AR, purity greater
than 98%) (Macklin, Shanghai, China), graphite powder (CP, purity greater than 99.85%)
(Macklin, Shanghai, China), silicon metal powder (purity greater than 99%) (Sinopharm,
Shanghai, China), manganese powder (purity greater than 99%) (Aladdin, Shanghai, China),
phosphorus powder (purity greater than 99%) (Alfa Aesar, Shanghai, China), and FeS2
powder (AR, purity greater than 99%) (Rhawn, Shanghai, China). The composition of
molten iron is preset as shown in Table 2. The mixture of 770.77 g molten iron sample
was ground in the mortar to increase the contact between the particles and ensure that the
mixture was thoroughly blended.

Table 2. Chemical composition of the molten iron sample.

Molten iron

Chemical Composition/%

Fe C Si Mn P S

95.87 3.50 0.30 0.15 0.15 0.03

2.2. Experimental Apparatus and Procedure

The experimental apparatus is described in Figure 2. It mainly includes a BLMT–1700 ◦C
high-temperature tube furnace (BLMT, Luoyang, Henan, China), argon cylinder, JJ-1B constant-
speed electric stirrer, SRS13A precision temperature controller, etc. The Si-Mo heating rods are
adopted as the heating element to control the tube furnace temperature from room temperature
to 1700 ◦C at a maximum rate of 5 K/min. The constant temperature zone in the tube furnace
is about 100 mm in length. The constant-speed electric stirrer is placed above the tube furnace,
the non-threaded end of the ceramic rod is connected to the motor with an electric stirrer to
simulate the circulation velocity of molten iron in the hearth by controlling the rotation speed,
and the carbon brick sample is immersed in the molten iron to carry out the experiment.
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Figure 2. Schematic diagram of the experimental apparatus.

The molten iron sample was compacted into a ceramic crucible with an outer diameter
of 62 mm, a height of 300 mm, and a wall thickness of 3 mm, and then placed in the middle
of the constant temperature zone to prevent adhesion to the sidewall of the ceramic furnace
tube. The high-purity argon gas (99.9%) was purged into the furnace tube throughout the
experiment at a flow rate of 3 L/min. When the tube furnace was heated to 1500 ◦C, the
temperature was maintained for 60 min and the molten iron stirred with a quartz tube
to ensure the complete melting and uniformity of the sample. After 40 min of constant
temperature, the carbon brick sample was put into the furnace tube above the molten iron
to preheat for 20 min, then was slowly submerged to 30 mm below the molten iron surface.
The experiment was started after setting the stirring speed to 60 r/min and the time to
120 min. During the experimental process, the molten iron was extracted 3~5 g using a
quartz tube with 4 mm in inner diameter every 30 min, and then water quenched quickly
for carbon content detection. When extracting molten iron samples, the rotation of the
stirring motor was suspended, and the extraction time was controlled within 1 min. After
the experiment, the carbon brick sample was lifted 50 mm to separate from the molten iron,
and the motor was turned on for 5 min to shake off the molten iron attached to the surface
of the carbon brick sample. When the furnace temperature dropped to room temperature,
the carbon brick sample was taken out for subsequent characterization.

3. Results and Discussion
3.1. Analysis of the Original Carbon Bricks

It can be seen from Table 1 that B has the highest proportion of carbon component,
which is much larger than the other three types of carbon bricks. Ceramic additives such as
Al2O3, SiO2, and SiC in A and B are added in larger amounts; the content of SiO2 in B is
relatively high, and the proportion of Al2O3 in A is relatively high. The components of C
and D are obviously different from A and B. C and D have less Al2O3, and SiO2 and SiC are
the main ceramic additives. From the XRD patterns (Rigku SmartLab, Japan) in Figure 3, it
can be determined that the main phases in A are C, Al2O3, SiC, and Al6Si2O13 (mullite),
the ones in B are C, Al2O3, and SiC, while the main phases of C and D are C, SiO2, and
SiC. Due to the non-uniformity of carbon brick composition and the relatively low content
of SiO2 in A and B, the SiO2 phase in A and B is not detected, while Al6Si2O13 phase is
detected in A. The physical and chemical properties of these carbon bricks are listed in
Table 3. The apparent porosity of A and B is higher than that of C and D, while the pore
volume (<1 µm) of A is superior to C and D, which helps to prevent the penetration of
molten iron into the carbon bricks. Therefore, the resistance to molten iron infiltration of A
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is lower than that of the other three carbon bricks. The thermal conductivity of A and B is
also superior to C and D.
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Figure 3. XRD patterns of the four types of carbon bricks (A–D are the types of carbon bricks).  

Table 3. Physical and chemical properties of the four types of carbon bricks. 

Item Unit A B C D 
Apparent porosity % 13.4 18.4 11 12 

Bulk density g/cm3 1.81 1.69 1.76 1.72 
Compressive strength (room tem-

perature) 
MPa 48.1 42.8 50 48 

Average pore diameter μm 0.034 0.08 0.05 0.1 
Pore volume (<1 μm) % 88.6 88.2 86 78 

Resistance to molten iron infiltra-
tion % 18.7 21.4 20 22 

Gas permeability mDa 0.39 0.71 0.8 3 
Oxidation rate % 0.82 1.67 6 8 

Thermal conductivity 300 °C W/(m·K) 29.1 ≥22 ≥10 11 
600 °C 26.2 15.4 ≥14 15 

  

Figure 3. XRD patterns of the four types of carbon bricks (A–D are the types of carbon bricks).

Table 3. Physical and chemical properties of the four types of carbon bricks.

Item Unit A B C D

Apparent porosity % 13.4 18.4 11 12
Bulk density g/cm3 1.81 1.69 1.76 1.72

Compressive strength (room
temperature) MPa 48.1 42.8 50 48

Average pore diameter µm 0.034 0.08 0.05 0.1
Pore volume (<1 µm) % 88.6 88.2 86 78

Resistance to molten iron
infiltration % 18.7 21.4 20 22

Gas permeability mDa 0.39 0.71 0.8 3
Oxidation rate % 0.82 1.67 6 8

Thermal conductivity 300 ◦C
W/(m·K)

29.1 ≥22 ≥10 11
600 ◦C 26.2 15.4 ≥14 15

3.2. Experimental Results

The macroscopic morphology of carbon bricks before and after corrosion by molten
iron is shown in Figure 4. Obvious appearance differences were observed on the carbon
bricks after corrosion under laboratory conditions.
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Figure 4. Macroscopic morphology of carbon bricks before and after corrosion (A–D are the types of
carbon bricks).

The surface of the original brick A is the smoothest and densest, with larger carbon
aggregates in a compact distribution. The surface of the original brick B is relatively rough
with many tiny holes of a relatively shallow depth, and the carbon aggregate particles
are relatively small. The surface of the original bricks C and D is relatively smooth and
dense, but a few micro-cracks are exhibited. The micro-cracks on the surface of D are more
prominent than those on C. A has the lowest corrosion degree, with small variation in the
diameter of the partial brick immersed into molten iron and uniformity in the corrosion
degree at different heights, while a large number of holes are formed on the surface due to
the shedding of carbon aggregates. The surface of B is smoother than A after corrosion, and
no obvious pores are evident on the surface, but the corrosion is severe at the gas–refractory–
iron three-phase interface, showing curved recesses. After being eroded, irregular surfaces
appear on C and D, the degree of corrosion is between A and B, and there exists lighter
corrosion characteristics of three-phase interface. It also should be noted that C adheres to
more iron beads.

The weight and average diameter of carbon bricks before and after corrosion were
measured. The mass change rate, diameter change rate, and corrosion rate are defined
as follows:

η =
m0 − mf

m0
× 100% (1)

∆d =
d0 − df

d0
(2)

v =
π × l ×

(
d2

0 − d2
f
)
× ρ × wC

400 × t × S
(3)

where η is the mass change rate, %; m0 is the weight of carbon brick before the experiment,
g; mf is the weight of carbon brick after corrosion, g; ∆d is the diameter change rate, %; d0 is
the diameter of the carbon brick before experiment, mm; df is the diameter of the carbon
brick after corrosion, mm; ν is the corrosion rate of carbon brick, g/(h·cm2); l is the depth of
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carbon brick immersed in molten iron, cm; ρ is the density of carbon brick, g/cm3; wC is the
carbon content of carbon brick, %; t is the reaction time, h; and S is the reaction area, cm2.

It can be seen from Figure 5 that the mass change rate, diameter change rate, and
corrosion rate of A are far lower than those of the other three carbon bricks, indicating that
A possesses better corrosion resistance to molten iron and has a good positive effect on
prolonging the life of the blast furnace.
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Figure 5. Mass change rate, diameter change rate, and corrosion rate of the four carbon bricks after
corrosion (A, B, C and D are the types of carbon bricks).

3.3. Microscopic Analysis of Reaction Interface

The original carbon bricks were randomly sampled from the whole carbon brick for mi-
croscopic observation by scanning electron microscope (SEM) (FEI Quanta 250, Eindhoven,
The Netherlands) on the original morphology, structure characteristics, and phase distribu-
tion, etc. The samples after corrosion were cut along the axis of the concentric cylinder, and
the outer surfaces, including three-phase interface and refractory–iron interface, were also
subjected to microscopic characterization as Figure 6 shows.
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3.3.1. Analysis of the Microscopic Appearance of the Original Carbon Brick

The microscopic morphology of the original brick A is taken under different scaleplates,
as shown in Figure 7. It can be seen from Figure 7a that the boundaries between the carbon
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matrix, white ceramic, and black carbon aggregates are obvious. The internal surface is
rough, with more micro-pores in size of 20~70 µm as presented from Figure 7b. From
Figure 7c,d, it indicates the dispersed distribution of ceramic in the carbon matrix, thereby
avoiding the adverse effect of the single ceramic assemblage on the thermal conductivity
of the carbon brick. The local carbon matrix and mineral layer are in a strip shape, which
isolate the carbonaceous aggregates at different locations. This phase distribution can
effectively block the contact between the carbon aggregate and the molten iron at the iron–
carbon interface during the dissolution process and slow down the dissolution process of
carbon brick. Some whiskers are found in the pores of A, as shown in Figure 7e.
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Figure 7. (a–e) Microscopic morphology of the original brick A under different scaleplates.

As a large amount of flake graphite is added to B to boost the thermal conductivity,
the carbon content is relatively high, which meets the chemical composition in Table 1.
B contains less ceramic seen from Figure 8a compared with A. The boundary of the black
carbon aggregate layer is not obvious, so the overall interface is mainly carbon matrix with
the ceramic dispersed and discontinuous distribution, as shown in Figure 8c. From the
secondary electron image in Figure 8b, it can be observed that the surface of B is smooth
with fewer micro-pores; those it does have are mostly in the size range of 20~50 µm. On the
other hand, there are many pores on the surface of the original brick under the scaleplate of
2 mm with larger depth, as shown in Figure 8a. It shows another distribution of the ceramic
additives, Al2O3 in this region performs lamellar. Similarly, higher silicide is located in the
interface between Al2O3 and the carbon matrix.
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Figure 8. (a–e) Microscopic morphology of the original brick B under different scaleplates.

The microscopic morphology of the original brick C is shown in Figure 9. As seen
from Figure 9a, it exhibits more dispersed distribution of ceramic additive and a greater
number of small-sized carbon aggregates compared with that in A and B, and an obvious
boundary between the carbon aggregate and the non-aggregate is observed. There are
cracks on the surface of the original brick C, while the number of micropores is relatively
few with thin and long feature. It is discovered from Figure 9c that the ceramic additives
are mainly silicon compounds, which meet the chemical composition in Table 1. The SiO2
and SiC ceramic phases are uniformly distributed in the carbon matrix, and there is no
Al2O3 aggregation on the surface.
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Figure 9. (a–h) Microscopic morphology of the original brick C under different scaleplates.

There exists a mass of flocculent whiskers in the pores of the original brick C as
presented in Figure 9c,d, covering the inner walls of the pores. Further magnified in
Figure 9e,f, we may see the whiskers connect to each other and form a network structure,
filling the pores of the carbon brick. By spot scanning, we can ascertain the whiskers mainly
contain two elements: C and Si, indicating that this area is dominated by SiC whiskers. The
whiskers in the pores of the carbon aggregates are shown in Figure 9g,h. By spot scanning
C2 and C3, we find the C element accounts for >90%. Combined with the brick composition
and production process design, it can be inferred that the whiskers in this area are mainly
carbon nanotubes.

The microscopic morphology of the original brick D is shown in Figure 10; in com-
parison with C, denser and larger pores on the surface are confirmed in Figure 10a,b
with the size mainly ranging from 30 µm to 50 µm. Through the comparative analysis
of Figures 9c and 10c, it can be found that the internal density of D is lower than that of
C. A large number of whiskers are found inside of the crack at the junction of the carbon
aggregate and the carbon matrix, shown in Figure 10e. By EDS analysis of spots D1 and D2,
we find the main component of the whiskers is carbon, and they contain a small amount of
Si element. Combined with the brick composition and production design, the whiskers can
be deduced to be mainly carbon nanotubes, and part of the SiC whiskers are mixed.
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3.3.2. Analysis of the Microscopic Appearance of the Carbon Brick after Corrosion

Figure 11a–d show the microscopic morphology of the side surface of A after corro-
sion. The uneven morphology is still maintained on the reaction interface as shown in
Figure 11a,b. There exist a few cracks and pores on the internal interface, and the pores are
mainly concentrated on the surface of the carbon aggregates with the diameter more than
100 µm. The phenomenon of the iron beads adhering to the carbon brick appears on the
surface in Figure 11c. The small iron beads mainly gather at the carbon aggregates, and the
mixed part of the carbon matrix and the ceramic phase is mainly iron infiltration. As shown
in Figure 11d, only strip-shaped carbon aggregates remain in the iron-infiltrated part.
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Figure 11. (a–h) Microscopic morphology of A after corrosion.

The bottom surface of A immersed in molten iron after corrosion is presented in
Figure 11e,f. The reaction interface retains a good iron infiltration phenomenon. This not
only adheres to small iron beads but also an iron infiltration layer in the carbon aggregates.
The whole iron infiltration layer is between 30 µm and 120 µm, and the thinner thickness of
the carbon matrix and ceramic is discovered due to the ceramic presence. It is strong proof
that the ceramic material enhances the carbon brick’s resistance to molten iron corrosion
and penetration. From Figure 11f, it is found that the small pieces of carbon aggregates
have been almost separated by iron infiltration from the carbon matrix; a nebula-like,
exfoliated, and dissolved iron–carbon mixture emerges, with 8.92% iron and 56.78% carbon
in atomic ratio.

The internal whiskers in the pores close to the reaction interface have been dissolved
by molten iron, and the inner surface of the pores is covered by small, dense pits as analyzed
from Figure 11g, while a large number of whiskers still exist in the pores away from the
reaction interface as shown in Figure 11h. This illustrates that the whiskers in the pores are
firstly dissolved by the molten iron, thereby retarding the process of carbon brick being
corroded by the molten iron.

The microscopic morphology of B after corrosion is presented in Figure 12. From
Figure 12a, an obvious arc is observed at the three-phase interface. Compared with the A
corrosion morphology, the reaction interface of B is relatively flat and there are fewer iron
beads adhering on the surface, most of which are iron infiltration with thickness nearly
50 µm. In addition, a lot of holes are distributed on the surface of B, the maximum diameter
of which can reach 370.4 µm. However, there are very few cracks on the surface of graphite
carbon aggregates. From the mapping of the local carbon aggregate in Figure 12d, we can
see a small amount of Al2O3 and SiO2 ceramic additives dispersed within. The large-scale
cracks in the carbon aggregate itself have iron accumulation; it can be inferred that they will
act as a channel for iron penetration when the molten iron is corroded to a certain extent
and accelerate the corrosion rate of the carbon brick in this part. Obviously, the number
and size of internal pores and cracks in carbon brick have a significant negative impact on
its ability to resist molten iron corrosion of carbon brick.

Figure 13a–d show the microscopic morphology of C after corrosion; it can be observed
that C has a smaller amount of large-particle carbon aggregates and very few pores in the
carbon brick, but many large cracks exist, and the crack length can reach 763.7 µm. What is
more, the reaction interface on side surface is relatively flat, gaps appear at the junction of
the bottom surface and the side surface, and a large number of iron beads are bonded on
the reaction interface in the gap. As shown in Figure 13d, both iron infiltration and iron
bead adhesion arise in the carbon aggregates, and the thickness of the iron infiltration layer
varies from 50 µm to 100 µm. An iron infiltration zone inside the aggregates can destroy
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the structure of the carbon brick near the reaction interface and accelerate the subsequent
dissolution of the carbon brick in this area.
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The microscopic morphology of the bottom surface of C after corrosion is presented in
Figure 13e,f, cracks of up to 1.113 mm appear in this area, which will reduce the stability
performance of carbon brick. In addition, there is a phenomenon of iron beads adhering to
the reaction interface in the area of non-carbon aggregates. The strip-shaped black phases
inside the iron beads are deduced to be graphite phase saturated with carbon and graphite
aggregate wrapped and isolated during the process of carbon aggregate dissolution by
molten iron through EDS analysis. The mixing and contact area of iron bead and carbon
brick indicates that, as the penetration of molten iron deepens, the main boundary structure
of C is severely damaged, a large number of small particles in carbon brick matrix and
carbon aggregate are stripped and accumulate to form a layer of stripped small particles at
the reaction interface. Figure 13g,h show the microscopic morphology of the pores near
and away from the reaction interface, respectively. It can be observed that the SiC whiskers
and carbon nanotube whiskers near the reaction interface have been almost completely
decomposed and disappeared, which is similar to the corrosion seen in A.

The microscopic morphology of the side and bottom surface of D after corrosion is
shown in Figure 14. Under 2 mm scaleplate, D has a small quantity of pores, while the
number of internal cracks is significantly greater compared with C after corrosion, and the
crack length can reach more than 2 mm. The phenomenon of iron bead adhering to the
reaction interface is not obvious. Figure 14c shows that the iron beads in this area have
been embedded in the carbon aggregate, and a certain degree of iron permeation layer at
the reaction interface exists. It is foreseeable that, as the molten iron further dissolves and
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penetrates, the carbon particles bordered by the yellow dashed line will be stripped off.
Further enlargement of Figure 14c allows us to observe that the iron beads at this location
do not exist in the form of being embedded inside the carbon particles. There is still an
iron penetration layer and carbon matrix separation between the iron beads and the carbon
particles. Therefore, iron penetration will cause the deterioration of the carbon brick, and
then the carbon matrix separates from the structure. Figure 14e shows the microscopic
morphology of the carbon aggregate after corrosion; the corrosion of carbon aggregate is
not entirely caused by molten iron corrosion. The penetration of molten iron in carbon
aggregate will also cause local cracking and stripping of the carbon brick.
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Figure 14. (a–h) Microscopic morphology of D after corrosion.

The characterization results of the internal pores in the radial direction of D sample
are presented in Figure 14f–h. Figure 14f shows the internal pores in the yellow dashed
frame in Figure 14c, which are closest to the reaction interface. SiC whiskers, or carbon
nanotubes, are not found inside. From Figure 14g,h close to the pores inside D in sequence,
only some whiskers exist in the pores in Figure 14g, while a large number of whiskers
retain in Figure 14h. Therefore, the presence of whiskers helps to delay partial dissolution
of pores when the carbon brick contacts with molten iron.

3.4. Analysis on the Mechanism of Corrosion Resistance to Molten Iron of Carbon Brick
3.4.1. Thermodynamic Analysis

There are two reactions that may occur in the carburization process of molten iron; one
is the dissolution of solid carbon into molten iron, and the other is the formation of Fe3C
from the reaction of solid carbon and iron atom within the temperature range of 1809 K
to 2000 K. According to thermodynamic analysis in Figure 15, the dissolution of carbon is
intended to be the predominant reaction.

C(s) = [C] ∆Gθ = 22, 590 − 42.26T, J/mol (4)

C(s)+3Fe(l)= Fe3C(s) ∆Gθ = 10, 530 − 10.2T, J/mol (5)

The carbon content in molten iron is always unsaturated in the production process
of blast furnaces. Therefore, the carbon bricks with carbon as the main component will
have continuous direct contact with the molten iron to cause carbon dissolution, resulting
in carbon brick corrosion. Higher carbon content in carbon bricks can give rise to easier
corrosion due to the larger contact area between the molten iron and the carbon in the
carbon brick. The molten iron is also in constant motion. The renewal of molten iron will
also cause continuous corrosion on carbon bricks. Therefore, the method to reduce the
corrosion of carbon bricks by molten iron is centered on the following factors.
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The carbon content in molten iron is always unsaturated in the production process 
of blast furnaces. Therefore, the carbon bricks with carbon as the main component will 
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(1) Carbon solubility in molten iron

When the reaction of C(s) = [C] reaches equilibrium, the standard Gibbs free energy of
the reaction is:

∆Gθ = −RT ln Kθ = −2.303RTlgKθ = −2.303RTlga[C] = −2.303RT(lg[C] + lg fC) (6)

lg[C] = −1179.81
T

+ 2.21 − lg fC (7)

According to Wagner’s model, the activity coefficient of carbon in multi-system molten
iron can be expressed as follows:

lg fC = eC
C[C] + eSi

C [Si] + eMn
C [Mn] + eP

C[P] + eS
C[S] (8)

Combining Equations (7) and (8), we can gain the carbon content in molten iron.

lg[C] = −1179.81
T

+ 2.21 − eC
C[C]− eSi

C [Si]− eMn
C [Mn]− eP

C[P]− eS
C[S] (9)

where ej
C is the activity interaction coefficient of the j element and carbon element in the

molten iron.
There are two factors affecting the carbon solubility in molten iron. One is the tempera-

ture of the molten iron. The carbon solubility will increase with the increase in temperature
under the constant content of each component in molten iron. The other is the product of
the content of each component and the activity interaction coefficient of this component
and carbon component. When ej

C > 0, the activity coefficient of carbon increases with the

content of j element increasing, resulting in a decrease in the carbon solubility. When ej
C < 0,

the activity coefficient of carbon will decrease with the increase in j element, leading to an
increase in the solubility of carbon in the molten iron. The carbon solubility in molten iron
can reflect the corrosion ability of molten iron on carbon brick, that is, the higher the carbon
solubility, the easier the carbon brick is to corrode.

(2) Ceramic phases and whiskers

Al2O3, SiO2, and SiC are the main ceramic phases contained in the present carbon
bricks. Al2O3 cannot react at all at the experimental temperature, and it is not wet with
molten iron [23]. Therefore, the addition of Al2O3 enhances the corrosion resistance to
molten iron of carbon bricks. SiC is another factor enhancing the corrosion resistance to
molten iron, because the special preparation process of carbon bricks can promote the
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formation of SiC whiskers in situ. The presence of whiskers in the pores will withstand the
molten iron, delaying carbon brick corrosion. Carbon nanotube whiskers can also delay
the corrosion of carbon bricks to a certain extent, because the channels where molten iron
enters the pores will preferentially erode the carbon nanotube whiskers in the pores.

SiO2 can react with carbon to produce FeSi and CO under the catalysis of iron, as
Equation (10) shows [24,25]. The pores formed after the reaction will become channels for
the penetration of molten iron and increase the corrosion of carbon bricks.

SiO2(s)+2C(s)+Fe(l)= FeSi + 2CO ∆Gθ = 649, 404 − 383.53T, J/mol (10)

Ceramic additives such as Al2O3, SiO2, and SiC in A and B are added in larger
amounts, and the proportion of Al2O3 in A is relatively high. The components of C and D
are obviously different from A and B. C and D have less Al2O3, and SiO2 and SiC are the
main ceramic additives. Additionally, A also contains some whiskers, so its performance
is better.

(3) Graphitization degree of carbon brick

From Figure 3, the sharp (002) carbon peaks of the four carbon bricks can be clearly
observed. The sharper the carbon peak, the higher in the degree of the ordering of carbon
structure or graphitization [26]. Generally, the average stacking height (LC) of the layered
structure is used to characterize the lattice dimensions of crystalline carbon. LC can be
obtained by using the classical Scherrer’s Equation [27–29] with crystallites in the absence
of lattice strain or distortion.

LC =
0.89λ

B002 cos(θ002)
(11)

where λ is the wavelength of the X-ray radiation, B002 is the full-width at half-maximum
intensity of the (002) carbon peak, and θ002 is the diffraction angle of the (002) band. Ac-
cordingly, a sharper (002) carbon peak indicates a greater crystalline order or graphitization
degree of carbon materials.

Based on Bragg’s law [30], the interlayer spacing (d002) and average layer number (NC)
can be calculated as follows:

d002 =
λ

2 sin(θ002)
(12)

NC =
LC

d002
(13)

The calculation results of LC, d002, and NC are shown in Table 4.

Table 4. Structural parameters of carbon bricks measured from the XRD spectra.

Carbon Brick 2θ002/◦ d002/(nm) B002/◦ LC/(nm) NC

SGL 26.48 0.34 0.287 28.44 85
NDK 26.41 0.34 0.532 15.34 45
SM 26.54 0.34 0.431 18.94 55
CM 26.52 0.34 0.601 13.58 40

The LC and NC values of carbon bricks present in the same order of LC(A) > LC(C) >
LC(B) > LC(D) and NC(A) > NC(C) > NC(B) > NC(D), demonstrating a decreasing graphi-
tization degree and crystalline structure of carbon. Moreover, the graphitization degree
is almost inversely proportional to the experimental results of the corrosion resistance to
molten iron of four carbon bricks, that is, the higher the graphitization degree, the smaller
the mass change rate, diameter change rate, and corrosion rate. This demonstrates that the
crystalline structure of carbon is closely related to its dissolution behavior in molten iron,
and the higher the graphitization degree, the less easily the carbon brick will be corroded.
The findings are different from those of previous studies [13,31,32], but are consistent with
Guo’s investigation [33].
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3.4.2. Corrosion Mechanism of Carbon Brick in Molten Iron

According to macroscopic and microscopic morphologies of carbon bricks before and
after corrosion by molten iron, and thermodynamic analysis, the process of molten iron
corroding carbon brick can be attributed to three aspects: the carburization, infiltration, and
scouring of molten iron. The carburization process of molten iron has been demonstrated
using the thermodynamic reaction analysis; its dissolution into molten iron can be further
divided into three steps. The first step is the separation of carbon atoms from the solid
carbon structure; the second step is the accumulation of the separated carbon atoms at the
reaction interface; the third step is that the carbon atoms are adsorbed to the interstitial
spaces of iron atoms from the reaction interface. In addition to the dissolution of the carbon
into the molten iron, the infiltration of molten iron into carbon brick is another important
cause of carbon brick corrosion. When molten iron penetrates the interior of the carbon
brick, it will interact with the materials inside the carbon brick to form an iron infiltration
layer, destroying the structure of the carbon brick at the iron–carbon interface, and then
producing structural separation. The molten iron diffuses into the interior of the carbon
brick through the pores and micro-cracks, and further deepens in combination with the
carbon dissolution process. During the whole infiltration and carburization process, the
channels that the molten iron diffused into from different paths may connect, resulting in
local carbon brick to peel off from the main body to form a separation layer. Furthermore,
the exfoliated particles will leave the separation layer for subsequent reaction behaviors.
The scouring of molten iron, simulated by the stirring speed in the experiment, subjects the
iron–carbon interface to interaction forces, which promotes the accelerated separation of
the exfoliated fragmented carbon brick from the iron–carbon interface, thereby facilitating
a new round of corrosion process as shown in Figure 16.
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In the practical carbon brick production process, attention should be paid to the
combination of carbon, Al2O3, SiO2, and SiC contents in carbon brick. Higher carbon and
SiO2 contents will increase the corrosion by molten iron due to the reaction. Higher Al2O3
and SiC contents will hinder the contact between the carbon brick and the molten iron,
delaying the corrosion of the carbon brick. The graphitization degree of carbon brick will
also affect its corrosion; the higher of the graphitization degree, the lower of the corrosion
degree. In addition, the microporous properties will also influence the corrosion of molten
iron on carbon brick. Smaller average pore diameter and pore volume (<1 µm) contribute to
a lower corrosion degree. Therefore, the formation of carbon nanotubes and SiC whiskers
can also delay the corrosion of carbon brick while reducing the average pore diameter and
retarding reaction. In terms of blast furnace operation, the temperature and composition
of molten iron will affect the degree of dissolution of carbon in carbon brick into molten
iron, that is, the greater the solubility of carbon in molten iron, the greater the degree of
corrosion to carbon brick. Thus, the adjustment of temperature, content of each component,
and activity interaction coefficient of this component and the carbon component for the
reduction in carbon solubility in molten iron can weaken the dissolution of carbon in carbon
brick into molten iron. In general, reducing the corrosion of molten iron on carbon brick is
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to reduce the carburization process of molten iron, the molten iron infiltration into carbon
brick, and the scouring of molten iron to carbon brick.

4. Conclusions

The corrosion resistance to molten iron of four kinds of carbon bricks used in a
blast furnace hearth were investigated to illustrate the corrosion mechanism through
the macroscopic and microscopic analysis of carbon bricks before and after reaction and
thermodynamic analysis. It was found that the corrosion resistance to molten iron of carbon
brick could be improved by the combination of carbon, Al2O3, SiO2, and SiC contents in the
carbon bricks, a high graphitization degree of carbon brick, a small average pore diameter
and pore volume (<1 µm) of carbon brick, the formation of carbon nanotubes and SiC
whiskers in carbon brick, a low solubility of carbon in molten iron, and the weakened
scouring of molten iron to carbon brick, etc. The summarized specific consequences are
as follows:

The chemical composition and phase analyses show that B has the highest carbon
content, up to 84.13%, which is much greater than the other three types of carbon bricks.
The main phases in A are C, Al2O3, SiC, and Al6Si2O13, the ones in B are C, Al2O3, and
SiC, while the main phases of C and D are C, SiO2, and SiC. The analysis of physical and
chemical properties shows that the resistance to molten iron infiltration of A is lower than
that of the other three carbon bricks. The thermal conductivity of A and B is superior to
C and D.

The macroscopic morphology analysis of carbon bricks after corrosion by molten iron
shows that A has the lowest corrosion degree and highest uniformity at different heights,
but a large number of holes are formed on the surface. The surface of B is smoother than A
after corrosion, but the corrosion is severe at the gas–refractory–iron three-phase interface.
C and D have irregular surfaces, their corrosion degree is between A and B, and there exists
lighter corrosion characteristics of three-phase interface.

The microscopic morphology analysis of the original carbon bricks shows that A has
obvious boundaries between the carbon matrix, white ceramic, and black carbon aggregates.
Its internal surface is rough, with more micro-pores in the range of 20~70 µm. The ceramic
in A carbon matrix is in dispersed distribution. There are some whiskers in the A pores.
The boundary of the black carbon aggregate layer in B is not obvious, and the carbon matrix
and ceramic are in dispersed and discontinuous distribution. Its surface is smooth, with
fewer micro-pores; those that do appear are mostly in the size range of 20~50 µm. An
obvious boundary is observed between the carbon aggregate and the non-aggregate in C,
and cracks on its surface, but the micropores are relatively few, with long and thin features.
The SiO2 and SiC ceramic phases are uniformly distributed in the carbon matrix, and no
Al2O3 aggregation on the surface. A mass of flocculent whiskers exists in the pores of
the original brick C, which are mainly determined to be SiC whiskers, and some carbon
nanotubes exist in the pores of the carbon aggregates. D has denser and larger pores on the
surface, with the size mainly ranging from 30 µm to 50 µm. A large number of whiskers
are also found inside of the cracks, which are mainly inferred to carbon nanotubes, and
part of SiC whiskers are mixed.

The microscopic morphology analysis of the carbon bricks after corrosion shows that
all the carbon bricks have more and larger pores than their original carbon bricks. There
exist pores on the internal interface of A with the diameter more than 100 µm, and the
phenomenon of the iron beads adhering to the carbon brick mainly happens in the carbon
aggregates. The mixed part of the carbon matrix and the ceramic phase is mainly iron
infiltration. The surface of B is relatively flat after corrosion compared with that of A. There
exist fewer iron beads adhering on the surface, most of which are iron infiltration with a
thickness of nearly 50 µm. Many large cracks emerge on the surfaces of C and D with the
length exceeding 1 mm in C and 2 mm in D. A large number of iron beads are bonded on
the reaction interface of C, and the iron bead adhering to the reaction interface of D is not
obvious. The iron penetration degree of C, D, and A is similar. C and D present an obvious
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corrosion process phenomenon, that is, the carbon matrix is broken and peeled off during
the iron infiltration process. In addition, the whiskers inside the pores also tend to decrease
as they approach the reaction interface.

The dissolution of carbon is the predominant reaction of the carbon brick being
corroded. The higher the carbon solubility in molten iron, the easier it is to corrode the
carbon brick. Al2O3 and SiC can enhance the corrosion resistance of carbon bricks to
molten iron, and SiO2 can react with carbon to form pores, which will become channels
for the penetration of molten iron and increase the corrosion of carbon bricks. A higher
graphitization degree of carbon bricks is beneficial to lessen their corrosion degree.

The corrosion of carbon bricks by molten iron can be attributed to three aspects: the
carburization, infiltration, and scouring of molten iron. The carburization process of molten
iron is the main reaction process of molten iron corroding carbon brick. The infiltration
of molten iron into carbon brick will facilitate the dissolution of carbon, destroying the
structure of carbon bricks and accelerating the corrosion of carbon bricks. The scouring
of molten iron subjects the iron–carbon interface to interaction forces, promoting the
separation of the exfoliated fragmented carbon brick from the iron–carbon interface to
facilitate a new round of corrosion process.
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Abstract: The increased utilization of pellets in blast furnaces is one of the directions for low-carbon
ironmaking. As a result, the low slag rate may affect the desulfurization of the hot metal and the
removal of alkali in the blast furnace. Effective desulfurization and the removal of alkali in the low
slag ironmaking process have become the focus of the steel industry. In this paper, the effects of
slag quantity, temperature, reaction time and slag composition on the desulfurization and removal
of alkali were studied using the slag-metal reaction method. It was found that the slag quantity
had the same influence trend on the desulfurization and the removal of alkali. The greater the slag
quantity, the more effective the desulfurization and the removal of alkali. The slag composition,
temperature and reaction time had the opposite effect on the desulfurization and the removal of
alkali. High temperature, long reaction time, high MgO concentration, high CaO/SiO2 ratio and
low Al2O3 concentration increased the desulfurization of hot metal but reduced the removal rate of
alkali from the blast furnace. Applications of the experimental results on high-proportion pellet blast
furnace operation are discussed.

Keywords: blast furnace; high-proportion pellet; desulphurization; removal of alkali; ironmaking

1. Introduction

The steel industry accounts for approximately 11% of the global carbon dioxide (CO2)
emissions in the world [1]. Under the current policy and technology regime, the energy use
and global greenhouse gas emissions of the steel industry are likely to continue increasing
because of the increased demand for steel, particularly in developing countries [2]. A blast
furnace (BF) is consistently the major technology for ironmaking in which sinter, pellet
and lump are the iron-containing feeds. Increasing the proportion of high-grade pellets
in the blast furnace is an effective method for carbon emission reduction [3,4]. Compared
with sinter production, pellets can be produced with lower energy consumption and lower
environmental pollution. In addition, a pellet contains a high concentration of iron which
reduces the carbon consumption and CO2 emission in a blast furnace due to the low slag
rate [5–8]. Iron-containing and carbon-containing raw materials are composed of sulfur
and alkalis that can affect the hot metal quality and the blast furnace operation. The hot
metal from a blast furnace is mainly used for steelmaking where sulfur is a harmful element
that affects the quality of the steel products. Alkali oxides are reduced to the metals by the
hot carbon and vaporized to the upper of the blast furnace where they are oxidized and
move down with the fresh feeds. Accumulation of the alkalis in a blast furnace can damage
the coke and the refractories. Most of the sulfur and alkalis in a blast furnace can only be
removed by the slag. The desulfurization of hot metal and the removal of alkali from the
blast furnace are important roles of the slag. Reduced slag volume could affect the effective
desulfurization and the removal of alkali in the blast furnace operation.

The desulfurization and the removal of alkali in the blast furnace have been investi-
gated extensively [9–16]. However, the previous studies have certain limitations: (1) the
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desulfurization and the removal of alkali experiments were conducted separately which is
different from a real blast furnace operation; (2) the slag system studied was focused on
high-Al2O3 [9–13] or low-MgO [14,15]; (3) none of these studies considered the effect of the
slag volume on the desulfurization and the removal of alkali [16,17]. As such, there is no
direct theoretical guidance for high pellet and low slag BF operation.

In this study, the effects of the slag quantity, the temperature, the reaction time, Al2O3,
MgO and CaO/SiO2 on the desulfurization and the removal of alkali were studied using
the slag-metal reaction method. This study aims to provide systematic guidance to support
high pellet ratio blast furnace operations.

2. Experimental Section
2.1. Preparation of Sulfur-Containing Iron

The sulfur-containing iron was prepared in a vacuum induction melting furnace.
Five Kg pig iron from a blast furnace and a certain amount of FeS (analytically pure) were
used as starting materials and placed in a magnesia-alumina spinel crucible. The furnace
was flashed three times with high-purity argon (99.999%). The furnace was vacuumized to
10−2 Pa before each flashing. The argon was filled to make the furnace slightly negative
pressure and subsequently the power was turned on to start heating. The sample was cast
after melting for 10 min. The S and C contents in the sulfur-containing iron from different
locations were analyzed by a carbon-sulfur analyzer.

2.2. Preparation of Alkali-Containing Slag

The preparation of alkali-containing slag included three setups: sample preparation,
high-temperature melting and sample examination.

High-purity reagent powders of Al2O3, SiO2, MgO, CaCO3, Na2CO3 and K2CO3 were
used as starting materials. The oxide powders were mixed at the required ratios in an
agate mortar to prepare the samples. Each mixture, approximately 15 g, was pelletized and
placed in a graphite crucible.

The mixture in a graphite crucible was heated in a vertical tube furnace as shown
in Figure 1. The detailed experiment procedure is given below. Firstly, the sample was
introduced and kept at the bottom of the reaction tube and the furnace was properly sealed.
Secondly, the reaction tube was flashed with argon gas for 30 min to remove the air. Thirdly,
the sample was raised and kept in the hot zone of the furnace. The distance between
the graphite crucible and the thermocouple was controlled within 5 mm to ensure the
accurate temperature measurement. Fourthly, the furnace was heated to 1500 ◦C to melt
the sample. Fifthly, after 30 min at 1500 ◦C, the Mo wire was pulled up and the sample was
quenched directly into the cooling water. The rapid quenching of the silicate slags to room
temperature converted the liquid phase to homogenous glass.

The quenched slag sample was dried on a hot plate and ground in an agate mortar to
prepare the samples. The composition of the slag was analyzed by inductively coupled
plasma spectrometry (ICP).

2.3. Experiments for Desulfurization and Removal of Alkali

The slag-metal reaction technique was employed to study the desulfurization and
removal of alkali by the slag. The schematic diagram of the experimental set-up is shown
in Figure 1. The prepared sulfur-containing iron and alkali-containing slag were put into
a graphite crucible according to the required weight ratios. The procedure for slag-metal
experiments was the same as the preparation of alkali-containing slag. After quenching,
the sample was dried on a hot plate, and the slag and the hot metal were separated
and analyzed by ICP and carbon-sulfur analysis, respectively. Following the discussions
with the blast furnace operators, the slag to metal ratio, the temperature, the reaction
time and the slag composition were the variables in the BF operation. The conditions
of all slag-metal reaction experiments to cover the range of the industrial variables are
summarized in Table 1.
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Figure 1. The schematic diagram of the experimental method desulfurization and removal of alkali.

Table 1. Experimental conditions for slag-metal reaction experiments.

Exp No Metal (g) Slag (g) Al2O3 (%) MgO (%) CaO/SiO2 Temp (◦C) Time (min)

1 20 4.4 15.6 8.3 1.2 1500 30
2 20 4.0 15.6 8.3 1.2 1500 30
3 20 3.8 15.6 8.3 1.2 1500 30
4 20 3.6 15.6 8.3 1.2 1500 30
5 20 3.2 15.6 8.3 1.2 1500 30
6 20 3.0 15.6 8.3 1.2 1500 30
7 20 4.0 15.6 8.3 1.2 1475 30
8 20 4.0 15.6 8.3 1.2 1525 30
9 20 4.0 15.6 8.3 1.2 1500 15
10 20 4.0 15.6 8.3 1.2 1500 60
11 20 4.0 13.0 8.3 1.2 1500 30
12 20 4.0 18.0 8.3 1.2 1500 30
13 20 4.0 15.6 6.0 1.2 1500 30
14 20 4.0 15.6 11.0 1.2 1500 30
15 20 4.0 15.6 8.3 1.0 1500 30
16 20 4.0 15.6 8.3 1.1 1500 30
17 20 4.0 15.6 8.3 1.3 1500 30

In this study, the desulfurization is directly expressed as sulfur in hot metal. The
removal rate of alkali is defined as R = M1/M2, where M1 is the weight of Na2O or K2O
remaining in the slag after high temperature experiments, M2 is the weight of Na2O or K2O
in original alkali-containing slag.

2.4. Thermodynamic Calculation

The CALPHAD (CALculation of PHAse Diagram) approach has been developed to
simulate high-temperature processes [18,19]. FactSage is one of the most successful thermo-
dynamic models in predicting [20] the equilibria of slag and metal systems. Experimental
data are compared with the predictions of FactSage 8.2. “FactPS”, “FToxid” and “FTmisc”
databases were selected under the “Equilib” module. The solution species selected in the
calculations include “FToxid-SLAGA”, and “FTmisc-FeLQ”.
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3. Results and Discussion

High-sulfur iron and high-alkali slag were used as the starting materials for high-
temperature experiments of desulfurization and the removal of alkali. The compositions of
the sulfur-containing iron and alkali-containing slag are shown in Tables 2 and 3, respec-
tively. It can be seen from the tables that the prepared iron had uniform composition, with
a C content of 4.25 wt% and an S content of 0.4 wt%. The slag contained 2.33 wt% alkali
(K2O + Na2O).

Table 2. C and S contents in the sulfur-containing iron analyzed by a carbon-sulfur analyzer.

Positions C (wt%) S (wt%)

Upper part of ingot 4.20 0.39
Lower part of ingot 4.27 0.40

Table 3. Composition of the alkali-containing slag analyzed by ICP.

Na2O K2O SiO2 CaO MgO Al2O3

1.14 wt% 1.19 wt% 34.3 wt% 40.28 wt% 8.16 wt% 15.76 wt%

The metal and slag shown in Tables 1 and 3 were used as a base to evaluate the effects
of the slag quantity, the temperature and the reaction time on the desulfurization and the
removal of alkali. When the effect of slag composition was discussed, the alkali-containing
slag was prepared separately to vary Al2O3, MgO and CaO/SiO2 in the slag. The advantage
of the research technique used in the present study is that better simulation conditions
occurred in a BF hearth where the hot metal reacted with the slag for the desulfurization
and the removal of alkali. The reactions can be expressed as

[Fe + S] + (slag)→ [Fe] + (slag + S) (1)

[Fe + C] + (slag + Na2O + K2O)→ [Fe] + (slag + Na2O + K2O) + Na↑ + K↑ (2)

As a result of the metal-slag reaction, sulfur was transferred into the slag and part of
the alkali in the slag was reduced by the carbon in the hot metal and vaporized before the
metal and slag were tapped out of the furnace. The effects of different parameters on the
desulfurization and the removal of alkali are discussed in the following sections.

3.1. Effect of Slag Quantity

The slag quantity in a blast furnace decreased with an increased proportion of high-
grade pellets. Figure 2 shows the effect of the slag quantity on the desulfurization and the
removal of alkali at 1500 ◦C. It can be seen from Figure 2a that sulfur in the hot metal de-
creased with increasing slag quantity. The sulfur in the hot metal mainly reacted with Ca2+

and Mg2+ to enter the slag. With the increase of the slag-to-metal ratio, a greater amount of
Ca2+ and Mg2+ in the slag were available to react with S in the iron. Under the experimental
conditions, when the slag-to-metal ratio was more than 170 kg/ton, the content of the S in
the iron was less than 0.05 wt% which is the limit of sulfur for steelmaking.

It can be seen from Figure 2b that with the decrease in slag-to-metal ratio, the contents
of alkali in the slag also decreased. The effect of slag quantity seemed more sensitive to Na
removal from the slag. On the other hand, it was easier to remove K from the slag because
it is easier to reduce K2O by carbon to form gaseous K. It was therefore more difficult
to remove potassium from the blast furnace through slag. The recycling of potassium
in the blast furnace was more severe than sodium. Both the desulfurization and the
removal of alkali relied on slag. It was expected that low slag volume would influence the
desulfurization of hot metal and the removal of alkali from a BF. Figure 2 gives a quantitative
estimation of the effect for the industry to adjust the operating parameters accordingly.
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Figure 2. The effect of the slag quantity on the desulfurization and the removal of alkali behavior.
(a) Desulfurization; (b) the removal of alkali.

3.2. Effect of Temperature

Figure 3 shows the effect of temperature on the desulfurization and the removal of
alkali under a fixed slag-to-metal ratio of 200 kg/t. It can be seen from Figure 3a that the
content of S in the hot metal decreased slightly when the temperature was increased from
1475 to 1525 ◦C which means that the desulfurization was not sensitive to temperature
within the operating range. However, it can be seen from Figure 3b that the removal rate
of alkali decreased significantly with increasing temperature. This can be explained by
the fact that reaction (2) was much faster at a higher temperature. For a given BF, the
slag and the metal temperature in the hearth was relatively stable which provided a hot
metal product with stable sulfur. Removal of the alkali from the BF could be operated
periodically. Figure 3 shows that a low temperature is beneficial to remove the alkali
without a significant increase of sulfur in the hot metal.
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3.3. Effect of Reaction Time

The effect of the reaction time on the desulfurization and the removal rate of alkali at
a fixed slag quantity of 200 kg/t is shown in Figure 4. It can be seen that a longer reaction
time between the slag and metal decreased the sulfur content in the hot metal and the alkali
in the slag. Specifically, a better desulfurization was achieved by a longer reaction time.
However, with the continuous reaction, the alkali in the slag was reduced and volatilized.
It can be seen from the figure that the reaction between the slag and metal did not reach
equilibrium in 60 min. The reaction time could be adjusted by the tapping period in a BF
operation. A short tapping period of the slag and the metal is favorable for keeping the
alkali in the slag.
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3.4. Effect of MgO

Figure 5 shows the effect of the MgO content on the desulfurization and the removal
of alkali at a fixed slag quantity of 200 kg/t. The experimental results showed that high
MgO can decrease the sulfur content in the hot metal. When the MgO content was higher
than 7 wt%, S in hot metal was lower than 0.05%. As a basic ion, Mg2+ tends to react with
the acidic sulfur in the hot metal. Conversely, high Mg2+ concentration in the slag increased
the activities of the alkali such that they could be easily reduced and removed from the
slag. Figure 5b shows that alkali in the slag decreased with increasing MgO concentration
in the slag. MgO is usually added as a flux in the BF operation. A lower addition of MgO
can decrease the slag volume and also increase the removal of alkali from the BF.

Metals 2023, 13, x FOR PEER REVIEW 7 of 11 
 

 

 
Figure 5. Effect of MgO content on the desulfurization and the removal of alkali at slag-to-metal 
ratio of 200 kg/t (a) Desulfurization; (b) the removal of alkali. 

3.5. Effect of Al2O3 
Figure 6 shows the effect of the Al2O3 content in the slag on the desulfurization and 

the removal of alkali at a fixed slag quantity of 200 kg/t. Al2O3 had an opposite influence 
compared to MgO on the desulfurization of the hot metal and the removal of alkali from 
the BF. High Al2O3 in the slag increased the content of S in the hot metal and the alkali 
contents in the slag. This indicated that Al2O3 behaved as a weak acid oxide in the BF slag 
which tended to keep K2O and Na2O in the slag. Al2O3 usually comes from burden mate-
rials which increases the liquidus temperature and viscosity of the BF slag. The removal 
of alkali from the BF appeared to be the advantage of using high- Al2O3 feeds.  

 
Figure 6. Effect of Al2O3 content on the desulfurization and the removal of alkali at slag-to-metal 
ratio of 200 kg/t (a) Desulfurization; (b) the removal of alkali. 

3.6. Effect of Binary Basicity 
Figure 7 shows the effect of the CaO/SiO2 ratio on the desulfurization of the hot metal 

at a fixed slag quantity of 200 kg/t. Thermodynamic prediction by FactSage 8.2 is shown 
in Figure 7a for comparison. It can be seen that both the prediction and the experimental 
results showed the same trend that the sulfur in hot metal decreased with increasing 
CaO/SiO2 in the slag. However, the experimental results show a more significant effect of 
binary basicity on the desulfurization than the predictions. Figure 7b indicates that with 
the CaO/SiO2 ratio increased from 1.0 to 1.3, and the sulfur in the hot metal decreased from 
0.1 to 0.038 wt%. However, the predicted sulfur in the hot metal only decreased from 0.06 
to 0.025 wt% when the CaO/SiO2 ratio increased from 1.0 to 1.3. 

Figure 5. Effect of MgO content on the desulfurization and the removal of alkali at slag-to-metal ratio
of 200 kg/t (a) Desulfurization; (b) the removal of alkali.

3.5. Effect of Al2O3

Figure 6 shows the effect of the Al2O3 content in the slag on the desulfurization and
the removal of alkali at a fixed slag quantity of 200 kg/t. Al2O3 had an opposite influence
compared to MgO on the desulfurization of the hot metal and the removal of alkali from the
BF. High Al2O3 in the slag increased the content of S in the hot metal and the alkali contents
in the slag. This indicated that Al2O3 behaved as a weak acid oxide in the BF slag which
tended to keep K2O and Na2O in the slag. Al2O3 usually comes from burden materials
which increases the liquidus temperature and viscosity of the BF slag. The removal of alkali
from the BF appeared to be the advantage of using high- Al2O3 feeds.
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3.6. Effect of Binary Basicity

Figure 7 shows the effect of the CaO/SiO2 ratio on the desulfurization of the hot metal
at a fixed slag quantity of 200 kg/t. Thermodynamic prediction by FactSage 8.2 is shown
in Figure 7a for comparison. It can be seen that both the prediction and the experimental
results showed the same trend that the sulfur in hot metal decreased with increasing
CaO/SiO2 in the slag. However, the experimental results show a more significant effect of
binary basicity on the desulfurization than the predictions. Figure 7b indicates that with
the CaO/SiO2 ratio increased from 1.0 to 1.3, and the sulfur in the hot metal decreased
from 0.1 to 0.038 wt%. However, the predicted sulfur in the hot metal only decreased from
0.06 to 0.025 wt% when the CaO/SiO2 ratio increased from 1.0 to 1.3.
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(a) FactSage calculation, (b) experimental results.

Figure 8 presents the effect of the CaO/SiO2 ratio on the removal rate of alkali from
a blast furnace. The experimental results are compared with the predictions by FactSage
8.2. As can be seen from Figure 8b, the removal rate of alkali decreased significantly with
increasing CaO/SiO2 ratio in the slag. This is understandable because Ca2+ is a strong
basic ion which increased the activities of the alkali in the slag. As a result, the alkali could
be easily reduced and removed from the slag. However, it can be seen from Figure 8a
that the removal rate of alkali increased significantly with increasing CaO/SiO2 ratio in
the slag according to the FactSage predictions. Although the FactSage software has been
developed rapidly and successfully applied to the high-temperature process, there was
still a difference between the experimental results and the predictions, indicating that the
thermodynamic database needed to be further optimised.
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3.7. Applications

The desulfurization of the hot metal and the removal of alkali from the blast furnace
were related not only to the metal-slag reaction but also to the sulfur and alkali loads to
the blast furnace. The experimental technique used in the present study closely simulated
the blast furnace conditions by considering the reaction between the sulfur-containing
metal and the alkali-containing slag. However, it was shown in the present study that the
metal-slag reaction under the laboratory conditions did not reach equilibrium. The sulphide
capacity or desulfurization ability was usually reported to evaluate the ability of a BF slag to
absorb sulphur which was an equilibrium property [9–15]. Desulfurization ability is the ra-
tio of the sulfur-in-slag to the sulfur-in-metal after the equilibrium reaction. It was reported
that desulfurization ability of the synthetic slag was in the range of 15–30 at 1500 ◦C [9]. The
desulfurization ability increased with increasing CaO/SiO2 and MgO/Al2O3. Under the
same conditions, the ratios of the sulfur-in-slag to the sulfur-in-metal were calculated to be
5–11 which was lower than that reported in the literature [9]. However, it can be seen from
the above discussion that the same trends were observed in the present study for the effects
of CaO/SiO2 and MgO/Al2O3 on desulfurization. Yang et al. [16] reported that Na2O
or K2O concentration in the slag decreased with increasing temperature and CaO/SiO2.
The same trends were reported in the present study but the rates of the decrement were
different. These studies did not use the sulfur-containing iron and the alkali-containing
slag simultaneously in the high-temperature experiments which is different from the blast
furnace conditions. A large-scale reaction in the blast furnace is significantly different from
that in the laboratory condition. It is more appropriate to refer to the trends reported in the
present study in regard to blast furnace operation.

The effects of the variables on the desulfurization and the removal of alkali are summa-
rized in Table 4. Only the slag quantity had the same effect on the desulfurization and the
removal of alkali. Low slag quantity decreased both the desulfurization and the removal
rate of alkali. Al2O3 in the slag had a negative effect on the desulfurization and a positive
effect on the removal of alkali. The other factors, including the temperature, the reaction
time, MgO and CaO/SiO2, had a positive effect on the desulfurization and a negative effect
on the removing of alkalis.

The results from the present study showed that it was impossible to increase the
desulfurization of the hot metal and the removal of alkali with a simple variation of the
operating parameters. Under the low slag operation of a blast furnace, good desulfurization
could not be attained simultaneously with the high removal of alkali. The quality of the hot
metal was a continuous control index. Desulfurization therefore required daily operation
to keep the quality of the hot metal for steelmaking. A high temperature, long reaction
time, and high MgO and CaO/SiO2 were favorable for desulfurization. The damage of
alkali to the blast furnace resulted from the accumulation by recirculation. The removal
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of alkali from the blast furnace could be carried out at regular intervals. Within a certain
period, low-temperature operation, short reaction time, and low MgO and CaO/SiO2 slag
could remove the alkali from the blast furnace. During the period of alkali removal, the
sulfur content in the raw materials should be controlled to a low level to obtain satisfactory
hot metal.

Table 4. Summary of the desulfurization and the removal of alkali by different parameters, + indicates
positive effect, − indicates negative effect.

Variables Desulfurization Removal of Alkali

Slag quantity + +
Temperature + −
Reaction time + −

CaO/SiO2 + −
Al2O3 − +
MgO + −

4. Conclusions

An improved slag-metal reaction technique was developed to investigate the desulfur-
ization and the removal of alkali under iron blast furnace conditions. The experimental
results showed that the desulfurization and the removal rate of alkali decreased with
decreasing slag quantity. Al2O3 in the slag was helpful for the removal of alkali but re-
duced desulfurization. The temperature, the reaction time, MgO and CaO/SiO2 in the slag
increased the desulfurization but influenced the removal of alkali. The change of a single
operating parameter did not achieve high desulfurization and the removal rate of alkali
simultaneously. It is proposed that the alkali should be removed from the blast furnace
periodically with low loads of sulfur and alkali.
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Abstract: The gas utilization rate (GUR) is an important indicator parameter for reflecting the energy
consumption and smooth operation of a blast furnace (BF). In this study, the original data of a BF
are pre-processed by two methods, i.e., box plot and 3σ criterion, and two data sets are obtained.
Then, support vector regression (SVR) is used to construct a prediction model based on the two data
sets, respectively. The state parameters of a BF are selected as input parameters of the model. Gas
utilization after one hour (GUR-1h), two hours (GUR-2h), and three hours (GUR-3h) are selected
as output parameters, respectively. The simulation result demonstrates that using the 3σ criterion
to pre-process the raw data leads to better prediction of the model compared to using the box plot.
Moreover, the model has the best predictive effect when the output parameter is selected as GUR-1h.

Keywords: blast furnace; data pre-processing; extreme outlier; gas utilization rate; support vector
regression

1. Introduction

At present, the process of blast furnace (BF) ironmaking is mainly that in which iron
ore and coke are fed into a BF from the top in a certain proportion, and then pig iron is
smelted. After the iron ore and coke flow through a distribution device, reactions take
place inside the BF. Meanwhile, hot air and pulverized coal of the tuyeres is blown into the
BF to promote the chemical reaction inside the BF to form an upward airflow [1]; iron ore
reacts with carbon monoxide under high-temperature and high-pressure conditions inside
the BF to yield products such as molten iron, slag, and gas [2]. The molten iron flows out
from the bottom of the BF and is pretreated and sent to the steel plant. BF gas is collected at
the top of the furnace and can be recycled. As one of the main products of BF ironmaking,
BF gas carries a huge amount of thermal and chemical energy, which can provide heat for
the chemical reactions inside the BF and facilitate the reactions inside the BF.

The main components of BF gas are carbon monoxide, carbon dioxide, nitrogen, and
hydrogen. In the field of metallurgy, the gas utilization rate (GUR) of BF is defined as the
ratio of the carbon dioxide content to the total content of carbon monoxide and carbon
dioxide. With the rapid development of industry, steel companies are making efforts to
improve the gas utilization rate. On the one hand, more and more countries are paying
attention to emission reduction and energy conservation [3]. On the other hand, GUR
reflects the reduction and utilization of the main raw materials for BF production. It
represents the level of BF energy consumption, the rationality of the gas flow distribution,
and the smelting state of a BF [4,5]. Most importantly, it is an important index for reducing
consumption, evaluating the quality of pig iron, and increasing the production of a BF [6].
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However, a BF acts as a huge black box for ironmaking reactions with a time lag,
dynamics, and complexity for the production of pig iron in the modern metallurgical indus-
try [7]. These characteristics of the BF have caused the BF operators to be unable to grasp the
information of the GUR, gas distribution, and other state parameters in time. Faced with the
above realistic conditions, scholars have predicted and studied BF parameters such as GUR
and gas distribution based on the following three methods. 1© A geometric model based on
mechanism analysis (conventional solution theory and metallurgical theory). For example,
Meng investigated the relationship between the temperature in the hot preparation zone
and the utilization rate of blast furnace gas, and performed thermodynamic and kinetic anal-
yses of the reduction reaction in the thermal reserve zone using standard Gibbs free energy
calculations and unreacted shrinkage core models, respectively [8]. 2© A computational
simulation method of simulation software. For instance, a computational fluid dynamics
numerical simulation model of the cooling stave of BF based on a one-dimensional heat
transfer mechanism was established. The model could reduce the influence of frequent
forming and shedding of the slag crusts on the BF by analyzing the effects of the cooling
stave material, the volume distribution of the cooling water pipes, and the nano-polymer
in the cooling stave [9]; through mathematical modeling and energy exchange analysis,
Guo conducted a numerical simulation to analyze the effect of natural gas injected through
the tuyere on GUR [10]. Shen developed a three-dimensional CFX-based mathematical
model, which predicts the in-furnace distributions of key performance indicators such as
the gas utilization rate [11]. 3© A regression model on the basis of data-driven methods and
machine learning. In the past few years, some new technologies such as machine learning,
deep learning, etc., have been used in the field of BF ironmaking. Under the support of these
technologies, some regression models were established and used to predict and improve
GUR, BF state parameters, and production indicators. For example, the influence of BF top
pressure on improving the gas flow distribution is obtained based on the fuzzy theory [12].
A strategy for burden distribution was constructed for improving the GUR [13]. An online
sequential extreme learning model was proposed to predict GUR [14]. Prof. Wu used
BF operating parameters to predict BF GUR [15]. An proposed a multi-time-scale fusion
method to predict the gas utilization rate of a blast furnace [4]. Shi presented a method for
recognizing the distribution features of the blast furnace gas flow center based on infrared
image processing [16]. Jiang proposed a model based on the multi-layer perceptron to
predict the gas utilization rate after 1, 2, and 3 h, respectively [17]. Zhang presented a
model based on a TS fuzzy neural network and the particle swarm algorithm for predicting
the gas utilization rate [18].

From the above analysis, the first and second methods have contributed to GUR
prediction and optimization. However, the calculation and formulation of these two
methods are based on some assumptions. Their boundary conditions are difficult to be
determined and these operating parameters have a certain degree of lag and measurement
error. Furthermore, the calculation is complicated. In recent years, with the advancement
of sensors and detectors, a large amount of production data has been collected by steel
plants. GUR and other parameters can be more accurately predicted and provide more
reliable guidance for BF using data-driven and machine learning technologies.

When a model is built using data-driven methods, the reliability of data must be
guaranteed. However, BF is a huge reactor in ironmaking, and the limitations of measure-
ments imposed by the adverse operating conditions (high temperature and pressure) result
in missing values and outliers in the collected data. Data pre-processing is essential as
an important step in the process of building a model to ensure consistency and accuracy.
It is worth noting that the hysteresis in the BF ironmaking process must be considered
and few scholars have performed a comparative study on the prediction of blast furnace-
related parameters by different data pre-processing methods. Meanwhile, few scholars
have previously focused on the duration of the effect of the current BF condition on the
GUR. Therefore, in this study, two data pre-processing methods were used to build two
prediction models based on support vector regression (SVR) for forecasting GUR after one
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hour (GUR-1h), GUR after two hours (GUR-2h), and GUR after three hours (GUR-3h).
Furthermore, the impact of the two data pre-processing methods on the prediction was
analyzed, which is a fundamental and important step for improving the operating level
and energy utilization of the BF.

The rest of this article is organized as follows. The original data are analyzed and
pre-processed by two methods, the box plot and 3σ criterion, in Section 2. Section 3
calculates the correlation of each feature, obtains the best input parameters, and describes
the algorithm used in this article. Section 4 shows the prediction results of the models
based on two different data sets. Section 5 compares and evaluates the prediction effects of
the models. Eventually, the conclusions are summarized in Section 6.

2. Pre-Processing of Raw Data

The data involved in this paper are from a BF in China with a working space of
4150 m3. The 35,198 sets of data were collected from the BF and the sampling interval was
1 h. The collected parameters of each data sample are shown in Table 1. Because these
parameters are general expressions in BF ironmaking and have been described in many
papers, the specific meaning of each parameter will not be repeated here [17–21].

Table 1. The related parameters involved in the research.

Actual Physical Meaning Parameter Name Unit

Gas utilization rate GUR %
Blast volume BV Nm3/min

Wind pressure WP kpa
Top pressure TP kpa

Pressure differential PD kpa
Air permeability resistance coefficient ARC -

Wind temperature WT ◦C
Ventilating index VI m3/min·kpa
Oxygen content OC Nm3/h

Coal injection quantity CIQ t
Content of carbon dioxide COCD %

Content of carbon monoxide COCM %
Center strength Z -
Edge strength W -

Intensity ratio (z/w) IR -
Temperature of cross-temperature measuring TOCTM ◦C

Marginal mean MM -
Bosh gas index BGI -

Theoretical combustion temperature TCT ◦C
(Blast) Kinetic energy KE J/s

Wind velocity WV m/s
Inlet water temperature IWT ◦C

Outlet water temperature OWT ◦C

In the above table, the calculation method of the GUR (ηCO) is shown as

ηCO =
VCO2

VCO + VCO2
(1)

where VCO2 and VCO represent the amount of carbon dioxide and carbon monoxide, respectively.
Ironmaking is a complex reaction process involving coking, sintering, pelleting, and

ironmaking. Many related reactions are carried out under high temperature and pressure.
Therefore, the collected data have a certain number of outliers and missing values. Gener-
ally, two methods are used to judge the outliers and extreme outliers: the box plot method
and the 3σ criterion method [22,23].

The feature data are arranged from small to large, and Q1 and Q3 are the first quartile
and the third quartile of each feature parameter in a box plot, respectively. IQR is the
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difference between Q3 and Q1. In this context, data within the range of Q1 + 1.5IQR or
minimum to Q3-1.5IQR or maximum for each data feature in the box plot are retained,
and data outside this range are considered to be outliers. Data outside of (Q1 − 3IQR,
Q3 + 3IQR) are considered to be extreme outliers. Data outside the range of (µ − 3σ,
µ + 3σ) are judged as extreme outliers, where µ is the mathematical expectation and σ
is the standard deviation in the 3σ criterion. The values of each feature are almost all
concentrated in the interval (µ − 3σ, µ + 3σ). The possibility of exceeding this range is less
than 0.3%. Therefore, the data outside this range can be considered as extreme outliers. The
abnormal conditions of a BF must be considered when performing predictive modeling of
BF. Therefore, when the collected data are pre-processed, only extreme outliers are removed
and substituted with interpolated estimates.

In order to ensure the continuity of time, extreme outliers and vacancy data are usually
filled instead of completely deleted. Extreme outliers are replaced with missing values in
this article. The linear interpolation method is selected, which is to construct a straight line
to approximate the missing value.

The distribution of each variable can be characterized by a violin plot. It is roughly
judged whether each feature has an outlier from the overall distribution of the data. It
is very similar to a box plot, but it can gain insight into the distribution density of each
variable. At the same time, the violin plot is particularly suitable for situations where
the amount of data is huge and individual observations cannot be displayed, which is
consistent with the data used in this article. Figures 1–4 are comparison diagrams of the
violin plot after replacing the extreme values in the original data with the box plot and the
3σ criterion. In Figures 1–4, (x) − 1, (x) − 2, and (x) − 3(x = a, b, c, . . . , f) represent the data
before a feature is processed, after it is processed by the box plot, and after it is processed
by the 3σ criterion, respectively. Each feature is expressed by the same color.
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Figure 4. (a–e) Comparison of original data and processed data (4), i (i = 1, 2, 3) represents the data
before a feature is processed, after it is processed by the box plot, and after it is processed by the 3σ
criterion, respectively.

The comparisons of each parameter before and after pre-processing are reflected in
Figures 1–4, where the box in each figure is the box plot. The thin black line is the whisker,
and the external shape is the kernel density estimate. There are missing values, outliers,
and extreme outliers in the original data, as shown in Figures 1–4. The distribution of each
characteristic parameter is uneven, and the degree of discretization of the data is relatively
large. Meanwhile, Figures 1–4 indicate that, compared to the data pre-processed by the
box plot, the distribution of the data after being pre-processed by the 3σ criterion is more
uniform. After the extreme outliers were pre-processed using the box plot and 3σ criterion,
two different data sets were formed, which are called the box data set (BDS) and normal
data set (NDS).

3. Model Construction
3.1. Feature Selection

The selection of input parameters in the modeling process can be determined according
to the practical experience of on-site operators and the correlation between the collected
parameters and GUR. For the measurement of correlation, the maximum information
coefficient (MIC) is used for characterization in this paper.

If there is an association between two variables, and the scatter plots composed of
these two variables are meshed, a partitioning method can always be found to describe
their relevance. The correlation between two consecutive variables can be described by
the MIC [24]. It mines nonlinear correlations by performing unequal interval discretiza-
tion optimization on continuous variables and further makes MIC(X, Y)∈[0, 1] through
standardized correction with the help of this normalization function.

y =
(ymax − ymin)(x− xmin)

xmax − xmin
+ ymin (2)
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where ymin = −1 and ymax = 1. After input and output variables are standardized, the
mutual information between the variables is calculated as follows:

MIC(X; Y) = max
|X||Y|<B(X;Y)

I(X; Y)
log2(min{|X|, |Y|)} (3)

I(X; Y) represents the mutual information of X and Y in Formula (3). Moreover, |X|
and |Y|, respectively, represent the number of segments in which the variables X and Y
are divided into the mesh division process. The value of B is generally set to 0.6 or 0.55. In
this paper, the value of B is 0.6. The mutual information is calculated as follows:

I(X; Y) = ∑
x=X

∑
y=Y

p(X, Y) log2
p(X, Y)

p(X)p(Y)
(4)

X and Y are two connected random variables, and p(X, Y) is the joint probability
density distribution function in Formula (2). The MICs of the initially selected input
parameters for the BDS and NDS are shown in Figure 5.
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The MICs between the feature parameters and GUR-1h, GUR-2h, and GUR-3h in the
BDS and NDS data sets are shown in Figure 5a,b, respectively. The characteristic parameters
with the values of MIC greater than 0.15 are finally selected as input variables based on
expert experience and the above calculation results. Therefore, 16 input parameters are
finally selected, respectively, for the BDS and NDS, and the selected parameters are shown
in Table 2.

Table 2. Input parameters of the two models.

Common Parameters Specific Parameters of BDS Specific Parameters of NDS

BV IWT TOCTM Z
TP CIQ ARC GUR
WP W TCT MM
WT COCD KE COCM
OC IR OWT PD
BGI
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3.2. Method of Model Construction

Traditional regression prediction generally attempts to obtain a function such as a
form f(x) = wTx + b for a data set: D = {(xm,ym). The optimization process is to reduce
directly the difference between the predicted value (f(x)) and the true value (y). The loss
function is shown in Equation (5).

J(θ) =
1
2

m

∑
i=1

(hθ(xi)− yi)
2 (5)

where yi represents the actual value, and hθ(xi) means the predicted value.
The loss is calculated when |f (x)-y| > ε for the SVR algorithm. If the feature vector

mapping x from the low-dimensional space to the high-dimensional space is expressed as
Φ(x), then the hyperplane model divided by the high-dimensional space is as shown in
Equation (6):

f (x) = wTΦ(x) + b (6)

where w is the normal vector and b is the displacement term., An interval band with a
width of 2ε is constructed by taking f (x) as the center. If the training sample falls into this
interval band, the prediction is considered to be correct. Then, the kernel function [18] is
introduced into SVR as shown in Equation (7).

f (x) =
m

∑
i=1

(âi− ai)·k(xi, x) + b (7)

b = yi + ε−
m

∑
i=1

(âi− ai)·k(xi, xj) (8)

where k(xi,xj) is a kernel function.
The choice of the kernel function, such as the rbf function, linear kernel function,

polynomial kernel function, or sigmoid kernel function, is very important for the prediction
result of SVR. The SVR prediction model can be finally determined by the grid search [25].

The actual data of the BF have different magnitudes, which has a significant impact on
the predictive performance of a model. Therefore, in addition to handling extreme outliers,
the data also need to be standardized before modeling. The process of data normalization
ensures that each feature has an average of 0 and a variance of 1. It makes all features in
the same magnitude, which also reduces the impact of anomaly data on the built model.
At the same time, the output of the model can be restored to the original output parameters
through the de-standardization method.

4. Comparison of the Prediction Results Based on Two Data Sets

In order to achieve an accurate prediction, the SVR model was established in this
paper. After the model is optimized through the grid search, the best hyperparameters
of the model are obtained, as shown in Table 3. C is the penalty parameter and γ is a
parameter in the RBF kernel function [25,26].

Table 3. The best hyperparameters of the SVR model based on the two data sets.

Model SVR Model

Model parameters Kernel function C γ

Output parameters

GUR-1h
BDS RBF 10 0.1
NDS RBF 10 0.01

GUR-2h
BDS RBF 10 0.1
NDS RBF 100 0.01

GUR-3h
BDS RBF 10 0.1
NDS RBF 10 0.1
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Due to the massive volume of test data, the 100 sets of measured values in the test set
of BDS and NDS are marked in black and the correspondingly predicted values are marked
in red and blue when the predicted parameter is the GUR-1h. The results are expressed in
Figure 6a,b, respectively.
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Figure 6. The prediction result of the SVR model based on BDS (a) and NDS (b) (the forecasting
parameter is the GUR-1h).

Figure 6a,b show the comparison among the original values and the predicted values
of the SVR model based on BDS and NDS when the predicted parameter is GUR-1h,
respectively. Figure 6 shows that the black points basically coincide with the red points
and blue points, which indicates that the predicted values of the SVR model based on BDS
and NDS are not of much difference from the true values. In the process of testing, the
8800 sets of data, which are 25% of the total sample, are selected as the test data. After
sorting according to the actual values, the forecasting bias of the SVR model is as shown in
Figure 7.
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Figure 7. The comparison of the prediction error of the SVR model (the forecasting parameter is the
GUR-1h). Prediction bias (a) and probability density of prediction errors (b) for the SVR model based
on the BDS. Prediction bias (c) and probability density of prediction errors (d) for the SVR model
based on the NDS.

Figure 7a,c show the degree of the prediction deviation of the SVR models con-
structed based on BDS and NDS when the predicted parameter is the GUR-1h, respectively.
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Figure 7b,d are the images of the predicted deviation probability density function of the
SVR models constructed based on BDS and NDS when the predicted parameter is GUR-1h,
respectively. The horizontal axis is the actual value, and the vertical axis is the predictive
value by the SVR models constructed based on BDS and NDS in Figure 7a,c. If the original
value is very close to the predicted value, the image is in complete and exact accordance
with the diagonal. It is observed that the prediction results of the SVR models constructed
based on BDS and NDS fluctuate around the diagonal line, and the fluctuation range is
narrow. Figure 7b,d indicate that the values of the predicted error of the two models are
basically within the range of ±2.

When the output parameter is the GUR-2h, the predicted results of the SVR model
constructed using the BDS and the NDS, respectively, are as shown in Figure 8.
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Figure 8. The prediction results of the SVR model using the BDS (a) and NDS (b) (the forecasting
parameter is the GUR-2h).

Figure 8a,b show the comparisons among the original values and the predicted values
of the SVR model based on BDS and NDS when the predicted parameter is the GUR-2h,
respectively. The predictive errors of the SVR model constructed using the BDS and the
NDS are shown in Figure 9.
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Compared to Figure 9c, the data in Figure 9a fluctuate slightly. In Figure 9b,d, the
range of prediction errors gradually expands. When the output parameter is the GUR-3h,
the prediction results of the SVR model constructed using the BDS and the NDS are as
shown in Figure 10.
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Figure 10. The prediction results of the SVR model separately based on BDS (a) and NDS (b) (the
forecasting parameter is the GUR-3h).

In Figure 10a,b, the fit between the predicted values and the true value gradually
deteriorates. Figure 11 represents the range of errors between the predicted values and
the actual values. Compared to Figures 7 and 9, the prediction errors in Figure 11 are
significantly larger.
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based on the NDS.

185



Metals 2022, 12, 535

5. Evaluation Indicators and Analysis

In total, 35,198 sets of data collected by the online detection system of BF in China
are used to predict the model in this paper. Moreover, 75% of the data are used for
training the model and the remaining data are used for testing the model [19–21]. The
evaluation of the prediction results of a model should be characterized by multiple aspects
and multiple scales [27]. Generally, the characterization index is mainly the coefficient of
determination (R2), mean absolute error (MAE), root mean square error (RMSE), or hit rate
(HR) [19–21,27]. The reliability of the model can be represented by these parameters within
the acceptable range of the processing process, and the calculation methods are shown in
Equations (9)–(12), respectively:

R2 = 1−∑
i=1

(h(xi)− yi)
2/

n

∑
i=1

(y− yi)
2 (9)

MAE =
1
n
·

n

∑
i=1
|h(xi)− yi| (10)

RMSE =

√
1
n
·

n

∑
i=1

(h(xi)− yi)
2 (11)





HR = 1
n ·

n
∑

i=1
HRi × 100%

HRi =

{
1, |h(xi)− yi| ≤ c
0, |h(xi)− yi| > c

(12)

The range of R2 is [0, 1]. In general, the larger the result, the better the fitting effect of
the model. n is the total number of samples in the test set, and h(xi) and yi are the predicted
and original values of the output parameters, respectively. c is the boundary value of the
hit rate. In this paper, the value of c is selected as 2%. At this time, the R2 and HR of the
two models are as shown in Figure 12a, and the MAE and RMSE of the two models are
shown in Figure 12b.
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High values of R2 and HR, and low values of MAE and RMSE, represent higher
prediction accuracy of the model, as in Figure 12. Compared with the other two cases,
when the output parameter is selected as GUR-1h, for NDS and BDS, the predicted accuracy
of SVR is always the highest. When the selected data set is NDS and the output parameter
is GUR-1h, the predictive accuracy and the hit rate of the SVR model are 91.9% and 96.6%,
respectively. In this case, the SVR model obtains the best prediction effect. Moreover,
regardless of whether the data are advanced using the 3σ criterion or the box plot, the
predictive effect of the SVR model is strong.

6. Conclusions

GUR is an important indicator reflecting the energy consumption and smooth oper-
ation of the BF. This paper analyzes the impact of two data processing methods, the box
plot and 3σ criterion, in predicting the blast furnace gas utilization rate. The box plot and
3σ criterion are selected to judge extreme outliers in this article, and linear interpolation
is used to process extreme outliers and missing values. The simulations show that the
prediction model using the SVR algorithm is more accurate based on the processed blast
furnace data with the 3σ criterion. Hysteresis in blast furnace smelting must be taken
into account, and the GUR-1h, GUR-2h, and GUR-3h are selected as output parameters,
respectively. The experimental results show that the prediction of the gas utilization rate
after one hour is most accurate using the parameters in the current state in the blast furnace
smelting process. Moreover, as the time interval between predictions becomes longer, the
prediction accuracy decreases.

This study is a first step; there are several avenues for further exploration. One natural
extension is missing value handling. Other methods could be considered for replacing
missing values. Another avenue for future work is extension to supply side applications,
such as the development of a blast furnace gas utilization rate forecasting system that can
be applied to actual production, to reduce energy consumption for blast furnace production,
and to provide ancillary services for subsequent processes.
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Abstract: Basic Oxygen Furnace (BOF) steelmaking is an important way for steel production. Cor-
rectly recognizing different blowing periods and abnormal refining states is significant to ensure
normal production process, while accurately predicting the end-point time helps to increase the
first-time qualification rate of molten steel. Since the decarburization products CO and CO2 are
the main compositions of off-gas, information of off-gas is explored for BOF steelmaking control.
However, the problem is that most of the existing research directly gave the proportions of CO
and CO2 as model input but barely considered the variation information of off-gas to describe the
production state. At the same time, the off-gas information can be expected to recognize the last
blowing period and predict the end-point time earlier than the existing methods that are based on
sub-lance or furnace flame image, but little literature makes an attempt. Therefore, this work proposes
a new method based on functional data analysis (FDA) and phase plane (PP), defined as FDA-PP,
to describe and predict the BOF steelmaking process from the metallurgical dynamics viewpoint.
This method extracts the total proportion of CO and CO2 and its first-order derivative as dynamics
features of steelmaking process via FDA, which indicate the reaction velocity and acceleration of
decarburization reaction, and describes the evolution of dynamics features via PP. Then, the FDA-PP
method extracts the features of phase trajectories for production state recognition and end-point
time prediction. Experiments on a real production dataset demonstrate that the FDA-PP method has
higher production state recognition accuracy than the classical phase space, SVM, and BP methods,
which is 87.78% for blowing periods of normal batches, 90.94% for splashing anomaly, and 81.29%
for drying anomaly, respectively. At the same time, the FDA-PP method decreases the mean relative
prediction error (MRE) of the end-point time prediction for abnormal batches by about 10% compared
with the SVM and BP methods.

Keywords: basic Oxygen Furnace steelmaking; intelligent manufacturing; functional data analysis;
phase plane; blowing period recognition; anomaly monitoring; end-point time prediction

1. Introduction

Basic Oxygen Furnace (BOF) steelmaking is important in the iron and steel industry,
through which over 70% of crude steel is refined all over the world [1]. A successful BOF
steelmaking process should have a normal production process, accurate end-point time,
and stable product quality. In reality, the process control often relies on the experience and
skill of operators, so that the abnormal production state, insufficient refining time, and
unqualified molten steel sometimes appear, which would threaten production safety and
increase energy and resource consumption. Therefore, lots of models [2–4] are studied
to recognize different blowing periods and abnormal refining states in order to optimize
process parameters and ensure normal production process, as well as to predict the end-
point time or oxygen blowing volume (dividing the oxygen blowing volume by the oxygen
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flow can obtain the end-point time) in order to increase the first-time qualification rate of
molten steel and avoid re-blowing operation.

With the trend of intelligent manufacturing in the iron and steel industry [5,6], data-
based methods [7–9] are developing for the above targets relying on the abundant pro-
duction data, including: the sub-lance measurements, the furnace flame image, and the
off-gas. Han Min et al. [10] and He Fei et al. [11] employed the adaptive-network-based
fuzzy inference system (ANFIS) and the back-propagation neural network (BP) respectively
to predict the oxygen blowing volume, where the model inputs were the metal’s carbon
content and temperature measured by TSC sub-lance. But the sub-lance measurements are
unavailable for the production state recognition. Meanwhile, the sub-lance detection is al-
ways carried out within the last 1 min, and needs to suspend the process operations, which
breaks the production rhythm. The furnace flame image supports both the production state
characterization and the end-point prediction and can be collected without production
interruption. Prof. Li Ailian’s team studied the ResNet network [12] and the improved
DenseNet network [13] to recognize different blowing periods relying on the furnace flame
image. Wen Hongyuan [14] extracted the features of the furnace flame image and used the
multiple linear regression (MLR) model and the BP model to predict the end-point time.
But due to that, the end-point time prediction relied on the feature mutation of the furnace
flame image which occurred very late, the time margin given by the existing model was
only 20~40 s [14], too small to optimize operation parameters and adjust the steel quality.

The off-gas also supports both the production state characterization and the end-point
prediction. The industry has been exploring the use of off-gas information for process
control. Mats Bramming [15] built a multiway partial least squares (MPLS) model using the
off-gas information and other process data to explain and predict the splashing anomaly.
Our previous works [16] proposed a Mahalanobis distance-based functional derivative
support vector data description (MD-FDSVDD) model to identify the splashing anomaly
from the amplitude variations of off-gas. Compared with the furnace flame image, the
off-gas data are sensitive to the change of decarburization rate since the decarburization
products CO and CO2 are the main compositions of off-gas. Thus, the off-gas data can be
expected to predict the ending time with a larger time margin as the decarburization rate
changes when the last blowing period begins.

However, for the existing research, most of the data-based models directly gave
the amplitude of off-gas composition as input to a model and then obtained the output
of the production state. This end-to-end calculation ignored part of the metallurgical
dynamics features of BOF steelmaking, i.e., the variation information of decarburization
rate, leading to a hard determination of production state with similar amplitude of off-gas
composition (i.e., similar decarburization rate). As the BOF steelmaking process contains
complex multi-phase physicochemical reactions, lots of operation parameters will affect the
decarburization rate [17–20], and different parameters have diverse effects. On this basis,
employing the variation information of off-gas composition is significant to explain how
the decarburization rate is going to change with the influence of operation parameters, so
that to provide an accurate description of the production state.

Therefore, this work proposes a new data-based method from the viewpoint of met-
allurgical dynamics to characterize the steelmaking production state and predict the end-
point time. This method is based on the theories of functional data analysis (FDA) and
phase plane (PP), defined as FDA-PP. The FDA-PP method firstly smooths the discrete
sequences of the total proportion of CO and CO2 in the off-gas via FDA to obtain their con-
tinuous functions and first-order derivative functions. Then, the phase plane is constructed
by the fitting functions and derivative functions. The phase trajectory characterizes the
decarburization rate as well as the influence of the operation parameters on the decarburiza-
tion rate, describing the evolution of the production state. Next, a boundary that indicates a
stable production state is estimated on the phase plane via support vector data description
(SVDD) to recognize different blowing periods and abnormal production state. When the
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phase trajectory indicates that the last blowing period begins, the future phase trajectory is
predicted via case-based reasoning (CBR), further estimating the end-point time.

Based on the above, the proposed FDA-PP method has four aspects of contributions
and advantages. First, the FDA-PP method takes comprehensive consideration of the
decarburization rate as well as its variation trend and establishes a metallurgical dynamics-
based model for production state characterization. Second, this work is an attempt that
using the off-gas data to characterize different blowing periods and predict the end-point
time. Although the evolution of off-gas compositions was used to successfully recognize the
splashing and drying anomalies, little literature tried to use it to identify different blowing
periods. At the same time, to the best of our knowledge, the off-gas information hasn’t
been used for the end-point time/oxygen blowing volume prediction. Third, the FDA-PP
method can be expected to predict the end-point time with 2~4 min in advance since the
prediction is implemented at the beginning of the last blowing period. Fourth, based on
the FDA, problems of irregular data such as uneven refining durations, different sampling
frequencies, noise, and missing values, can be settled, and the evolution characteristics of
the time-series data can be retained in the smoothed curves.

The remainder of this article is organized as follows: Section 2 gives an overview
of BOF steelmaking and illustrates the connection between the metallurgical dynamics
features with the phase plane; Section 3 describes the procedures to realize the FDA-PP
method; Section 4 verifies the FDA-PP method and compares it with some commonly used
methods; Section 5 makes a conclusion.

2. Problem Statement

This section first introduces the BOF steelmaking process and then analyzes the
connection between the metallurgical dynamics of BOF steelmaking with the phase plane.

2.1. Overview of BOF Steelmaking

BOF steelmaking is an important way for steel production and its primary purposes are
to remove the carbon content of molten steel from 4~5% to around 0.04~0.06% and increase
the temperature from around 1250 ◦C to around 1680 ◦C [21]. Figure 1 is a schematic
representation of the blowing process. The molten iron and the steel scrap are the main
materials. The oxygen blowing from the top provides an oxidizing condition, while the
nitrogen or argon blowing from the bottom acts as a stir. The auxiliary materials are added
to help control the steel quality. Through controlling the oxygen lance height, the bottom
blowing flow, and the weight of auxiliary materials, the molten steel is obtained [20].
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The main reactions during the blowing process are the decarburization reactions, where
the carbon of molten iron is oxidized by the oxygen blowing through [C] + [O] = CO ↑
and [C] + 2[O] = CO2 ↑ . Since carbon monoxide and carbon dioxide are released with
the off-gas, the off-gas compositions reflect the decarburization rate of the steelmaking
process [20]. According to the change of decarburization rate, the oxygen blowing can be
separated to three blowing periods [22]: the first blowing period, the main blowing period,
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and the end blowing period, as shown in Figure 2a. Correspondingly, the change of the
total proportion of CO and CO2 in the off-gas also shows three periods, as can be seen in
Figure 2b. In the first blowing period, the total proportion of CO and CO2 in the off-gas
gradually rises with increasing decarburization reaction. In the main blowing period, the
decarburization rate keeps on a high value, so the total proportion of CO and CO2 holds
on a large percentage. In the last blowing period, the total proportion of CO and CO2
decreases as the decarburization rate decreases.
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of a normal batch; (c) the off-gas compositions of a splashing batch; (d) the off-gas compositions of a
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The splashing and drying anomalies usually happen in the main blowing period and
their influences on the total proportion of CO and CO2 are shown in Figure 2c,d. When the
splashing anomaly happens, the total proportion of CO and CO2 drops first and then rises
up. When the drying anomaly happens, the trends of CO and CO2 increase first and then
decrease, showing opposite evolutions to the splashing batch.

2.2. Metallurgical Dynamics and Phase Plane of the BOF Steelmaking

The phase plane is a method that can describe the evolution of a system’s dynamics
state [23,24], usually plotted with the first-order derivative and the second-order derivative.
In this work, we take the decarburization reaction as the objective and use the phase plane
to describe the evolution of the production state during the steelmaking process.

Since the total proportion of CO and CO2 in the off-gas reflects the reaction velocity
of the decarburization reaction in the metal pool [20], its first-order derivative indicates
the reaction acceleration of the decarburization reaction, which is extracted to construct
a phase plane in order to describe the dynamics evolution of decarburization reaction,
i.e., the production state of BOF steelmaking. Figure 3a is the phase plane of the normal
steelmaking process. We can see the phase trajectory begins at the origin point, develops
clockwise from the first quadrant, holds on in a narrow region at the transverse axis, and
goes back to the origin point from the fourth quadrant. The evolution of the phase trajectory
is accordant to the dynamic characteristics of BOF steelmaking. In detail:

• Within the first blowing period, the phase trajectory shows increasing decarburiza-
tion velocity and decreasing decarburization acceleration. The reason is that in the
beginning, the silicon and manganese in the metal pool are preferentially oxidized
and the carbon is following. With the silicon and manganese gradually consumed, the
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decarburization rate is enhanced. At the same time, as the carbon-oxygen reactions
gradually reach their balances, the decarburization acceleration decreases.

• Within the main blowing period, the phase trajectory shows a stable state with the
max decarburization velocity and nearly zero decarburization acceleration. The reason
is that when the carbon concentration is high enough so that the transportation rate
of oxygen limits the decarburization rate; thus, under a certain oxygen blowing, the
decarburization reactions reach their balance condition and remain at their highest
reaction velocities.

• Within the last blowing period, the phase trajectory shows decreasing decarburization
velocity and a first decreasing then slightly increasing decarburization acceleration.
The reason is that when the carbon concentration of the metal pool is too low so that
the transportation rate of carbon limits the decarburization rate, with the unchanged
oxygen blowing, the decarburization acceleration would be negative and decrease
rapidly, further leading to decreasing decarburization velocity. With the carbon con-
centration tending to be zero, the decarburization acceleration and velocity are close
to zero.
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Figure 3b,c are the phase planes with splashing and drying anomalies respectively. 
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when the off-gas hardly traverses the slag emulsion and accumulates in the converter, 
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tion reaction, so the decarburization velocity and acceleration rapidly decrease; after the 
off-gas erupts, the decarburization reaction recovers, so the decarburization velocity and 
acceleration rapidly increase. On this basis, the phase trajectory of the splashing anomaly 
exceeds the region of the stable state, develops clockwise from the fourth quadrant to the 
first quadrant, and finally goes back to the stable-state region. As for the drying anomaly, 
the decarburization reaction is promoted first because of the rapidly released off-gas and 
then returns to the normal level, so the phase trajectory exceeds the stable-state region and 
develops clockwise from the first quadrant to the fourth quadrant before returning to the 
stable-state region. 
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Figure 3b,c are the phase planes with splashing and drying anomalies respectively.
Because of the abnormal fluidity of the slag emulsion [22], the splashing anomaly happens
when the off-gas hardly traverses the slag emulsion and accumulates in the converter,
whereas the drying anomaly happens when the off-gas rapidly traverses the slag and
is released from the converter. Corresponding to this mechanism, when the splashing
anomaly happens, the accumulated oxidation products CO and CO2 prevent the decarbur-
ization reaction, so the decarburization velocity and acceleration rapidly decrease; after the
off-gas erupts, the decarburization reaction recovers, so the decarburization velocity and
acceleration rapidly increase. On this basis, the phase trajectory of the splashing anomaly
exceeds the region of the stable state, develops clockwise from the fourth quadrant to the
first quadrant, and finally goes back to the stable-state region. As for the drying anomaly,
the decarburization reaction is promoted first because of the rapidly released off-gas and
then returns to the normal level, so the phase trajectory exceeds the stable-state region and
develops clockwise from the first quadrant to the fourth quadrant before returning to the
stable-state region.

Based on these evolution features of the phase trajectory, different blowing periods
and abnormal production states can be recognized.

3. Method Description
3.1. Extraction and Characterization of Dynamics Features

In order to describe and predict the production state of BOF steelmaking, the smoothed
function and the first-order derivative function of off-gas compositions, i.e., the total
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proportion of CO and CO2, are extracted by the FDA and then used to construct the phase
plane to characterize the dynamics features of the decarburization reaction.

Functional data analysis [25] is a theory that regards a set of discrete observations
as the sampling of a continuous function. Suppose x(t) is a continuous function and
t = [t1 t2 . . . tK]

T is the sampling instant, then the discrete observations

x̂ = [x̂1 x̂2 . . . x̂K]
T can be acquired as:

x̂ = x(t) + e =
[
x(t1) x(t2) . . . x(tK)

]T
+ e (1)

where K is the number of sampling points and e is the noise matrix. In order to express the
continuous function x(t), the FDA theory employs a linear combination of basis functions
φ(t) =

[
φ1(t) φ2(t) . . . φN(t)

]T to approximate the discrete observations x̂, which is
as follows:

x(t) = φ(t)Tc = x̂− e (2)

where c =
[
c1 c2 . . . cN

]T is a coefficient vector associated with the basis function
system φ(t). Usually, the coefficients c are calculated by Least Squares with a roughness
penalty item, i.e.,:

min
e

eTe = min
c

{(
x̂−φ(t)Tc

)T(
x̂−φ(t)Tc

)
+ λPENm[x(t)]

}
(3)

where φ(t) =




φ1(t1) φ1(t2) . . . φ1(tK)
φ2(t1) φ2(t2) . . . φ2(tK)

. . . . . . . . . . . .
φN(t1) φN(t2) . . . φN(tK)


 is the sampling matrix of the basis function

vector φ(t), PENm[x(t)] =
∫
[Dmx(t)]2dt is the roughness penalty that is an integrated

squared linear differential operator to ensure the continuous control of the function’s
smoothness, m is the derivative order of the roughness penalty, λ is a parameter defining
the smoothness of the fitted curve. According to Equation (3), the basis function coefficients
are inferred to be:

c =
[
φ(t)φ(t)T + λR

]−1
φ(t)x̂ (4)

where R =
∫ dmφ(t)

dtm
dmφ(t)

dtm

T
dt. Substituting Equation (4) into Equation (2) will obtain the

continuous function x(t). The details to determine the tuning parameters, including the
order of basis functions, the number of basis functions N, the derivative order of roughness
penalty m, and the coefficient of roughness penalty λ, can be found in our previous
work [16]. Then, with the continuous function obtained, we can extract their derivatives to
reveal their underlying dynamical features. For example, the first-order derivative function
can be calculated by the following equation to characterize the function’s instantaneous
change rate over time.

x′(t) =
d[x(t)]

dt
=

d
[
φ(t)T]

dt
c (5)

After the continuous function and the first-order derivative function of the total
proportion of CO and CO2 are obtained based on the theory of FDA, the phase plane
can be constructed to characterize the dynamics features of BOF steelmaking. Here, the
transverse axis is the total proportion of CO and CO2, evaluating the reaction velocity of
the decarburization reaction, and the longitudinal axis is the first-order derivative of the
total proportion of CO and CO2, evaluating the reaction acceleration of decarburization
reaction. For other applications, other derivatives even some integration can be used to
explain the system’s dynamics state.

After the phase plane is constructed, the evolution features of the phase trajectory
are used to recognize different blowing periods and anomalies, as well as to predict
end-point time.
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3.2. Production State Recognition with Dynamics Features

According to the evolution features of phase trajectory described in Section 2.2, the
boundary of the stable-state region is estimated via the SVDD [16] to determine the pro-
duction state, where the phase trajectories of CO + CO2 of normal batches in the main
blowing period are used as the training dataset. The calculation of SVDD can be found in
Appendix A. Since the phase trajectory of the splashing anomaly exceeds the stable-state
region from the fourth quadrant as the phase trajectory of the last blowing period does,
the phase plane of CO2 is constructed to distinguish the splashing anomaly from the last
blowing period. The boundary of the stable-state region of the CO2 phase plane is also
estimated via the SVDD.

Then, based on the phase trajectories and their boundaries, the production state is
determined at each moment by successively checking whether the phase trajectory of
CO + CO2 exceeds the boundary of the stable-state region, whether the phase trajectory of
CO + CO2 exceeds the boundary from the left side, and whether the phase trajectory of CO2
exceeds the boundary of the stable-state region. The check procedure is given in Figure 4.
For example, if the previous production state is the main blowing period and the current
phase trajectory of CO + CO2 exceeds the boundary, the location of the phase trajectory
of CO + CO2 needs to be checked. If the phase trajectory of CO + CO2 is on the left of the
boundary, a further check of the phase trajectory of CO2 is necessary to distinguish the
splashing anomaly from the last blowing period; otherwise, we can infer that the drying
anomaly happens.
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Figure 4. The check procedure for production state characterization. Figure 4. The check procedure for production state characterization.

3.3. End-Point Time Prediction with Dynamics Features

After the phase trajectory indicates that the last blowing period begins, the end-point
time is forecast by predicting the phase trajectory in the last blowing period via case-based
reasoning (CBR) [26]. The statement of CBR can be found in Appendix B. Here, the slope
curves of the phase trajectories instead of the phase trajectories are employed as attributes to
describe the cases/samples, since different batches have different ranges of phase trajectory
in the last blowing period. And a lagging window is used to extract the former part of
slope curves as the condition attributes and the latter part as the solution attributes. The
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similar cases are found out according to their distances to the testing case in the problem
space are less than a threshold, and their solution attributes are averaged as the solution to
the testing case.

The whole procedure of the proposed FDA-PP method is shown in Figure 5. This
method firstly smooths the sampling sequences of off-gas data to continuous functions and
extracts their first-order derivative functions to construct the phase plane to characterize
the metallurgical dynamics features of BOF steelmaking. Then, based on the evolution
features of phase trajectories, a boundary that indicates the region of stable production
state is estimated to recognize different blowing periods as well as splashing and drying
anomalies. Finally, when the last blowing period begins, the end-point time is forecast
through referring to the completed batches with similar slope curves of phase trajectories.

Metals 2023, 13, 2 8 of 16 
 

 

3.3. End-Point Time Prediction with Dynamics Features 
After the phase trajectory indicates that the last blowing period begins, the end-point 

time is forecast by predicting the phase trajectory in the last blowing period via case-based 
reasoning (CBR) [26]. The statement of CBR can be found in Appendix B. Here, the slope 
curves of the phase trajectories instead of the phase trajectories are employed as attributes 
to describe the cases/samples, since different batches have different ranges of phase tra-
jectory in the last blowing period. And a lagging window is used to extract the former 
part of slope curves as the condition attributes and the latter part as the solution attributes. 
The similar cases are found out according to their distances to the testing case in the prob-
lem space are less than a threshold, and their solution attributes are averaged as the solu-
tion to the testing case. 

The whole procedure of the proposed FDA-PP method is shown in Figure 5. This 
method firstly smooths the sampling sequences of off-gas data to continuous functions 
and extracts their first-order derivative functions to construct the phase plane to charac-
terize the metallurgical dynamics features of BOF steelmaking. Then, based on the evolu-
tion features of phase trajectories, a boundary that indicates the region of stable produc-
tion state is estimated to recognize different blowing periods as well as splashing and 
drying anomalies. Finally, when the last blowing period begins, the end-point time is fore-
cast through referring to the completed batches with similar slope curves of phase trajec-
tories. 

Off-gas data  X

Smoothed curves
Derivative curves ( )t′X

( )tX

Estimate the boundary of 
stable state of CO+CO2

Off-gas data  xtest

FDA

Smoothed curve
Derivative curve

Determine the production state

Smoothing parameters

Boundary of 
phase trajectory

( )test tx
( )test t′x

Predict the future phase trajectory

Predict the evolution of off-gas 

Is the last blowing period?

Y

N

Calculate slope curves of phase 
trajectory within a lagging window

Training stage Testing stage

FDA

Construct the phase 
plane of CO+CO2

Construct the phase 
plane of CO2

SVDD

Estimate the boundary 
of stable state of CO2

SVDD

The first blowing
The main blowing
The last blowing
The boundary

The first blowing
The main blowing
The last blowing
The boundary

Extract features of production states

Input: phase trajectories of normal 
batches in the main blowing period
Output: boundary of stable s tate

Input: phase trajectories of normal 
batches in the main blowing period
Output: boundary of stable s tate

Input: phase trajectories, boundaries
Output: features of production states

Extract slope curve of phase 
trajectory in the last blowing period

Case base

CBR

Construct the phase 
plane of CO+CO2

Construct the phase 
plane of CO2

Features of production states

0 5 10 15 20-0.5

0

0.5

1

The off-gas

Th
e f

irs
t-o

rd
er

 d
er

iv
at

iv
e

Next moment

Forecast the end-point

Similar cases

0 10 20 30 40 50 60 70
The off-gas

-0.5

0

0.5

1

Th
e f

irs
t-o

rd
er

 d
er

iv
at

iv
e

First-blowing
Main-blowing

Last-blowing
Splashing

Drying

Known phase 
trajectory

Phase trajectory 
within lagging time
Predicted phase 
trajectory

The boundary

0.5− 0.5−

0.5−

0.5−

0.5−

0.5−

 
Figure 5. The schematic diagram of the proposed FDA-PP method. Figure 5. The schematic diagram of the proposed FDA-PP method.

4. Experiment on BOF Steelmaking

In this section, we validate the performance of the proposed FDA-PP method on the
BOF steelmaking process.

4.1. Data Acquisition and Modeling Calculation

The data of BOF steelmaking are collected from a 260 tons converter in a Chinese steel
plant. The proportions of CO and CO2 in the off-gas are analyzed by the mass spectrometer
with sampling frequency 0.5 Hz. Totally 476 batches/heats without re-blowing are selected,
including 375 normal batches, 66 splashing batches, and 35 drying batches. The data
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partition can be found in Table 1. 150 normal batches are randomly selected for training
and the rest 326 batches are used for testing.

Table 1. Data partition of the steelmaking data.

Normal
Abnormal

Total
Splashing Drying

Training 150 / / 150
Testing 225 66 35 326
Total 375 66 35 476

In addition, the true end-point time is collected in Figure 6, which is calculated through
subtracting the lagging time (30 s in this work) from the duration of the last blowing period.
The true end-point time reflects how long in advance the FDA-PP method could predict
the end-point. As seen in Figure 6, the true end-point time of over 90% batches is 100~240 s.
Thus, the FDA-PP can be expected to predict the end-point and provide a time margin of
about 2~4 min for operation optimization.
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Following the calculation procedure in Figure 5, firstly, 30 B-splines basis functions
with order 5 are used to smooth the off-gas compositions data and extract their first-order
derivatives, where the roughness penalty is the integrated squared third derivative operator
with λ = 105. It should be noted that the time range of the fitting curve is equal to the
actual blowing time of each batch. Based on the fitting curves and the first-order derivative
curves, the phase plane of the total proportion of CO and CO2 is built to characterize the
production state, and the phase plane of CO2 is built to help distinguish the splashing
anomaly from the last blowing period. Then, the phase trajectories in the main blowing
period are used to estimate the boundaries of the stable-state region for the production state
recognition, where the bandwidths of RBF kernel are σ = 3 for the phase plane of the total
proportion of CO and CO2 and σ = 1.5 for the phase plane of CO2. After that, the slope
curves of phase trajectory in the last blowing period are recorded, where the slope curves
within the lagging time window of 30 s (i.e., 15 sampling points) compose the condition
attributes base and the slope curves after the lagging time window compose the solution
attributes base. The criterion for similar case selection is that the Euclidean distance with
the target batch ranks in the former 15%. Based on the predicted phase trajectory, the
end-point time is finally estimated.

In order to further illustrate the performance of the proposed FDA-PP method, the
classical phase space (PS) is calculated as comparisons, as well as two commonly used
methods in BOF steelmaking, the SVM and the back-propagation neural network (BP). The
details of these methods are summarized as follows:

• PS: This method sets the embedding dimension as 2 and the delay time as τ = 5
to construct the phase space, and uses the phase trajectories to complete the rest
calculation procedures as the FDA-PP method does.

• SVM: This method is calculated with 13 process variables, including the information of
raw materials (i.e., the temperature of molten iron, the carbon content, silicon content,
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manganese content, phosphorus content of molten iron, the weight of molten iron,
the weight of pig iron, the weight of scrap steel), the cumulative weight of auxiliary
materials, and the operation parameters (i.e., the total proportion of CO and CO2,
the height of oxygen lance, the cumulative volume of oxygen blowing, the flow of
bottom blowing). Among them, the information of auxiliary materials and operation
parameters is recorded as sequences. Since the SVM is a supervised classification
method, 10 normal batches, 10 splashing batches, and 10 drying batches are trained
for production state recognition. For the end-point time prediction, still 150 normal
batches are used for training.

• BP: This method is carried out with the same variables and data partition as the SVM
method does, where the size of the hidden layer is set as 60 for the production state
recognition and 5 for the end-point prediction.

To avoid randomness of individual results, the FDA-PP method as well as all the
compared methods are tested 50 times based on the random data partition. The results are
discussed in the following sections.

4.2. Results of the Production State Recognition

Table 2 shows the accuracy of the production state recognition. For the normal batches,
we collect the recognition accuracies of the first blowing period, the main blowing period,
and the last blowing period, where correctly identifying the blowing periods not only
provides guidance for process control but also gives a start signal for the end-point time
prediction. For the abnormal batches, we collect the recognition accuracies of the splashing
and drying anomalies, where correctly alarming the anomalies can help workers take action
to restrain the anomalies.

Table 2. Accuracy of production state recognition.

Method
Blowing Periods Recognition of Normal Batches Anomaly Identification of Abnormal Batches

First-Blowing Main-Blowing Last-Blowing Splashing Anomaly Drying Anomaly

FDA-PP 99.16% 87.78% 88.49% 90.94% 81.29%
PS 98.22% 82.33% 84.13% 67.00% 74.29%

SVM 87.28% 66.67% 71.93% 62.12% 54.55%
BP 65.59% 43.21% 50.26% 30.30% 41.67%

Table 2 illustrates that the proposed FDA-PP method has the best accuracy on the
production state recognition, where the blowing period recognition accuracy of normal
batches is 87.78%, the anomaly identification accuracies of splashing and drying batches
are 90.94% and 81.29% respectively. For the compared methods, the PS method has lower
accuracy than the FDA-PP method because the difference calculation in the PS method
would bring errors in expressing the off-gas composition’s variation and cannot isolate
the noise interference. The SVM and BP methods are inferior to the FDA-PP method and
the PS method although they utilize 13 variables to take the information of raw materials,
auxiliary materials, and operation parameters into consideration. This result demonstrates
that the dynamics features expressed by the phase plane and phase space are significant
in determining a system’s operating condition. For BOF steelmaking, different blowing
periods and anomalies would generate similar production data. The SVM and BP methods
analyze the measurements at an individual moment and miss the evolution features of
the sequence within an interval, so easily confuses different production states. The FDA-
PP and PS methods not only indicate the decarburization rate but also describe how the
decarburization rate is going to change with the influence of operation parameters, so have
better performance on the production state recognition.

We take a splashing batch and a drying batch as examples to show the results of
production state recognition, as can be seen in Figure 7. The FDA-PP method successfully
recognizes the three blowing periods as well as the splashing and drying anomalies. The
PS method successfully identifies the drying batch but confuses the splashing anomaly
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with the last blowing period. The SVM method identifies different blowing periods but
misses catching the drying anomaly, and it gives a false alarm before the splashing anomaly.
The BP method nearly cannot judge the production state of the splashing batch and falsely
regards the drying as the splashing.
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duction state recognition of a drying batch by different methods. Here, the events indicate that: 1-
the first blowing period, 2-the main blowing period, 3-the main blowing period, 4-the splashing 
anomaly, 5-the drying anomaly. 
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Furthermore, as the production state is recognized at each sampling point, the FDA-PP
method is able to be implemented on the online characterization, where the production
state at sampling point t is recognized using the sequence from the start point to the
current point.

4.3. Results of the End-Point Time Prediction

Based on the production state recognition, the end-point time is going to be predicted
as the last blowing period begins. Thus, the ending time prediction is a forecast ahead of
time and can be available for the online application, where the end-point can be predicted
using the sequence within the lagging time during the last period. Table 3 collects the mean
relative prediction error (MRPE) of the end-point time, which is calculated as follows:

δ =
1
N
·
∣∣∆t̂n − ∆tn

∣∣
∆tn

(6)

where ∆tn is the true value of the end-point time of batch n which is calculated through
subtracting the lagging time (30 s in this work) from the duration of the last blowing period,
∆t̂n is the predicted value of the end-point time of batch n, and N is the number of batches.
For the SVM and BP methods, since Section 4.2 indicates that they can hardly identify
different blowing periods, the beginning moment of the last blowing period in the SVM
and BP methods is provided by the FDA-PP method.

Table 3. MRPE of end-point time prediction.

Method Normal Batches Splashing Batches Drying Batches Mean Value

FDA-PP 18.07% 19.31% 17.01% 18.13%
PS 41.36% 49.79% 46.91% 46.02%

SVM 19.53% 31.28% 26.78% 25.86%
BP 19.44% 32.58% 29.94% 27.32%
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From Table 3 we can see that the proposed FDA-PP method is much more accurate
than the PS method and more accurate on the abnormal batches than the SVM and BP
methods. The FDA-PP method can predict the ending time with MRPE 18.07%. Especially
when the splashing or drying anomaly happens, the MRPE of the end-point time can be
controlled within 20%. As for the SVM and BP methods, although they achieve similar
MRPE on the normal batches as the FDA-PP method, their prediction errors on the abnormal
batches are about 10% larger than the FDA-PP method. The superiority of FDA-PP on
the abnormal batches is due to that the FDA-PP method predicts the end-point through
estimating the evolution of dynamics features (the phase trajectory) but the SVM and
BP methods only utilize the measurements of production data. When the anomalies
happen, the dynamics features would change, and the decarburization reaction rate would
be influenced, bringing difficulties in end-point prediction. Therefore, the SVM and BP
methods have larger prediction errors on the abnormal batches.

Figure 8 shows the distribution of the absolute deviation of the predicted end-point
time, i.e., the numerator in Equation (6). As can be seen in Figure 8, using the FDA-PP
method, the end-point time prediction of more batches can be controlled in smaller absolute
deviations than the PS, SVM, and BP methods, especially of the abnormal batches. The
FDA-PP method can ensure the absolute deviation of the predicted end-point time on 20%
splashing batches and 27% drying batches no more than 10 s, and on 60% splashing batches
and 61% drying batches no more than 30 s. As comparison, the PS, SVM, and BP methods
can hardly control the absolute deviation on abnormal batches to be in 10 s, and their ratios
of abnormal batches whose absolute deviations are no more than 30 s are less than the
FDA-PP method.
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Figure 8. Absolute deviation of the predicted end-point time on (a) the normal batches, (b) the 
splashing batches, (c) the drying batches. 
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More physical insights into the production state prediction of BOF steelmaking are
that, first, with the predicted phase trajectory, the evolution of the total proportion of CO
and CO2 in the last blowing period can be reconstructed, then further studies such as the
steel compositions prediction and the temperature prediction can be realized associated
with information of raw materials and operation parameters. Second, although the FDA-PP
method only utilizes the off-gas data, it realizes similar even better performance than
the SVM and BP methods that process variables; thus, the off-gas can be expected to
replace the sub-lance to control the BOF steelmaking so that avoiding the production
process suspension.

5. Conclusions

This work aims at the production state recognition and the end-point time prediction,
and proposes a new data-based method associated with the off-gas data, defined as FDA-
PP. This method describes the evolution of the production state from the metallurgical
dynamics viewpoint and takes a comprehensive consideration of the decarburization rate
as well as its variation trend. As the change of off-gas compositions was only used to
recognize the splashing and drying anomalies in the existing research, this work is an
attempt that using the off-gas data to distinguish different blowing periods and predict the
end-point time.
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In order to evaluate the performance of the proposed method, the real production
data from a steel plant are studied. The results show that the FDA-PP method achieves the
production state recognition accuracy at 87.78% for normal batches, 90.94% for splashing
batches, and 81.29% for drying batches, respectively, more accurate than the PS, SVM,
and BP methods. At the same time, the MRPE of end-point time prediction by the FDA-
PP method is lower than the compared methods. Especially on the abnormal batches,
although the FDA-PP method only employs the proportions of CO and CO2 in the off-gas,
its prediction error of ending time is about 10% lower than the SVM and BP methods
that utilize 13 variables to take the information of raw materials, auxiliary materials, and
operation parameters into consideration. Moreover, the FDA-PP method can predict the
end-point time once the model judges that the last blowing period begins, so providing
2~4 min time margin for the operation parameters optimization.

Following this work, the predicted sequences of the total proportion of CO and CO2 by
the FDA-PP method give a possibility to predict the steel compositions and temperature. In
addition, more efforts can be devoted to exploring the use of off-gas information for produc-
tion control so that replacing the sub-lance and ensuring continuous production rhythm.
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Appendix A. Calculation of Support Vector Data Description

The support vector data description (SVDD) is a single-class classification model.
It works by estimating a minimum spherical boundary around the normal samples in a
high-dimensional feature space so that the abnormal samples are outside the boundary.
Taking the phase trajectories of normal batches in the main blowing period as the training
dataset, the optimization problem of SVDD is as follows:

min
a,R,ξ

R2 + C∑
i

ξi

s.t. ‖g(zi)− a‖2 ≤ R2 + ξi, ξi ≥ 0
(A1)

where zi =
[
xn(tk) x′n(tk)

]
is the phase trajectory of batch n at moment tk, g(·) is a non-

linear function to settle the nonlinearity, a and R are the center and radius of the sphere
respectively, C is an adjustable parameter balancing the sphere volume and model error,
ξi ≥ 0 is a slack variable allowing outliers in the training dataset. Based on the Lagrange
multipliers and the Karush-Kuhn-Tucker (KKT) condition, the optimization problem in
Equation (A1) can be converted to be

max
γ

∑
i

γig(zi)
Tg(zi)−∑

i
∑
p

γiγpg(zi)
Tg
(
zp
)
= max

γ
∑
i

γiκ(zi, zi)−∑
i

∑
p

γiγpκ
(
zi, zp

)

s.t. 0 ≤ γi ≤ C, ∑
i

γi = 1
(A2)

where γi and γp are Lagrange multipliers of zi and zp, κ
(
zi, zp

)
=
〈

g(zi), g
(
zp
)〉

=

g(zi)
Tg
(
zp
)

is the kernel function. Settling the above optimization problem can obtain
the optimal values of Lagrange multipliers, and the training samples satisfying γi > 0
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constitute the support vectors, i.e., SV = {zi|γi > 0}. These support vectors determine the
boundary of the stable-state region, which can be computed as:

R2 = κ(zl , zl)− 2 ∑
zi∈SV

γiκ(zi, zl) + ∑
zi∈SV

∑
zp∈SV

γiγpκ
(
zi, zp

)
(A3)

where zl is one of the support vectors. In practice, the kernel function mostly employs the
radial basis function (RBF) kernel, that is:

κ
(
zi, zp

)
= exp

(
−
∥∥zi − zp

∥∥2

σ2

)
(A4)

where σ is the bandwidth that ensures a tight sphere. Thus, the first item in Equation (A3)
can be simplified to be κ(zl , zl) = 1. In testing stage, whether the phase trajectory exceeds
the stable-state region or not can be determined by the following equation:

r2
test = 1− 2 ∑

zi∈SV
γiκ(zi, ztest) + ∑

zi∈SV
∑

zp∈SV
γiγpκ

(
zi, zp

)
> R2 (A5)

Appendix B. Statement of Case-Based Reasoning

The case-based reasoning (CBR) is a branch of artificial intelligence, where a case/sample
is described by the condition attributes (the inputs) in problem space and the solution
attributes (the outputs) in solution space. The basic idea of CBR is that similar cases in
problem space are also close to each other in solution space. It consists of the following
steps: case description, case retrieval, case reuse, case revise and retain.

In the case description step, appropriate condition attributes and solution attributes
of cases needs to be determined. Since the phase trajectory in the last blowing period has
different range for different batch, the slope curves of the phase trajectories instead of the
phase trajectories are employed as the attribute to describe the case. In detail, a lagging
window is used to extract the former part of slope curves as the condition attributes and
the later part as the solution attributes. Furthermore, due to the blowing time needs to
be predicted, the phase trajectory is resampled to transform the time-dependent curves
(x(t), x′(t)) to the amplitude-dependent curves [α, f (α)], where α = x(t) and is normalized
to [0, 1], f (α) = x′(t).

In the case retrieval step, a criterion needs to be determined to define the similar cases
in problem space. In this work, the similar cases are found out according to their Euclidean
distances to the testing case in the problem space with a certain threshold.

In the case reuse step, an approach needs to be settled to combine the solution attributes
of the retrieval cases. In this work, the solution attributes of the similar cases, i.e., their
slope curves after the lagging window, are averaged as the solution to the testing case.
Thus, the phase trajectory in the last blowing period of the testing batch can be constructed,
further the end-point time can be forecast.

In the case revise and retain step, if the similarities between the testing case with all
the cases in the case base are less than a certain threshold, the solution attributes of the
testing case can be modified according to the suggested solution attributes, and the testing
case can be added to the case base to expand the solution attributes. In this work, the case
revise and retain step is untapped in model calculation.
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Abstract: To understand and clarify the formation mechanisms and evolution of complex inclusions
in Ti-Ca deoxidized offshore structural steel, inclusions in industrial steel were systematically in-
vestigated. The number density of total inclusions generally decreased from Ladle Furnace (LF),
Vacuum Degassing (VD), Tundish to the final product except for Ti and Ca addition. The major
inclusions during the refining process were CaO-Al2O3-SiO2-(MgO)-TiOx and CaO-Al2O3-SiO2.
CaO-Al2O3-SiO2-(MgO)-TiOx inclusion initially originated from the combination of CaO-SiO2-(MgO)
in refining slag or refractory and deoxidization product Al2O3 and TiO2. With the refining process
proceeding and Ca addition, the Al2O3 concentration in the CaO-Al2O3-SiO2-(MgO)-TiOx inclusions
gradually dropped while the CaO and TiO2 concentrations gradually increased. The CaO-Al2O3-SiO2

inclusions originally came from refining slag, existing as 2CaO· Al2O3· SiO2, and maintained a liquid
state during the early stage of LF. After Ca treatment, it was gradually transferred to 2CaO· SiO2 due
to Al2O3 continuously being reduced by Ca. The liquidus of 2CaO· SiO2 inclusion was higher than
that of molten steel, so they presented as a solid-state during the refining process. After welding
thermal simulation, CaO-Al2O3-SiO2-(MgO)-TiOx inclusions were proven effective for inducing
intragranular acicular ferrite (IAF) while CaO-Al2O3-SiO2 was inert for IAF promotion. Additionally,
Al2O3-MgO spinel in multiphase CaO-Al2O3-SiO2-(MgO)-TiOx inclusion has different formation
mechanisms: (1) initial formation as individual Al2O3-MgO spinel as a solid-state in molten steel;
(2) and it presented as a part of liquid inclusion CaO-Al2O3-SiO2-(MgO)-TiOx and firstly precipitated
due to its low solubility.

Keywords: oxide metallurgy; high heat input welding; Ti-Ca deoxidation; inclusion evolution;
formation mechanism

1. Introduction

With the development of large-scale engineering structures, high heat input welding
has been widely used in shipbuilding, marine engineering, and oil container fields due
to its advantages, such as high efficiency and high stability. However, the increment in
the heat input will result in the coarsening of grains in the heat affect zone (HAZ), the
origin of a tiny cleavage crack, and a heterogeneous microstructure, thereby significantly
deteriorating the toughness [1].

To address these problems, researchers have started to focus on inclusions that are
inevitable in metal products. Some non-metallic inclusions can have positive impacts on
the steel microstructure and mechanical properties [2–4]. Initially, in the 1970s, nanosized
TiN particles were found to be effective at inhibiting the growth of austenite grains and
beneficial for the mechanical property of steel [5]. They were formed during the cooling
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process after solidification due to their relatively low solubility. In the 1990s, titanium
oxide-containing inclusions, formed in the molten steel and solidification process, were
reported to act effectively as intragranular nucleation sites for acicular ferrite, contributing
to a smaller grain size and consequently improving the weldability of steel. These practical
inclusions were formed during the second refining process and had a relatively high
liquidus, so they had excellent thermostability. The technology of titanium oxides and
their positive effect on the steel microstructure and phase transformation behaviour was
proposed and termed “oxide metallurgy” [6–9]. Since then, the understanding of inclusions
in the steelmaking industry has been rejuvenated. Harmful inclusions, such as large-sized
and Al2O3 inclusions that may cause clogging, should be removed as much as possible
while those with a small size and particular chemical composition can be maintained and
utilized to achieve outstanding mechanical properties [10,11]. Oxide metallurgy has been
one of the most effective methods used to address the toughness problem in HAZ.

In recent decades, the use of strong deoxidizers, such as Ca, Mg, Zr, and rare Earth
metals (REMs) [10,12–15], has attracted considerable research interest due to their stronger
affinity with O and S and higher thermal stability of inclusions. Traditionally, Ca treatment
is mostly used for modifying Al2O3 inclusions with a high melting point into CaO-Al2O3
with a lower melting point, thereby solving the nozzle clogging problem [16–18]. Kobe
Steel also reported that modified inclusion of CaO-Al2O3 could help prohibit the coarse TiN
precipitating on oxides and facilitate the formation and dispersive distribution of fine TiN
particles [19]. So far, research has mainly focused on Ca treatment in Ti-bearing Al-killed
steel. Wang et al. [20] compared Al-Ca deoxidized steel and Ti-Ca deoxidized steel in the
lab, pointing out that CaO-Al2O3-TiO2-MnS-related inclusions were dominant and active in
facilitating fine IAF formation [21,22]. CaO-Al2O3-TiO2 will act as a nucleation core while
MnS will precipitate around the core during the cooling process and form a manganese
depletion zone (MDZ) to induce IAF formation [23–25].

Although several investigations regarding Ti-Ca deoxidized steel have been reported,
they mainly focused on the effect of different deoxidizers on inclusions in final products or
the effect of inclusions on the microstructure in HAZ. However, few studies harnessing the
integrated understanding of inclusion evolution in each step of actual industry practice are
available. In this paper, the inclusion characteristics regarding categories, number density,
and evolution were systematically investigated to understand and clarify the formation
mechanisms and evolution of complex inclusions in Ti-Ca-treated offshore structural steel,
which will benefit the translation Ti-Ca oxide metallurgy of offshore steels.

2. Materials and Methods

Steel samples were obtained from an industrial process for offshore structural steel,
which followed the sequential steps through a basic oxygen furnace (BOF)→ladle fur-
nace (LF)→vacuum degassing (VD)→continuous casting (CC)→thermomechanical control
process (TMCP) in Wusteel, HBIS. Ferrosilicon (Si ≥ 75.0%, Al ≤ 1.5%, Fe ≥ 21.0%) and
ferromanganese (65.0–72.0% Mn, Si ≤ 2.5%, C ≤ 7.0%) alloys together with lime were
added to the molten steel during BOF tapping. Then, the molten steel was transferred
into LF for refining and bottom argon blowing was adopted for homogenizing the steel
composition and accelerating the removal of large-sized inclusions. LF refractories were
composed of MgO-C bricks. After refining in LF at 1650 ◦C, the molten steel was transferred
to VD at 1600 ◦C and was eventually transported into tundish for continuous casting. In
particular, samples were collected at the beginning of LF 1 min after Ti addition (Ti-Fe:
25.0–35.0%Ti, Al ≤ 8.0%, Si ≤ 4.5%), 1 min after Ca addition, VD soft blowing, tundish,
and hot-rolled plate (final products). The chemical compositions of the steel samples from
different stages are shown in Table 1. The product sample underwent heat treatment as
welding thermal simulation at a peak temperature of 1400 ◦C. The measured temperature
curve of the welding thermal simulation is shown in Figure 1. The welding samples were
held at 1400 ◦C for 180 s, and the cooling rates of the 1400–800 ◦C and 800–500 ◦C range
were approximately 3 and 0.75 ◦C/s (t8/5 = 400 s), respectively.

206



Metals 2022, 12, 511

Table 1. Chemical composition of samples taken from different stages (wt%).

No. C Si Mn P S Nb V Al O Ti Ca

LF begin 0.025 0.089 1.29 0.013 0.025 - - 0.0062 0.0110 - -

Ti added 0.032 0.201 1.31 0.013 0.0070 0.02 0.039 0.0065 0.0068 0.0042 -

Ca added 0.048 0.200 1.43 0.013 0.0034 0.02 0.039 0.0058 0.0031 0.015 0.0015

VD 0.066 0.214 1.47 0.013 0.0022 0.022 0.043 0.0052 0.0035 0.010 0.0026

Tundish 0.065 0.216 1.47 0.013 0.0021 0.023 0.043 0.0047 0.0032 0.010 0.0016

TMCP 0.069 0.222 1.52 0.013 0.0021 0.023 0.044 0.0040 0.0031 0.014 0.0014
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Figure 1. The measured temperature curve of welding thermal simulation.

Steel samples were mounted in resin and ground, polished, and etched for inclusion
composition analysis and microstructure observation. Composition analysis of inclusions
was conducted by using a JXA 8200 electron probe microanalyzer (EPMA, JEOL, Akishima,
Japan) with wavelength-dispersive spectrometers (WDSs).

The EPMA operating details are as follows: the standard samples are CaSiO3 for
Ca and Si, pure MgO for Mg, pure Al2O3 for Al, pure TiO2 for Ti, Spessartine for Mn,
Fe2O3 for Fe, and FeS for S. An acceleration voltage of 15 kV, probe current of 15 nA,
probe diameter of “zero” (the smallest operating probe diameter achieved by the focused
electron beams), peak measuring time of 30 s, and background measuring time of 10 s
were used. Backscattered electron imaging and EDS analysis were utilized to recognize the
non-metallic inclusions, especially those complex inclusions with multiple phases. Then,
WDS was conducted on the inclusions to analyze the inclusion composition accurately.
EPMA can accurately determine the composition of inclusions exceeding 1.5 µm. Field
emission scanning electron microscopy (FE-SEM) was used to analyze inclusions sized
1.5 µm or less by element spot analysis, line scanning, and map scanning to demonstrate
the elementary distribution of multiphase inclusions.

To describe the number densities of inclusions, 20 photos were taken randomly under
500 magnifications for each sample to ensure reliable statistics. The area of each photo was
0.246 mm × 0.196 mm = 0.0482 mm2, so the total observation area of each sample was
0.964 mm2.

3. Results and Discussions
3.1. Characteristics of the Inclusions at Different Stages

Due to complex alloy systems including Si, Mn, Al, Ti, and Ca related to the deox-
idization process, the inclusions can be classified into nine groups: Al2O3-MnO, Al2O3-
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SiO2-MnO, CaO-Al2O3-SiO2-MnO, CaO-SiO2, CaO-Al2O3-SiO2, CaO-Al2O3-SiO2-TiOx,
Al2O3-MnO-TiOx, SiO2-MnO, and CaO-TiOx, as shown in Table 2. Generally, several
valences of Ti, such as TiO, TiO2, Ti2O3, and Ti3O5, exist in steel, and it is assumed that
Ti-oxide was mainly TiO2 when analyzing the inclusion composition, so a TiO2 stan-
dard sample was used during the EPMA analysis. Among these inclusions, Al2O3-MnO,
Al2O3-SiO2-MnO, and CaO-Al2O3-SiO2-MnO are either primary deoxidization products
or those that contacted with lime, which was added during the BOF tapping process.
CaO-SiO2 and CaO-Al2O3-SiO2 are grouped into slag entrapment products (large-sized
inclusions) and reduction products (small-sized inclusions). CaO-Al2O3-SiO2-TiOx and
CaO-TiOx belong to the refining products. Al2O3-MnO-TiOx and SiO2-MnO inclusions
are considered to be secondary oxidization products during the vacuum break of VD and
Tundish processes.

Table 2. Classification of inclusions based on the chemical compositions (wt%).

Inclusions
Chemical Composition

CaO Al2O3 SiO2 MgO TiO2 MnO

Al2O3-MnO <10% >60% <10% <10% <10% >10%

Al2O3-SiO2-MnO <10% >10% >20% <10% <10% >10%

CaO-Al2O3-SiO2-MnO >10% >10% >10% <10% <10% >10%

Al2O3-MnO-TiOx <10% >20% <10% <10% >30% >10%

SiO2-MnO <10% >30% <10% <10% <10% >30%

CaO-SiO2 >40% <10% >10% <10% <10% <10%

CaO-Al2O3-SiO2 >20% >20% >20% <10% <10% <10%

CaO-Al2O3-SiO2-TiOx >20% >10% >10% <10% >10% <10%

CaO-TiOx >30% <10% <10% <10% >30% <10%

The initial inclusions in the LF-entry sample include Al2O3-MnO, Al2O3-SiO2-MnO,
CaO-Al2O3-SiO2-MnO, and CaO-SiO2. Among these inclusions, Al2O3-MnO and Al2O3-
SiO2-MnO are primary deoxidization products with small sizes generally less than 3 µm.
Although Fe-Si and Fe-Mn ferroalloys are mainly used as pre-deoxidizer in industrial
practice, inevitably a small amount of Al impurities exist in alloys. As Al has a stronger
ability to combine with oxygen than Si and Mn, almost all the primary deoxidization
products contained Al2O3. CaO-Al2O3-SiO2-MnO can be considered as the coalescence
between primary deoxidization products and CaO from lime and CaO-SiO2 from refining
slag that was added to molten steel during BOF tapping. CaO-SiO2 inclusions in the LF
entry stage were generally larger than 10 µm, but the proportion of CaO-SiO2 inclusions
in this stage was very low. They originated from slag entrapment. After Ti was added to
LF, the main inclusion types were CaO-Al2O3-SiO2 and CaO-Al2O3-SiO2-TiOx 1–10 µm in
size. The dissolved aluminium coming from continuous reaction of ferroalloys with CaO-
SiO2 from refining slag then formed CaO-Al2O3-SiO2 inclusions. The additive Ti entered
molten steel, reacting with CaO-Al2O3-SiO2 inclusions and forming CaO-Al2O3-SiO2-TiO2
inclusions. After Ca was added to the molten steel, a considerable proportion of CaO-SiO2
inclusions was observed apart from CaO-Al2O3-SiO2 and CaO-Al2O3-SiO2-TiOx inclusions
due to the severe slag entrapment caused by the splashing of the Ca addition, and the
reduction of Al2O3 by additive calcium. In the following VD and Tundish, until the final
products, CaO-SiO2, CaO-Al2O3-SiO2, and CaO-Al2O3-SiO2-TiOx inclusions remained the
main types. The most significant difference was that Al2O3-MnO-TiOx and SiO2-MnO
inclusions were observed after the vacuum break of VD and Tundish. In general, these
were typical re-oxidization products due to the excessive surface turbulence during molten
steel teeming into the Tundish ladle. However, these kinds of re-oxidization products were
seldom found in the final products, which indicated that most of them floated upwards
into the mold flux and were removed effectively. In the final products, CaO-TiOx inclusions
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were found apart from CaO-SiO2, CaO-Al2O3-SiO2, and CaO-Al2O3-SiO2-TiOx inclusions.
They may be generated from either the enrichment of the CaO component and the reduction
of Al2O3 and SiO2, or the precipitation of CaO-TiOx from CaO-Al2O3-SiO2-TiOx inclusions
during the cooling process.

3.2. Number Density and Size Distribution of Inclusions

The number density of all inclusions in industrial steel is shown in Figure 2. The
primary inclusions in the LF entry sample were generally primary deoxidization products,
such as Al2O3-MnO and Al2O3-SiO2-MnO, featuring a high proportion of fine inclusions
that were less than 1 µm and had a number density of 1560/mm2. With ladle furnace
refining processing, when Fe-Ti alloy was added to the molten steel, the total amount of
inclusions decreased dramatically to about 300/mm2, especially those with a small size
(<1 µm). This is due to the coalescence of small inclusions, floating upward into the refining
slag. When Si-Ca wire was added to the molten steel and the end of LF refining, the
total amount of inclusions increased slightly to higher than 400/mm2 owing to the severe
splashing during Si-Ca wire feeding. It also featured a higher proportion of 1–2 µm and
2–5 µm inclusions, and this can be explained by inclusion coalescence and growth to be
larger ones. In the VD section, the total amount of inclusions dropped gradually to around
200 mm2, small-sizd inclusions of less than 1 µm. This is because small-sized inclusions
kept coalescing and gathering during the vacuum break and soft blowing process of VD.
From VD to Tundish and products, the total amount of inclusions decreased steadily, and
the main factor was the decrease in the inclusions with small sizes less than 1 µm.
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Figure 2. The number density of inclusions at different stages. 

The oxide components in inclusions at different stages are shown in Figure 3. As can 
be seen, Al2O3 and MnO, as primary deoxidization products, accounted for the majority 
initially when LF began. With the LF refining processing, when Fe-Ti and Si-Ca alloys 
were added to the molten steel, CaO and SiO2 were substituted for Al2O3 and MnO, ac-
counting for more than 50% and 30%, respectively. Therefore, the content of Al2O3 and 

Figure 2. The number density of inclusions at different stages.

The oxide components in inclusions at different stages are shown in Figure 3. As can
be seen, Al2O3 and MnO, as primary deoxidization products, accounted for the majority
initially when LF began. With the LF refining processing, when Fe-Ti and Si-Ca alloys
were added to the molten steel, CaO and SiO2 were substituted for Al2O3 and MnO,
accounting for more than 50% and 30%, respectively. Therefore, the content of Al2O3 and
MnO dramatically decreased to less than 10%. From the Ca addition to vacuum degassing,
the CaO content dropped a little to 40% due to the evaporation effect of Ca, and accordingly,
the Al2O3 content increased a little to about 20%. However, the CaO content increased
gradually to about 50% after the vacuum break of VD, which was due to extra Si-Ca alloy
being added to the molten steel. The TiO2 concentration fluctuated from 10% to 15% after
Ti-Fe addition.
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CaO-SiO2, CaO-Al2O3-SiO2, and CaO-Al2O3-SiO2-(MgO)-TiOx inclusions remained
the main types among all the processes after Ti addition. Particularly, CaO-SiO2 and CaO-
Al2O3-SiO2 can be described in a CaO-Al2O3-SiO2 system, thus CaO-Al2O3-SiO2-(MgO)-
TiOx and CaO-Al2O3-SiO2 inclusions were focused on and their formation mechanisms
and evolutions were investigated and are discussed here.

3.3. Formation Mechanism and Evolution of CaO-Al2O3-SiO2-(MgO)-TiOx Inclusion

The initial CaO-Al2O3-SiO2-(MgO)-TiOx (MgO was marked here for discussing the
formation mechanism) inclusion was found after Ti addition. Three typical inclusions
(size ranged from 1 to above 10 µm) with different sizes are shown in Figure 4. The size
of the three inclusions were 10.8, 5.1, and 2.5 µm, respectively. All of them belonged to
CaO-Al2O3-SiO2-(MgO)-TiOx inclusions, among which the MgO content was relatively
low at about 5%. The detailed chemical composition is shown in Figure 5 to demonstrate
the varying trend of each oxide component with different sizes.
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It is obvious from Figure 5 that the mass proportion of CaO and SiO2 steadily dropped
with the decrease in the inclusion size. The mass proportion of MgO remained stable
at a relatively low level. Adversely, the mass proportion of Al2O3 and TiO2 showed a
gradually increasing trend. CaO and SiO2 were generally the main contents of the refining
slag, and MgO caneither come from refining slag or the corrosion of MgO-C refractory
and Al2O3, and TiOx was a typical deoxidization product of Ti-Ca killed steel. Generally,
deoxidization products are small in size while the size of particles from slag and refractory
can range widely. When small-sized deoxidization products are combined with large-sized
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CaO-SiO2(-MgO) particles, the CaO-SiO2(-MgO) content in the average composition will
be high, and Al2O3-TiO2 will be low. On the other hand, when a small-sized deoxidization
product is combined with small- or medium-sized CaO-SiO2(-MgO) particles, the CaO-
SiO2(-MgO) content in the average composition will be relatively lower, and Al2O3-TiO2
will be moderately higher. As a result, it can be concluded from Figure 5 that the CaO-
Al2O3-SiO2-(MgO)-TiOx inclusion in LF originated from the reaction between CaO-SiO2
from slag, MgO from refractory, and the deoxidization products Al2O3 and TiOx.
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The CaO-Al2O3-SiO2-MgO-TiOx inclusions’ composition at different stages was pro-
jected into pseudo-ternary phase diagrams of CaO-Al2O3-TiOx at fixed 20%SiO2 (14.8–23.2%
SiO2) and 5%MgO (2.7–7.8%MgO), as shown in Figure 6. In Figure 6a, all the inclusions’
composition is projected, and relatively dispersive. Accordingly, the average composition
of each stage was calculated and is shown in Figure 6b. After the addition of Ti in the LF
refining, the main inclusions are generally located in the regions of CaO-Al2O3-MgO and
melilite, and with Ca addition in LF and following VD, the main inclusions are basically
located in melilite and Ca2SiO4 regions, and the inclusion composition in final product is
eventually located in the CaTiO3 region.

The morphologies of CaO-Al2O3-SiO2-(MgO)-TiOx at different stages are shown in
Figure 7. Generally, they were spherical. From the liquidus temperature in the pseudo-
ternary phase diagram, the compositions of inclusions at different stages are located in
the 1400–1500 ◦C liquidus region, which means they were in a liquid state in molten
steel and thereby presented a sphere shape. The morphologies shown in Figure 7 indicate
relatively fast cooling and the precipitation of different components; thus, the morphologies
reflect the formation mechanism of inclusion. The component with a light grey colour is
TiO2, and the area proportion of TiOx continuously increased with the refining process
proceeding, which was in accordance with the TiOx component trend shown in the phase
diagram. During the early stage of LF refining after Ti addition, large amounts of Al-Ti-
oxide particles started to gather around and stick to the CaO-SiO2-(MgO) inclusion on
its surface. Particularly, Al2O3 was from the oxidization of residual Al in the ferroalloys,
and TiOx was from the oxidization of Ti in the. Ti-Fe alloy. These small deoxidization
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products did not have enough time to dissolve into the inclusion from the refining slag, so
they stayed on the surface. With the refining process proceeding, Ti-oxide continuously
increased and had sufficient time to gradually dissolve into the inclusion from the refining
slag and formed new inclusions as a whole. As can be seen in the phase diagrams shown
in Figure 6, the liquidus of the average composition of the inclusions was in the range from
1400 to 1450 ◦C. So, these new inclusions were mainly liquid inclusions in molten steel.
During the cooling of the sample-taking process, different phases precipitated and formed
multiphase inclusions, as shown in Figure 7. As a result, the morphology after cooling
presented, such as the Ti-oxide component, “entered” the inclusion and formed the core of
the multiphase inclusions. Meanwhile, the Al2O3 and SiO2 component generally decreased
due to the reduction of Ca, so the average content of CaO showed an increasing trend when
compared with that of Al2O3 and SiO2, as shown in Figure 6. The formation mechanism
of CaO-Al2O3-SiO2-(MgO)-TiOx is in accordance with that of the CaO-Al2O3-SiO2-(MgO)
inclusions in Si-Mn killed steel with a limited aluminum content [21].
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In summary, the formation and evolution mechanism of CaO-Al2O3-SiO2-(MgO)-TiOx
inclusion during the whole refining process can be described in a schematic diagram, as
shown in Figure 8.
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Figure 8. The formation and evolution mechanism of CaO-Al2O3-SiO2-(MgO)-TiO2 inclusion during
the whole refining process.

3.4. Formation Mechanism and Evolution of CaO-Al2O3-SiO2 Inclusion

There are generally two morphology types of CaO-SiO2-Al2O3 inclusions as shown
in Figure 9. One is a single-phase inclusion with a smooth surface, and the other has a
rough surface. These two types of CaO-SiO2-Al2O3 inclusions have different chemical
compositions as shown in Table 3. The basicity CaO/SiO2 of them is similar at about 1.9–2.0.
The difference is mainly the component of Al2O3: Al2O3 of the inclusion in Figure 9a is
24.5% while that of the inclusion in Figure 9b is only 2.8%, so the inclusion in Figure 9b
can be defined as CaO-SiO2. The chemical composition distribution of CaO-SiO2-Al2O3
inclusions in steel samples taken from different stages of industrial manufacturing was
projected into CaO-Al2O3-SiO2 ternary phase diagrams, as shown in Figure 10.
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Table 3. Chemical compositions of CaO-Al2O3-SiO2 inclusions.

No. CaO Al2O3 SiO2 MgO TiO2 MnO FeO S

a 40.6 25.5 20.5 2.3 2.9 0.2 7.0 0.8

b 59.2 2.8 31.3 0.3 0.9 0.2 5.1 0.1

213



Metals 2022, 12, 511

Metals 2022, 11, x FOR PEER REVIEW 10 of 20 
 

 

  
(a) (b) 

Figure 9. Two morphology types of CaO-Al2O3-SiO2 inclusions. (a) CaO-Al2O3-SiO2, (b) CaO-SiO2 

Table 3. Chemical compositions of CaO-Al2O3-SiO2 inclusions. 

No. CaO Al2O3 SiO2 MgO TiO2 MnO FeO S 
a 40.6 25.5 20.5 2.3 2.9 0.2 7.0 0.8 
b 59.2 2.8 31.3 0.3 0.9 0.2 5.1 0.1 

 

  
(a) (b) 

Figure 10. CaO-Al2O3-SiO2 ternary phase diagrams.(a) experimental data, (b) average data 

The CaO-Al2O3-SiO2 and CaO-SiO2 inclusions’ compositions at different stages were 
projected into ternary phase diagrams of CaO-Al2O3-SiO2, as shown in Figure 10. Since the 
inclusion composition of the industrial sample is distributed dispersedly (Figure 10a), the 
average composition of inclusions during different stages is shown in Figure 10b. The in-
itial composition of the LF entry is located in the 2CaO∙ SiO2 region, and with the refining 
processing from LF→VD→TD→final products, the average composition moved from the 
2CaO∙ SiO2 region to the 2CaO∙ Al2O3∙ SiO2 region (Gehlenite) and eventually returned to 
the 2CaO∙ SiO2 region (Ca2SiO4). First, additive lime during the BOF tapping process 
brought CaO into molten steel, and it met the primary deoxidization product SiO2 and 
formed 2CaO∙ SiO2. When Ti-Fe alloy was added, residual Al enterted the molten steel 
and formed the deoxidization product Al2O3. The combination of Al2O3 and Ca2SiO4 
formed 2CaO∙ Al2O3∙ SiO2, and significantly decreased the liquidus of inclusion. Then, Ca 
treatment led to the reduction of Al2O3 and SiO2 in 2CaO∙ Al2O3∙ SiO2, so the Al2O3 and 
SiO2 content kept dropping while the CaO content gradually increased. When LF began, 
the average inclusion composition located in the 2CaO∙ SiO2 region and the CaO/SiO2 ratio 
was about 1.7–1.8, and its liquidus was around 2000 °C. After the Ti addition, the average 

Figure 10. CaO-Al2O3-SiO2 ternary phase diagrams.(a) experimental data, (b) average data.

The CaO-Al2O3-SiO2 and CaO-SiO2 inclusions’ compositions at different stages were
projected into ternary phase diagrams of CaO-Al2O3-SiO2, as shown in Figure 10. Since
the inclusion composition of the industrial sample is distributed dispersedly (Figure 10a),
the average composition of inclusions during different stages is shown in Figure 10b. The
initial composition of the LF entry is located in the 2CaO· SiO2 region, and with the refining
processing from LF→VD→TD→final products, the average composition moved from the
2CaO· SiO2 region to the 2CaO· Al2O3· SiO2 region (Gehlenite) and eventually returned
to the 2CaO· SiO2 region (Ca2SiO4). First, additive lime during the BOF tapping process
brought CaO into molten steel, and it met the primary deoxidization product SiO2 and
formed 2CaO· SiO2. When Ti-Fe alloy was added, residual Al enterted the molten steel
and formed the deoxidization product Al2O3. The combination of Al2O3 and Ca2SiO4
formed 2CaO· Al2O3· SiO2, and significantly decreased the liquidus of inclusion. Then, Ca
treatment led to the reduction of Al2O3 and SiO2 in 2CaO· Al2O3· SiO2, so the Al2O3 and
SiO2 content kept dropping while the CaO content gradually increased. When LF began,
the average inclusion composition located in the 2CaO· SiO2 region and the CaO/SiO2 ratio
was about 1.7–1.8, and its liquidus was around 2000 ◦C. After the Ti addition, the average
inclusion composition was located in the Gehlenite region, and the liquidus significantly
decreased to about 1500–1600 ◦C due to the increment of Al2O3. The inclusions after the
Ti addition had a spherical and smooth shape because they remained liquid in molten
steel. After Ca treatment, the CaO/SiO2 ratio tended to be slightly higher than the initial
CaO/SiO2 ratio, and the average composition entered the Ca2SiO4 region, the liquidus of
which was about 1700–1800 ◦C. As a result, the CaO-SiO2 inclusions from VD, tundish, and
the final product presented rough surfaces, which indicated that they remained in a solid
state in molten steel as shown in Figure 11. The reactions during these processes can be
described as Formula (1)–(3):

2CaO + SiO2 → 2CaO·SiO2 (1)

2CaO·SiO2 + [Al] + [O]→ 2CaO·Al2O3·SiO2 (2)

2CaO·Al2O3·SiO2 + [Ca]→ CaO−Al2O3 − SiO2 + [Al] + [Si] (3)
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3.5. Effect of Inclusions on IAF Formation

As many researchers have reported, titanium oxide is the key part of “oxide metal-
lurgy”. Generally, they perform as an effective and stable nucleation site for the induction
of intragranular acicular ferrite (IAF). As discussed above, the main categories of inclusion
in Ti-Ca industrial steel are CaO-Al2O3-SiO2-(MgO)-TiOx and CaO-Al2O3-SiO2 (CaO-SiO2
can be defined as one of CaO-Al2O3-SiO2). However, CaO-Al2O3-SiO2 may not be an ef-
fective inclusion for IAF promotion while CaO-Al2O3-SiO2-(MgO)-TiOx can be a potential
nucleation site for IAF. As a result, the chemical composition of some typical inclusions was
investigated using EDS mapping scanning of FE-SEM to clarify the element distribution in
multiphase inclusions. Figure 12 shows the morphologies of typical Ti-oxide-containing
inclusions in final products, and their chemical composition is shown in Table 4. They were
generally CaO-Al2O3-(SiO2-MgO)-TiOx inclusions, with MnS precipitating around them.
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Table 4. The chemical composition of typical Ti-oxide-containing inclusions in the final products.

No. CaO Al2O3 SiO2 MgO TiO2 MnO FeO S

1 22.7 15.7 0.7 6.6 15.3 16.1 12.1 11.0

2 27.7 19.2 6.9 9.2 22.8 2.8 6.6 4.7

Additionally, element mapping scanning was used to identify the chemical compo-
sition of different phases in multiphase inclusions. The element distribution of 2 typical
multiphase inclusions is shown in Figures 13 and 14. The size of the inclusion in Figure 13
is about 2 µm. The shape of the inclusion shows different parts combined, and it mainly
consists of two parts: MgO-Al2O3 spinel formed the core with two small MgO + MgS
particles attached to it. The core was half surrounded by the CaO-TiO2 layer, and the
interface between the core and surrounding layer was relatively clear. The size of the
inclusion in Figure 14 is about 1.5 µm. The shape looks like a whole, and it contains two
phases: the left part is MgO-Al2O3 spinel, and the right part is CaO-TiOx and (Ca, Mn) S.
Generally, MgO-Al2O3 spinel is formed by the combination of [Mg], [Al], and [O] in molten
steel and has a very high melting point. However, different mechanisms of the formation
of MgO-Al2O3 spinel in Ti-Ca-treated industrial steel may exist. As for the multiphase
inclusion in Figure 13, it is indicated that MgO-Al2O3 spinel was first formed when dis-
solved [Al] from ferroalloy combined with [Mg] from the refractory. Then, spinel acted
as a heterogeneous nucleation site, and MgS and CaO-TiOx started to precipitate around
the core with the decreasing temperature of molten steel and the solidification process.
As a result, clear interfaces between each phase existed. As for the multiphase inclusion
in Figure 14, the explanation of its formation may be illustrated, as shown in Figure 8:
liquid inclusion CaO-Al2O3-SiO2-(MgO)-TiOx was formed in the steel refining process, but
with the decreasing temperature of molten steel and the solidification process, MgO-Al2O3
spinel firstly crystallized and precipitated due to its highest melting point, and then other
phases, such as CaO-TiOx and (Ca, Mn) S, precipitated in succession.
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Figure 14. The element distribution of typical multiphase inclusion.

A large-sized multiphase inclusion is shown in Figure 15 and the results of EPMA
analysis for each phase are listed in Table 5. The main body of this large-sized inclusion
consisted of CaO-Al2O3-SiO2 (red number 1) and CaO-TiOx (red number 2). It seemed
that this large-sized inclusion was crushed and separated into several parts composed of
(Ca, Mn)S (red number 3), CaO-Al2O3-MgO (red number 4) and CaO-SiO2 (red number 5)
during the rolling process of TMCP, so it spread along the rolling direction.
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Table 5. The chemical composition of each part of the large-sized multiphase inclusion.

No. CaO Al2O3 SiO2 MgO TiO2 MnO FeO S Composition

1 40.5 29.2 24.9 3.0 0.3 0.1 2.4 0.0 CaO-Al2O3-SiO2

2 40.3 1.4 0.5 0.3 54.7 0.0 2.9 0.0 CaO-TiOx

3 53.4 0.1 0.0 0.3 0.0 6.7 9.1 30.3 (Ca, Mn) S

4 15.1 46.2 3.2 19.6 0.9 2.8 8.1 3.6 CaO-Al2O3-MgO

5 53.4 0.2 27.6 1.9 0.1 0.5 16.4 0.1 CaO-SiO2

After welding simulation, the inclusions and microstructure were investigated, and
some typical inclusions that can effectively induce IAFs were observed and detected us-
ing EPMA. The morphologies and chemical composition of typical inclusions are shown
in Figure 16 and Table 6, respectively. The induced IAFs are marked in red (AF1–AF6,
AF1–AF3) in Figure 16. It can be confirmed that only TiO2 containing inclusions were
effective for IAF promotion while CaO-Al2O3-SiO2 inclusions were not found to be the
nucleation site of IAF formation. These effective IAF inclusions were generally multiphase,
and their size ranged from 2 to 5 µm and consisted of CaO-Al2O3-(SiO2-MgO)-TiOx. This in-
dicates that CaO-Al2O3-(SiO2-MgO)-TiOx was essential for inducing IAFs in Ti-Ca-treated
offshore structural steel. Particularly, it can be found that the concentration of Ti-oxide in
these effective IAF inclusions (20–30%wt) was significantly higher than the average concen-
tration of Ti-oxide in all inclusions, as shown in Figure 13, which was about 15%wt. The
higher concentration of Ti-oxide is generally considered to increase the possibility of IAF
formation, thereby enhancing the mechanical property of steel. As a result, how to increase
the proportion of CaO-Al2O3-(SiO2-MgO)-TiOx and how to increase the concentration of
Ti-oxide can be a potential and meaningful research direction, and more work is yet to be
done in the future.
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Table 6. The chemical composition of typical inclusions after welding simulation.

No. CaO Al2O3 SiO2 MgO TiO2 MnO FeO S

1 13.4 29.3 8.0 24.8 19.1 1.6 10.6 0.1

2 11.7 16.5 16.3 20.8 30.1 1.7 3.3 0.2

3 3.7 18.2 0.3 3.8 36.1 3.2 37.3 1.0

To clearly identify different phases in these multi-phased inclusions and thoroughly
clarify the formation mechanisms, mapping scanning of FE-SEM was used for detecting
the elementary distribution of effective inclusions that induced IAFs (inclusion A, B, and
C). The results are shown in Figures 17–19.
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Figure 18. EDS mapping analysis of one typical inclusion B effective for IAF nucleation in Ti-Ca
deoxidized steel.

As can be seen in Figure 17, the equivalent diameter of inclusion A is about 5.1 µm
and one piece of acicular ferrite lath is induced by this inclusion. The morphology of the
multi-phased inclusion has a spherical shape. This is a typical CaO-Al2O3-SiO2-MgO-TiOx
inclusion, and its main body consists of CaO-Al2O3-SiO2-MgO, Al2O3-MgO, and
CaO-TiOx, respectively. Particularly, CaO-Al2O3-SiO2-MgO is the main content of sec-
ondary refining slag and has a low liquidus, thereby presenting a liquid state in molten steel.
An Al2O3-MgO spinel particle 1.2 µm in size is embedded into the CaO-Al2O3-SiO2-MgO
liquid inclusion, and it has a very high liquidus temperature. CaO-TiO2 also has a higher
liquidus temperature than that of molten steel except for the condition when TiO2 = 80%.
As a result, it can be concluded that the CaO-Al2O3-SiO2-MgO-TiOx liquid inclusion was
formed in molten steel as described in Figure 8. Then, Al2O3-MgO spinel and CaO-TiOx
perovskite precipitated in order during the cooling process.

As shown in Figure 18, inclusion B also shows the spherical shape, and two pieces
of acicular ferrite laths are induced by this inclusion. It consists of CaO-Al2O3-SiO2-MgO,
(Ca, Mn) S, and CaO-TiOx. Particularly, the left part of the main body is CaO-Al2O3-SiO2-MgO,
and the right part of the main body is (Ca, Mn) S while CaO-TiOx perovskite precipitates
along the edge of the above two phases.
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Figure 19. EDS mapping analysis of one typical inclusion C effective for IAF nucleation in Ti-Ca
deoxidized steel.

In Figure 19, five pieces of acicular ferrite laths are induced by inclusion C. Different
from the above two inclusions, the morphology reveals that it is formed due to the coales-
cence of several particles: CaO-Al2O3-SiO2-MgO, (Ca, Mn) S, and CaO-TiOx. During the
secondary refining process, phases with a higher liquidus temperature, such as (Ca, Mn) S
and CaO-TiOx, are “captured” by liquid-phase CaO-Al2O3-SiO2-MgO. These particles do
not melt and form a new liquid inclusion but mechanically coalesce together.

Almost all the detected inclusions effective at inducing IAFs are found to be CaO-
Al2O3-SiO2-MgO-TiOx-based inclusions. It can be confirmed that CaO-Al2O3-SiO2-MgO-
TiOx-based inclusions are effective nucleation sites for IAF promotion while CaO-Al2O3-
SiO2-based inclusions are ineffective at inducing IAFs. The above three elementary dis-
tribution analyses also prove the formation mechanism of CaO-Al2O3-SiO2-MgO-TiOx-
based inclusions due to the combination of particles from refining slag and deoxidization
products. Then, different phases precipitate in order during the cooling process after
secondary refining.
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4. Conclusions

To clarify the formation mechanism and evolution of oxide inclusions in Ti-Ca-treated
offshore structural steel, industrial sampling was conducted from LF, VD, and TD to final
products. Continuous changes and correlations of various inclusions were explained by
analysing the number density, morphology, and chemical composition using EPMA and
FE-SEM. The primary findings are concluded as follows:

1. The evolution of inclusions during different stages in Ti-Ca-treated offshore structural
steel is from primary deoxidization products (Al2O3-MnO, Al2O3-SiO2-MnO) and
their combination with lime (CaO-Al2O3-SiO2-MnO and CaO-SiO2)→CaO-Al2O3-
SiO2-(MgO)-TiOx and CaO-Al2O3-SiO2→CaO-Al2O3-SiO2-(MgO)-TiOx, CaO-Al2O3-
SiO2, and secondary deoxidization products (Al2O3-MnO-TiOx and SiO2-MnO)→
CaO-Al2O3-SiO2-(MgO)-TiOx and CaO-Al2O3-SiO2. The number density of the inclu-
sions in Ti-Ca-treated industrial steel generally dropped from LF, VD, and Tundish to
the final product, except for the Ti-Fe and Si-Ca addition in the LF, the number density
slightly increased. The total decrease in the inclusion number density was mainly due
to the significantly decreasing number density of small inclusions (<1 µm) during the
refining process.

2. The formation mechanism of CaO-Al2O3-SiO2-(MgO)-TiOx inclusion was due to
CaO-SiO2-(MgO) from refining slag and refractory combining with the deoxidization
product Al2O3 and TiOx. With the refining process proceeding, Ti-oxide continuously
increased and gradually “entered” the inclusion and formed the core of the multiphase
inclusions while the Al2O3 component generally decreased due to the reduction of
Ca, so the average content of CaO showed an adverse trend when compared with
that of Al2O3.

3. The formation mechanism of CaO-Al2O3-SiO2 inclusions is the initial 2CaO·Al2O3·SiO2
inclusion came from the combination of CaO-SiO2 particles in refining slag and the
deoxidization product Al2O3, and its liquidus was lower than that of molten steel,
so it presented a liquid state in steel and had a smooth surface. After Ca addition,
the initial 2CaO·Al2O3·SiO2 was gradually transferred to 2CaO· SiO2 with Al2O3
continuously reduced by Ca. 2CaO· SiO2 had a higher liquidus than that of molten
steel, so it presented as a solid state in steel and had a rough surface.

4. In Ti-Ca-treated offshore structural steel, after welding simulation, CaO-Al2O3-SiO2
inclusions were not effective at inducing IAFs while CaO-Al2O3-SiO2-(MgO)-TiOx
inclusions were proven to be effective nucleation sites for promoting IAFs. The
Al2O3-MgO spinel component in welding samples may have different formation
mechanisms: one is that it formed directly in molten steel as a solid state, and other
phases and inclusions, such as CaO-TiOx and MnS, precipitated on Al2O3-MgO spinel,
so the interface between each phase was clear. Another is that CaO-Al2O3-SiO2-
(MgO)-TiOx as a whole formed in molten steel as a liquid state, and Al2O3-MgO
spinel firstly precipitated due to its highest melting point and was followed by other
phases, so the interface between each phase was not clear.
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Abstract: Suitable MnS inclusions in gear steel can significantly improve the steel machinability
and reduce the manufacturing costs. Two gear steel samples with different sulphur contents were
prepared via aluminium deoxidation followed by calcium treatment. The shape, size, composition
and percentage distribution of the inclusions present in the steel samples were analyzed using an
electron probe micro-analysis (EPMA) technique. The average diameter of MnS precipitated on an
oxide inclusion is less than 5 µm. It was found that the steel with high sulphur content contains
a greater number of elongated MnS precipitates than low sulphur steel. Moreover, there are more
oxide inclusions such as calcium-aluminates and spinels with a small amount of solid solution of
(Ca,Mn)S in low content sulphur steel after calcium treatment, which indicates the modification of
solid alumina inclusions into liquid aluminates. The typical inclusions generated in high sulphur
steel are sulphide encapsulating oxide inclusions and some core oxides were observed as spinel.
The formation mechanisms of complex inclusions with different sulphur and calcium contents are
discussed. The results are in good agreement with thermodynamic calculations.

Keywords: gear steel; inclusions characteristics; EPMA; sulphide modification

1. Introduction

Gears structure a fundamental part in the running of different machines and cars for
transmitting power. There are a range of gears used in different areas according to the
particular prerequisites, such as automotive gears, mining gears, marine gears, wind tur-
bines, bicycle gears, instrumentation gears and conveyor systems. The automotive industry
requires automotive gears for high force capacity, high fatigue strength and to convert
mechanical energy efficiently and silently. However, machining of gear steels, generally,
is linked with high energy consumption and decreased cutting tool life. The worsening
of mechanical properties depends on the amount, size, morphology and dispersion of
non-metallic inclusions. Since the machining costs (estimated ~40%) represent a large
fraction of the total production expenses of most components, considerable attention has
been paid to designing innovative techniques and technologies that make machinability
viable with mechanical properties [1–3]. Adding a small amount of sulphur (typically
from 100 to 500 ppm) is known to cause an outstanding improvement in the machinabil-
ity of gear steels via manganese sulphide formation, which improves the machinability
via chip embrittlement and increases tool life. Sulphides, especially MnS, with a round
or shaft morphology are usually advantageous for this purpose. MnS inclusions have
good ductility and can easily bend into long strip shapes after hot working, which causes
anisotropy [4] in steel properties, consequently reducing the fatigue life [3] and altering
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the transverse properties of steel, and is furthermore destructive to the machinability of
steels [5]. Most of the oxide and sulphide inclusions are endogenous, formed as the result
of deoxidation of steel. However, dual phase types with or without sulphides and pure
sulphide inclusions are generated during all succeeding stages of steel processing, even
during solidification [1,6–10]. In contrast, alumina (Al2O3) is another type of inclusion
generated as the result of Al deoxidation in molten steel. Large and irregular shapes of
alumina inclusions mostly float up towards the slag, while smaller alumina inclusions (less
than 10 µm) unable to float up get stuck in the steel and solidify, which can act as a stress
raiser or become a crack source or even help the crack propagation under cyclic loading,
and suppress the anti-fatigue property of steel. In addition, too much Al2O3 inclusions can
cause nozzle clogging due to accumulation in the nozzle during the casting process, and
because it is hard and brittle, it causes excessive tool wear in the machining process [7].

Normally, calcium addition is an effective way to alter the morphology and dispersion
of non-metallic inclusions in the continuous casting process or in ingots. Calcium treatment
is normally applied in Al-deoxidized steels to alter the solid alumina inclusions into liquid
ones [11–13] which effortlessly pass through without spout impediment. In the current
operations, the inclusions modification proficiency using Ca is usually not high; the surplus
Ca may cause the development of high temperature stable inclusions such as CaS and
Ca·Al12O19, leading to spout impediment [2,10,14]. In resulphurized steel, Ca is also used
to transform the MnS inclusions by reducing the relative plasticity of MnS inclusions
during hot working. Blais et al. proposed the optimum Ca/S ratio to be 0.7 for effective
modification of sulphide inclusions [15]. The reaction formation of CaS was reported
via the formation of a CaS transient phase right after the Ca injection treatment [16] or
formed after modification of Al2O3 to calcium aluminates [17]. Verma et al. proposed that
transit CaS can react with the alumina to yield modified inclusions [18,19], while Wang
et al. proposed that the reaction between Al2O3-CaO inclusions with the dissolved [S] and
[Al] in the melt forms CaS around the inclusions [20]. Park et al. studied the mechanism
of complex inclusions formation by using synthetic slag without adding Ca in the melt
and predicted the critical sulphur [S] level required to precipitate CaS in the inclusions.
By increasing the SiO2 in the slag, the critical [S] level increases at a given [Al] content [21].

For uniform distribution of fine MnS precipitates, it is effective to use such oxides
which have a high sulphide capacity and low melting temperature [11–13,22]. Miki [23]
concluded that sulphur solubility in the inclusions increases with increasing MnO content
in oxides, therefore increasing the probability of MnS precipitation on oxides. Thus, im-
provement of steel properties lies in the proper morphology control of oxides and sulphides.
If the adverse effects of both sulphides (MnS) and pure oxides (Al2O3) can be minimized
or even avoided via Ca treatment, the deformation of pure MnS precipitates will be easily
confined, and also the oxide inclusions will not directly become the reason for steel failure.
Although there is enough literature available on inclusions modification in Al-deoxidized
and Ca-treated steels in lab scale models, there is very limited data available to improve
the quality of industrial products because of the complex nature of reactions taking place in
the ladle. To clearly define the role of Ca in modifying the sulphide and oxide inclusions in
Al-killed Ca-treated gear steels, it is necessary to obtain the fundamental knowledge to un-
derstand the formation mechanism of inclusions including the composition of each phase
from the viewpoint of thermodynamics and evolution during the steelmaking process on an
industrial scale. Therefore, in this study we focused on the characterization and formation
of complex oxide-sulphide inclusions in different sulphur-level industrial samples with an
Al-deoxidation and Ca-treatment process. The formation mechanisms and thermodynamic
prediction are discussed for the optimization of manganese sulphide modification.

2. Materials and Methods

To investigate the effect of sulphur and calcium on complex oxide and sulphide
inclusions, two samples having different amounts of sulphur and calcium were taken from
two industrial products. The chemical compositions of the samples are given in Table 1
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below. Two steel grades (named GS1 and GS2) have almost the same Mn concentration:
GS1 contains 290 ppm S and 14 ppm Ca, whereas GS2 contains 140 ppm S and 19 ppm Ca.
The steelmaking process followed sequential steps through an electric arc furnace (EAF)→
ladle (LF) refining→ vacuum degassing (VD)→ continuous casting (CC). Both samples
underwent the same manufacturing route, i.e., the scrap metal along with hot metal
from the converter was added into the electric arc furnace (Danieli & Co., Buttrio, Italy).
During melting, oxygen lancing was used to reduce the carbon content to the desired level.
After melting, the molten steel was tapped to the ladle furnace for further treatment, in
which lumps of pure aluminum were added to reduce the oxygen content. Pure argon gas
purging from the bottom was also employed to accelerate the mixing of aluminum and
removal of oxide impurities in the slag. After ladle treatment, the furnace was transferred
to the vacuum degassing process to ensure the complete removal of impurities. Ca in
the form of CaSi was added into the vacuum degassing process to liquify the remaining
impurities (in order to avoid nozzle blockage and surface defects), and finally, the furnace
was transferred to the continuous casting plant to cast the steel into long bars of variable
sizes. Finally, both samples were further rolled down into small diameter rods (after
soaking in the furnace having a temperature ranging between 1000 and 1050 ◦C), i.e., GS1
was rolled to 40 mm diameter and GS2 to 25 mm.

Table 1. Chemical compositions of two gear steel samples (wt.%).

Grade C Si Mn Ni Cr *N *P *S *Al *Ca *O Fe

GS1 0.18 0.15 1.13 0.17 1.07 106 81 290 284 14 19 Bal.

GS2 0.21 0.25 1.31 0.028 1.26 155 68 140 407 19 20 Bal.
*N, P, S, Al, Ca and O are in ppm.

Analysis of Steel

Steel samples were cautiously prepared for electron probe microanalyzer (EPMA)
analysis. Longitudinal sections were cut for inclusion analysis. After setting into the epoxy
resin, the samples were ground up to 4000 grit size paper and slightly polished. Extensive
polishing and etching can easily wash away the inclusions. A 20 × 20 mm2 area of each
sample was manually scanned for inclusions to ensure no inclusion was left behind.

A JXA 8200 electron probe X-ray microanalyzer (JEOL, Tokyo, Japan) with wavelength-
dispersive detectors was used for microstructure and compositional analysis. Parameters
employed for analysis include an accelerating voltage of 15 kV, 15 nA current, zero probe
diameter, peak measuring time of 30 s, background position of±5 µm and background mea-
suring time of 5 s. EDS was used to identify and locate non-metallic inclusions in the steel;
WDS was performed to measure their composition. Standards used for analysis were spinel
(MgO-Al2O3), calcium silicate (CaSiO3), iron sulphide (FeS2), spessartine (Mn3Al2Si3O12)
and hematite (Fe2O3) for Al, Mg, Ca, Si, S, Mn and Fe, respectively. The built-in ZAF correc-
tion procedure supplied with the probe was applied. Different crystals to cover the entire
X-ray spectrum were used, which were lithium fluoride (LIF), pentaerythritol (PET) and
thallium acid phthalate (TAP). Assuming the valence state of each element, compositions
of the phases were re-calculated. The overall accuracy of the EPMA measurement of each
component is within 1 wt.%.

3. Results and Discussion
3.1. Morphology and Composition of Inclusions

Longitudinal sections of both GS1 and GS2 samples were scanned for a better under-
standing of the morphology and distribution of the inclusions. In GS1 and GS2 samples,
there are approximately 300 and 370 inclusions respectively in the scanned area of 2 cm2,
which was measured via EMPA. The inclusions are categorized into different groups based
on their major chemical compositions and morphologies including single/dual phases and
spherical/elongated sulphides. The classification of inclusions is given in Table 2, which
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describes the overall composition range of oxides and sulphides in single phase and also
in complex inclusions. The wt.% of alumina, silica, calcium and magnesium oxides in
the inclusions along with sulphur and manganese can be easily seen. Figure 1 shows the
typical inclusions in GS1 and GS2 samples based on their compositions and phases, i.e.,
single phase and dual phase.

Table 2. Classification of inclusions in both samples based on the chemical compositions and morphologies.

Inclusion Type
Composition Range (wt.%)

Al2O3 CaO MgO SiO2 FeO CaS MnS

Single Oxides
Al2O3 >80 <05 <05 <01 <05 <05 <05

Al2O3-CaO >50 >40 <05 <01 <05 <05 <05
Al2O3-MgO >60 <05 >30 <01 <05 <05 <05

Sulphides (Ca,Mn)S <05 <05 <05 <01 <05 >45 >45
MnS <05 <05 <05 <01 <05 <05 >90

Dual
Oxy-Sulphides

Al2O3-(Ca,Mn)S >50 <05 <05 <01 <05 >20 >20
Al2O3-CaO-(Ca,Mn)S >40 >20 <05 <01 <05 >15 >05
Al2O3-MgO-(Ca,Mn)S >50 <05 >20 <01 <05 >15 >10

 
 

 

 
Metals 2021, 11, 2051. https://doi.org/10.3390/met11122051 www.mdpi.com/journal/metals 

Article 

Formation of Complex Inclusions in Gear Steels for  
Modification of Manganese Sulphide 
Haseeb Ahmad 1, Baojun  

and phases, i.e., single phase and dual phase. 

Table 2. Classification of inclusions in both samples based on the chemical compositions and mor-
phologies. 

 

 
(a) 

 
(b) 

Figure 1. Typical morphology and composition of inclusions in both samples. (a) GS1 sample, (b) GS2 sample. 

3.2. Number Fraction and Size Range of Inclusions 
Figure 2a,b represent the detailed size and percentage distribution of individual in-

clusions in GS1 and GS2 samples, respectively. According to Figure 1a,b, most of the in-
clusions are round, while some are in irregular shapes, especially the pure MnS inclusions, 
which are elongated due to rolling. ImageJ (LOCI, University of Wisconsin, Madison WI, 
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3.2. Number Fraction and Size Range of Inclusions

Figure 2a,b represent the detailed size and percentage distribution of individual
inclusions in GS1 and GS2 samples, respectively. According to Figure 1a,b, most of the
inclusions are round, while some are in irregular shapes, especially the pure MnS inclusions,
which are elongated due to rolling. ImageJ (LOCI, University of Wisconsin, Madison, WI,
USA) was used to measure the size of the inclusions. Most of the inclusions in the samples
are regular in shape and easy to measure. For irregular inclusions morphology, the inclusion
size is simply defined by measuring the longest length. Inclusions percentage is calculated
by dividing the number of inclusions of each type by the total number of inclusions.
In Figure 2a, there are a greater number (around 15%) of pure MnS inclusions in the range
of 10–20 µm, while around 17% of the pure MnS inclusions are larger than 20 µm, a smaller
number (only 5%) of pure alumina inclusions and a higher number of calcium-aluminates,
and also complex oxy-sulphides, whereas in Figure 2b, there are around 16% pure alumina
having a size greater than 5 µm, and the spinel (MgO-Al2O3) inclusions are around 14%
in that size range. It is shown that the pure alumina inclusions are more in number than
the complex oxides and sulphides; these inclusions are less 10 µm in size, which is in an
acceptable range for the mechanical properties of gear steels. Around 2% of the calcium
aluminates are less or equal to 5 µm, and about 8% of the calcium-aluminate inclusions are
in the 5–10 µm range. Around 9% of the total inclusions are duplex ones in which the solid
solution of Ca and Mn sulphide encapsulated the alumina and spinel inclusions. Most of
the inclusions are in the acceptable size range, i.e., 5–15 µm, except the pure MnS, which
was plastically deformed during rolling of the steel.
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sample) and only 14 ppm Ca shows a higher number of pure MnS inclusions which are 
elongated and also larger in size due to rolling of the steel because of the plastic (soft) 
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Figure 2. The size of different types of inclusions in the gear steels. (a) GS1 sample, (b) GS2 sample.

Figure 3 specifically represents the size comparison between pure MnS inclusions
in both high and low sulphur samples, respectively. Steel with high sulphur content
(GS1 sample) and only 14 ppm Ca shows a higher number of pure MnS inclusions which
are elongated and also larger in size due to rolling of the steel because of the plastic (soft)
nature of pure manganese sulphide, as has already been mentioned above. The inclusions
of the GS2 sample with a relatively low sulphur content have a small number of pure MnS,
also shown in Figure 3, but have a solid solution of (Ca,Mn)S. Overall, Figure 3 shows a
better MnS modification result due to Ca treatment in the GS2 sample, because most of the
portion of pure MnS inclusions was transformed into a solid solution of (Ca,Mn)S.
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4. Thermodynamics of Inclusions Formation

Chemical compositions of Al2O3, Al2O3-MgO and Al2O3-CaO inclusions are projected
onto the Al2O3-MgO-CaO ternary system as shown in Figure 4a,b of both samples respec-
tively (where M is MgO, MA is MgO-Al2O3, CA is CaO-Al2O3, CA2 is Ca-Al4O7, CA6 is
Ca-Al12O19, C3A is Ca3-Al2O6 and C12A7 is Ca12-Al14O34). The liquidus temperature of
inclusions can be predicted by Figure 4. The liquidus temperature of Al2O3, Al2O3-rich
CaO, CaO-rich Al2O3 and Al2O3-MgO spinel inclusions is much higher than 1600 ◦C,
which is normally the molten steel refining temperature, while some Al2O3-CaO inclusions
are below 1600 ◦C. When Al was added to molten steel as a deoxidizer, Al2O3 inclusions
were initially formed. The dissolved [Al] and [O] often reacted with traces of dissolved
[Mg] or (MgO) refractory to form (MgO-Al2O3) spinel inclusions. These inclusions were
formed through the reduction of MgO in the slag or refractory by aluminum even though
Mg was not intentionally added in the steel. Mg reacted with Al2O3 to form MgO-Al2O3
inclusions. The formation of spinel inclusions through a steel-slag-refractory reaction
has been discussed elsewhere in detail [21,24–26]. Ca-treatment was used to transform
solid spinel and solid alumina into liquid calcium aluminates [21]. However, some Al2O3
inclusions were not properly modified by Ca treatment and formed solid Al2O3-rich CaO
and CaO-rich Al2O3 inclusions, which have a high liquidus temperature.
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(Ca,Mn)S was observed to be associated with Al2O3-CaO inclusions to form Al2O3-
CaO-(Ca, Mn)S oxysulphide inclusions. Kang et al. [27] measured the phase equilibria
and calculated the Al2O3-CaO-CaS oxysulphide system using FactSage thermochemical
software. To understand the solubility of CaS in the Al2O3-CaO at high temperature and
to justify why pure CaS inclusions or CaS encapsulating oxide inclusions are not present
in the present inclusions system, the Al2O3-CaO-CaS system was re-calculated using an
updated version of the FactSage 7.3 (CRCT, Montreal, Canada and GTT Technologies,
Aachen, Germany) phase diagram module using the FactOxide, FactPS. and FactMisc.
databases with 1 atm pressure, and no other assumptions were considered [28], which is
shown in Figure 5. The region of full-liquid phase at 1600 ◦C is delimited by the thinner
lines on the diagram. Within the isothermal sections of 1600 ◦C, CaS solid precipitates in
the molten steel during Ca-treatment can dissolve into liquid calcium aluminate inclusions
in the primary phase fields of Ca3Al2O6 and CaAl2O4. In the CaS primary phase field,
the solubility of CaS in the liquid calcium aluminate is up to 8.5 wt.%, and it decreases
with increasing Al2O3 content in the inclusions at 1600 ◦C. The liquid inclusions formed
in GS1 and GS2 samples were calculated, which are indicated in Figure 5 as solid points.
The CaS composition in liquid calcium aluminate inclusions is around 3.2 wt.%. According
to Higuchi et al. the dissolved CaS will re-precipitate from the liquid Al2O3-CaO-CaS oxy-
sulphide inclusions to form Al2O3-CaO-CaS dual phases during solidification of steel [16],
but in the present case it did not happen. Precipitation of MnS on CaS at low temperature
to form (Ca, Mn)S in solidified steels will be discussed in the next section.
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Thermodynamics of inclusions precipitation and evolution in the equilibrium cooling
of steels from 1600 ◦C to 1000 ◦C are shown in Figure 6a,b for GS1 and GS2 samples based
on the chemical compositions in Table 1, respectively. Figure 6a,b show liquid calcium
aluminates formed in molten GS1 and GS2 steels at 1600 ◦C. The ratio of CaO/Al2O3
in the liquid oxide inclusions mainly depends on the modification extent of Al2O3 by
Ca and concentrations of Ca, Al and O in Al-killed steels. The liquid calcium aluminate
inclusions transformed to the CaAl2O4 phase at around 1600 ◦C, then altered from CaAl4O7
to CaAl12O19 and finally transformed to Al2O3 inclusions below 1400 ◦C. A large number
of Al2O3 or Al2O3-rich inclusions were observed in the GS1 and GS2 solidified steels, as
shown in their compositions in Figure 4 above, which is consistent with the thermodynamic
calculations. The Al2O3 or Al2O3-rich inclusions might be formed from the cooling of
liquid inclusions or a deficient modification of Al2O3 due to Ca approaching equilibrium.
One thing worth noting is the amount of AlN formed in both steels; GS2 has more mass %
of AlN than GS1. This is due to the fact that a greater amount of Al is used for deoxidation
of steel. Nitrogen is usually added in the form of a ferroalloy for grain refinement, to
prevent the austenite grain coarsening during heat treatment and to enhance the mechanical
properties of the steels via grain boundary pinning through aluminum-nitride precipitates
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(AlN) [29]. AlN was not detected during EPMA analysis, maybe because of the detection
limit of the probe, which mostly measures inclusions larger than or equal to 1 µm. AlN may
have a sub-micron or nano size, and also the cooling rate in the ladle and during continuous
casting is not at equilibrium, so maybe that is why AlN was unable to be detected by the
probe despite the prediction during thermodynamic calculations.
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until 1270 °C. The analysis of samples showed different results in the case of CaS inclu-
sions, as proved by Figure 5. Individual or complex oxy-CaS inclusions were not observed 
during EPMA analysis because CaS was dissolved in the CaO-Al2O3 and did not solidify 
as CaO-Al2O3-CaS. Detailed mechanism of inclusions evolution during solidification can 
be seen in Figure 8. Decrease in CaS in the GS2 sample at a lower temperature can provide 
the complete casting of several heats with no nozzle blockage and a lower amount of MnS 
generated. 

Figure 6. Equilibrium precipitation of inclusions and evolution during steel solidification. (a) GS1 sample, (b) GS2 sample.

The variation of CaS and MnS components in the (Ca, Mn)S solid solution in equilib-
rium solidification in both samples is specifically shown in Figure 7. According to FactSage
calculations, nearly pure CaS precipitated in molten Ca-treated Al-killed GS1 and GS2
steels at 1600 ◦C. The formation of solid CaS is usually caused by excessive sulphur and
calcium in liquid steel. At steel melting temperature, both Ca and S have high activities and
the amount of CaS generated in both samples is more than 90%. In GS1, with the decrease
in temperature, this amount decreases until it reaches the balance with MnS at around
1330 ◦C, and after that, MnS begins to grow at the expense of CaS and reaches more than
90% at around 1000 ◦C, whereas CaS is only less than 10% at that temperature. On the other
hand, in GS2, with the decrease in temperature the amount of CaS decreases until 1270 ◦C.
The analysis of samples showed different results in the case of CaS inclusions, as proved by
Figure 5. Individual or complex oxy-CaS inclusions were not observed during EPMA anal-
ysis because CaS was dissolved in the CaO-Al2O3 and did not solidify as CaO-Al2O3-CaS.
Detailed mechanism of inclusions evolution during solidification can be seen in Figure 8.
Decrease in CaS in the GS2 sample at a lower temperature can provide the complete casting
of several heats with no nozzle blockage and a lower amount of MnS generated.
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treatment and solidification.

5. Formation Mechanism of Inclusions

The reactions during modification of alumina inclusions by calcium can be divided
into the following kinetic steps:

1. Ca injection into the ladle, which immediately melts the Ca, because its melting point
is much lower than the melting temperature of steel, followed by the dissolution of
calcium from the gas bubbles-steel interface to the bulk of the steel and finally transfer
of the dissolved calcium from the bulk steel to the steel-inclusion interface:

Ca(s) = Ca(l) + Ca(g) = [Ca] (1)

2. Diffusion of calcium from the steel-inclusion interface into the alumina core followed
by chemical reaction of the calcium with alumina:

[Ca] + [O] + (x + 1/3)(Al2O3) = (CaO·xAl2O3) + 2/3[Al] (2)
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3. The sulphur content varies in both samples, consequently the extent of CaS formation
changes. Ca can react with sulphur in two ways:

[Ca] + [S] = (CaS) (3)

(CaO) + 2/3[Al] +[S] = (CaS) + 1/3 (Al2O3) (4)

In the above equations, square brackets denote an element dissolved in molten steel,
and round brackets indicate the compounds in the inclusions. Before the calcium-alloy wire
injection, mainly Al2O3 was produced due to the Al deoxidation of liquid steel. During
the calcium treatment, the injection of Ca will lead to a severe splashing of liquid steel
due to the high vapor pressure of Ca, and the added [Ca] reacts with [O] and Al2O3
inclusions to transform solid Al2O3 to liquid calcium aluminate inclusions. Some semi-
solid Al2O3-rich core-shell inclusions might be partially modified due to kinetic diffusion
of [Ca] controlling limitation [30–32]. When the [S] content is higher than the critical value
for the precipitation of CaS, the CaO in the liquid inclusions reacts with sulphur [S] and
aluminum [Al] in the molten steel. Therefore, the composition of the inclusions in the core
is transformed to a MgO·Al2O3-rich system (close to spinel), and a CaS shell is formed.
On the other hand, when the [S] content is lower than the critical value for the precipitation
of CaS, liquid inclusions are formed [21]. The solubility of [Mn] and [S] decreases during
the solidification of steels. Segregation of [Mn] and [S] takes the primary inclusions as
the heterogeneous nucleation sites for MnS precipitation, then reacts with primary CaS
wrapping on the oxides to form (Ca,Mn)S solid solution [32–35]. A schematic diagram
of inclusions formation is demonstrated in Figure 8 and can be visualized via SEM-EDS
analysis as shown in Figure 9. Figure 9 with EDS scanning explains the formation of a
crescent shaped (Ca,Mn)S layer surrounding the spinels and in the other image it shows
the oval shape (Ca,Mn)S associated with the spinels.
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Figure 9. Duplex inclusions formed by (Ca,Mn)S precipitated on and collided with Al2O3-
MgO inclusions.

The stable inclusions which can be formed based on the compositions of GS1 and GS2
in Table 1 by varying [Al] and [Ca] were calculated using FactSage 7.3 software with a
phase diagram module with 1 atm pressure (FactOxide, FactPS and FactMisc. databases)
to understand the controlling of inclusions. Figure 10 shows the stability diagram of the
inclusions formed in the Fe-C-Si-Mn-Cr-S-O-Al-Ca systems at 1600 ◦C. The compositions of
GS1 and GS2 are located close to the boundary of CaS + liquid and totally liquid inclusions
region, which indicates the amount of CaS is relatively small. The small amount of CaS
might not cause the problem of nozzle clogging in one heat casting but could block the
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nozzle by accumulating in the nozzle after several castings in practice. The liquid inclusions
region is the target for successful modification of inclusions but not the whole region is
the target because either decrease in [Al] content less than 150 ppm will yield other oxides,
specially FeO and MnO, or decrease in [Ca] content less than 10 ppm will not completely
modify the alumina inclusions but form (high temperature stable) CaAl4O7 inclusions
which may create problems during casting. The modification window of Ca-treatment is
quite narrow and should be controlled precisely.
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6. Conclusions

In the present study two gear steel samples with different sulphur and calcium
contents were analyzed using an electron probe micro-analysis (EPMA) technique coupled
with thermodynamic studies. The main findings are:

1. A significant number of pure MnS inclusions were observed in high sulphur steel as
compared to low sulphur steel. Duplex inclusions and some spinel cores encapsulated
by sulphides were also observed. (Ca,Mn)S encapsulated most of the oxide inclusions
in both samples and no transient (CaO-Al2O3-CaS) inclusions were precipitated
in the solidified steel despite it having a high sulphur content, i.e., 290 ppm and
140 ppm, respectively.

2. Calcium aluminates with a low melting temperature were formed in low sulphur
steel, which is considered desirable for continuous casting. The main factors that
influence the size, morphology and distribution of inclusions are the Al, S, O and Ca
contents in the steel and its temperature.

3. The thermodynamic stability diagram of inclusions in Fe-C-Si-Mn-Cr-S-O-Al-Ca
systems at 1600 ◦C agrees well with the inclusions of both sulphur-level Ca-treated
samples, which shows inclusions can be completely modified into liquid ones by
decreasing the content of Ca up to 10 ppm. Further decreasing the Ca content will
result in incomplete modification of oxides and sulphides, and the formation of (high
temperature stable) aluminates (CA2) will occur.
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Abstract: During continuous casting, argon blowing from tundish cover (ABTC) can greatly prevent
the flow of the remaining air and decrease the reoxidation of molten steel in tundish. In the current
study, a numerical model based on a tundish of a two-strand slab continuous casting machine
was established to investigate the feasibility and evaluate the protective casting effect of the ABTC
process. The influence of operation parameters, including sealing schemes of tundish cover holes
and the argon flow rate of the remaining oxygen content, were studied in tundish. Then, industrial
trials based on the operation parameters from the numerical model were carried out to evaluate the
protective effect of ABTC. The results indicate that the ABTC process has a great protective effect in
avoiding increasing levels of nitrogen and losing titanium and aluminum. With the ABTC process
applied, the average increment of nitrogen (4w[N]) in steel from the end of RH to tundish decreases
by 90% from 10 × 10−6 to 1 × 10−6, the average loss of titanium (4w[Ti]) by 12.7% from 63 × 10−6 to
55 × 10−6, and the amount of aluminum (4w[Al]) decreases by 7.1% from 70 × 10−6 to 55 × 10−6.
The injecting hole and baking holes should be sealed during the period of empty tundish to efficiently
discharge the air. In order to ensure that the oxygen volume fraction in tundish is less than 1%, the
argon flow rate should be ≥220 Nm3/h during the period of empty tundish and ≥80 Nm3/h during
the period of normal casting.

Keywords: continuous casting; tundish; argon blowing; protective casting; numerical simulation

1. Introduction

High-cleanliness steel has been developed from advanced steel materials with the
rapid expansion of transportation, national defense and marine engineering [1,2]. The
number of oxide inclusions in molten steel is directly proportional to the total oxygen
content of molten steel, which is usually treated as an indicator to evaluate the number
of oxide inclusions. Although the purity of molten steel can be greatly improved by the
refining of ladle [3–5], abundant oxide inclusions will produce and deteriorate the purity
of molten steel if the protective casting is poor.

In the field of steel production, argon as a protective gas has been widely used in the
process of continuous casting. The application of argon in ladle stirring [6–10], RH [11,12],
the argon bubbling curtain [13,14] in tundish, and submerged entry nozzle [15–18] has
provided a great protective effect on removing inclusions and alleviating the clogging
of SEN (Submerged Entry Nozzle). However, the secondary oxidation of molten steel
cannot be avoided in the early casting stage of the first ladle after baking tundish due to
the untimely melt of protective slag. Argon blown into tundish from pipes installed on
the tundish cover, as a kind of important protective casting process, plays an important
role in decreasing the secondary oxidation of molten steel and improving its cleanliness.
During the initial casting period after baking tundish, blowing argon into tundish and
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discharging air may prevent the molten steel from being reoxidized before the protective
slag is fully melted. Wang [19] conducted a plant trial in Tang steel and found that the
protective casting effect can be greatly improved when the residual oxygen volume fraction
in tundish is less than 1%. Story [20] found that the loss of aluminum in molten steel
may be decreased by 87.5% with argon blowing into tundish during the whole period of
continuous casting. Considering the advantages of the process, some plants in Europe and
Japan have been applied in industrial production and shown good effects [21]. For example,
the defect rate of IF steel in Corus decreased by 38%, and the quantity of inclusions along
the casting direction in POSCO significantly decreased after applying this process. Some
plants in China have also adopted this process. Han Steel reported the average content of
inclusions in low-carbon steel decreased from 0.47% to 0.32%. Gao [22] found the surface
defect production rate of deep-drawing steel decreased from 7.78% to 2.62% as the diameter
of argon blowing pipe increased from 20 mm to 34 mm.

Although ABTC has been applied in some plants, the numerical investigation and
application assessment of ABTC has rarely been reported in the literature. Therefore,
the current study aims to investigate the feasibility and evaluate the protective casting
effect of ABTC during a continuous casting period. Firstly, a three-dimensional numerical
model based on the practical two-strand slab tundish of the Pangang Group was built to
investigate the behavior of oxygen volume fraction under different sealing schemes and
argon flow rates during a period of empty tundish and normal casting. Then, plant trials
based on the numerical simulation results and steel grade of M3A35 were carried out,
where the increased nitrogen content and the loss of titanium and aluminum at the end of
the RH process and tundish were tested to evaluate the protective casting effect.

2. Model Description
2.1. Governing Equations and Boundary Conditions

In order to simplify the numerical model and reduce its calculation time, the following
assumptions were made:

1. The argon blown into the tundish and the air remaining in the tundish were regarded
as incompressible fluids.

2. The whole process of protective casting was regarded as isothermal, and the energy
loss of tundish was ignored due to the high temperature in tundish after baking and
the low specific heat capacity of argon and air.

3. The temperature of argon blown into tundish was assumed to be the same as that of
tundish, and the natural convection in tundish was ignored.

4. The effect of argon flow on molten steel and slag was ignored.

The flow of gas in tundish during the process of protective casting can be described by
the following governing Equations:

∂ρ

∂t
+∇·(ρu) = 0 (1)

∂

∂t
(ρu) +∇·(ρuu) = −∇p +∇·

[
(µ + µt)

(
∇u +∇uT

)]
+ ρg (2)

where ρ is the mixture gas density, kg/m3; t is time, s; u is the velocity vector of mixture gas,
m/s; p is the local pressure, Pa; µ is the mixture viscosity, kg·m−1·s−1; µt is the turbulent
viscosity, kg·m−1·s−1; and g is the gravitational acceleration, m·s−2.

The standard two-equation k-ε model with scalable wall function is applied to de-
scribe the turbulent behavior of flow field, where the equation of turbulent kinetic energy
transport and its dissipation rate transport can be solved to obtain the turbulent viscosity:

µt = ρCµ
k2

ε
(3)
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Turbulent kinetic energy, k, m2·s−2:

∂(ρk)
∂t

+∇·(ρuk) = ∇·
[(

µ +
µ

σk

)
∇k
]
+ Gk − ρε (4)

where G is the generation of turbulent kinetic energy due to the mean velocity gradients
and can be written as:

Gk = µt
∂uj

∂xi

(
∂ui
∂xj

+
∂uj

∂xi

)
(5)

The dissipation rate of turbulent kinetic energy, ε, m2·s−3:

∂(ρε)

∂t
+∇·(ρuε) = ∇·

[(
µ +

µt

σε

)
∇ε

]
+

ε

k
(C1G− C2ρε) (6)

where C1, C2, Cµ, σk, σε are the empirical constants, whose values, as recommended by
Launder and Spalding [23], are 1.38, 1.92, 0.09, 1.0, and 1.3, respectively.

The species transport equation was solved to obtain the volume fraction of air and
argon, and then the volume fraction of oxygen can be obtained by the product of air volume
fraction and 0.21 (the volume fraction of oxygen in air):

∂

∂t
(ρYi) +∇·(ρuYi) = −∇·

(
−
(

ρDi,m +
µt

Sct

)
∇Yi

)
+ Si (7)

where Yi is mass fraction for species i, non-dimensional; Di, m is the mass diffusion coeffi-
cient for species i, m2·s−1; Sct is the turbulent Schmidt number, 0.7; Si is the source term for
species i, kg·(m−3·s−1); and in the current study, i represents argon or air in tundish.

2.2. Experimental Facility and Numerical Model

Figure 1 shows the two-strand slab tundish schematic diagram. A tundish with a
size of 7.77 × 1.68 × 1.32 m and a taper of 1.1 between the top face and bottom face
has an injecting chamber and two symmetrical casting chambers. The injecting chamber
has two baking holes, and each casting chamber has a baking hole and a stopper hole.
The tundish cover is composed of an outer shell made of steel plates and filler made of
refractory material. The argon pipe is buried inside the refractory material. Figure 2 shows
the arrangement of the argon blowing pipe in the tundish cover. Fourteen argon blowing
pipes with diameters of 30 mm were installed on the tundish cover, including six for the
injecting chamber and four for each casting chamber. Before a tundish is used, the blast
furnace gas is first adopted to bake the tundish through those baking holes for more than
30 min to completely eliminate water vapor. After baking the tundish, its temperature
was greater than 1000 K. The process of ABTC will be conducted after baking tundish.
Because the covering flux on the molten steel surface cannot be fully melted immediately,
argon blown into tundish through those pipes may remove air and reduce molten steel
secondary oxidation. During the period of empty tundish and normal casting, it is necessary
to maintain the volume fraction of oxygen in tundish at a low level (<1%) to avoid the
secondary oxidation of molten steel and improve its cleanliness.

During the period of empty tundish, the gas can be freely exchanged between the
injecting chamber and casting chamber. However, during the period of normal casting,
the injecting chamber and casting chamber are isolated by molten steel, which forms a
separate injecting chamber and two separate casting chambers, in which the gas cannot
exchange. Therefore, the mesh for the empty tundish and normal casting must be built
separately. The mesh for empty tundish and normal casting is shown in Figure 3. Octahe-
dron grids are adopted to a mesh in the calculating domain, and the numbers of meshes
are 508,484 for empty tundish, 41,018 for isolated casting chamber, and 52,493 for isolated
injecting chamber.
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During the calculation, the velocity inlet boundary condition was used for those argon
pipes, where the argon flow rate of each pipe is 1/14 of the total flow rate. The pressure
outlet with a relative static pressure of zero was adopted for the opening hole, which is
decided by the sealing scheme in the stage of empty tundish and the injecting hole and
stopper hole in the normal casting according to the practical process. The non-slip wall
boundary was used for all inner faces of tundish, which assumes that the gas velocity on
the wall is zero. The initial condition of air volume fraction and temperature is assumed
as 1 and 1000 K, respectively. The SIMPLEC algorithm was adopted to solve the transient
problem. The timestep was set to 0.05 s for the current study. Calculation convergence was
achieved when all residuals were lower than 10−4. The average volume fraction of oxygen
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is monitored throughout the calculation process. The tundish parameters and other related
continuous casting process parameters are summarized in Table 1.

Table 1. Parameters of tundish and the casting process.

Item Value

Slab section size, mm ×mm 230 × 1300
Casting speed, m·min−1 0.9–1.2

Depth of molten steel during normal casting period, mm 1000
Diameter of baking hole, mm 380, 360
Diameter of argon pipe, mm 30

Distance between molten slag surface and tundish cover, mm 250
Density of argon at 288 K, kg·m−3 1.6228

Density of air at 288 K, kg·m−3 1.225
Viscosity of argon, kg·m−1·s−1 2.125 × 10−5

Viscosity of air, kg·m−1·s−1 1.789 × 10−5

Mass fraction of oxygen in air 0.21
Mass diffusivity of mixture, m2·s−1 2.88 × 10−5

Total flow rate of argon blowing, Nm3·h−1 60, 100, 120, 140, 200, 220, 240, 260

2.3. Model Validation

In order to verify the reliability of the numerical model, an industrial trial with an
argon flow rate of 220 Nm3/h was conducted, and the injecting hole, baking holes, and
stopper holes were kept open after tundish baking. The VF of oxygen at different times
was measured using an Optima 7 gas analyzer. The measurement in the industrial trial
was carried out 3 min after tundish baking due to the rapid pace of industrial production.
A numerical simulation based on the process was also conducted. The data from the
industrial test and numerical calculation are shown in Figure 4, demonstrating a better
agreement between the experimental values and the simulation results.
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A verification of grid independence was also performed in the current study. The oper-
ating parameter of the argon flow rate of 220 Nm3/h, with sealing the injecting hole, baking
holes and an open stopper hole, was chosen. The average VF of the oxygen in the tundish
at 300 s was discussed and used as the verification criterion. Table 2 shows the statistical
results for different meshes. As shown in Table 2, the errors decrease with an increased
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number of cells. For the case of M3, the error relative to the finest mesh M4 is less than 5%,
which is within the allowable error range. Therefore, considering the computational cost
and efficiency, the mesh of M3 was adopted for the numerical calculation.

Table 2. Error statistics of different meshes.

Mesh M1 M2 M3 M4

Total cell number 192,236 325,618 508,483 612,348
Total node number 998,050 1,878,166 2,932,932 3,532,026

Average volume faction of oxygen 0.04846 0.04765 0.04591 0.04511
δoxygen = |VFoxygen-i − VFoxygen-4|/VFoxygen-4 0.0743 0.0563 0.0179 –

3. Results and Discussion
3.1. Numerical Simulation
3.1.1. Calculation of the Sealing Scheme of Tundish Cover Holes during the Period of
Empty Tundish

During practical production, there are about 5~10 min for blowing argon into tundish
from the end of tundish baking to the start of casting. In order to improve the efficiency
of protective casting and fully discharge oxygen, asbestos is usually used to seal some
holes, such as the baking hole, injecting hole, or stopper hole. To determine the best sealing
scheme during the period of empty tundish, three schemes were designed and described,
as shown in Table 3. The average volume fractions of oxygen with argon flow rates of
200 Nm3/h for different schemes were calculated in 10 min. The variations of average
argon volume fraction with respect to time for different schemes are shown in Figure 5. As
shown in Figure 5, the difference in average oxygen volume fraction at 10 min between
the Schemes 1, 3 and 4 is small, which is 0.0174, 0.0167, and 0.0170 respectively. Scheme 2,
sealing the injecting hole and all baking holes, is the best, and its average oxygen volume
fraction is 0.0132 at 10 min.

Table 3. Sealing schemes of tundish cover holes.

Scheme No. Seal of Tundish Cover Hole

1 Stopper hole 1–2, baking hole 1–4
2 Injecting hole, baking hole 1–4
3 Injecting hole, stopper hole 2, baking hole 1–4
4 None
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Figure 6 shows the contour of oxygen volume fraction at 10 min. For Scheme 1, sealing
all stopper holes and all baking holes, the oxygen volume fraction in the casting chamber is
higher than that in the injecting chamber. The dam and wall of tundish isolate the casting
chamber and injecting chamber, which results in the oxygen in the casting chambers not
being smoothly discharged and forming a dead zone. For Scheme 2, sealing the injecting
hole and all baking holes, the oxygen volume fraction in the injecting chamber and casting
chamber is relatively uniform, which indicates a better effect of discharging oxygen. For
Scheme 3—sealing the injecting hole, stopper hole 2, and all baking holes—the oxygen
volume fraction in casting chamber 1 is lower than that in chamber 2, which indicates the
negative effects of discharging oxygen due to the long distance from casting chamber 2 to
the outlet (stopper hole 1). As for Scheme 4, opening all holes, the oxygen content in the
injecting chamber is higher than that in the casting chamber due to the stronger backflow
of air. Overall, Scheme 2 is the best and used for the analysis of argon flow rate.
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Figure 6. Contour of oxygen volume fraction at z = 0 m section, (a) for Scheme 1, (b) Scheme 2,
(c) Scheme 3, (d) and Scheme 4.

3.1.2. Calculation of Argon Flow Rate during a Period of Empty Tundish

Figure 7a shows the variation of average oxygen volume fraction with time under
different argon flow rates. The volume fraction of oxygen shows similar tendencies for
different argon flow rates, but the increase in argon flow rate accelerates the reduction of
oxygen volume fraction, which shows that increasing the argon flow rate is conducive to
discharging oxygen in tundish. Figure 7b shows the effect of argon flow rate on average
volume fraction of oxygen at different times. The average volume fraction of oxygen
linearly decreases with the increase in argon flow rate. It can be reduced to 1% after 10 min
when the argon flow rate is 220 Nm3/h, which indicates that the argon flow rate should
be greater than 220 Nm3/h to ensure that the remaining volume fraction of oxygen is less
than 1% and achieves a better protective casting effect during a period of empty tundish.
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Figure 7. Variation of volume fraction of oxygen with time for different argon flow rates (a), and
effect of argon flow rate on the volume fraction of oxygen at different times (b).

3.1.3. Calculation of Argon Flow Rate during a Period of Normal Casting

During a period of normal casting, the injecting chamber and casting chambers are
isolated into independent chambers by molten steel. There is no gas exchange between
those independent chambers. Compared with a period of empty tundish, the holding
capacity of gas in the tundish largely decreases, and the argon flow rate should be adjusted
during a period of normal casting. In order to determine the optimal argon flow rate,
the variation of average oxygen volume fraction in an isolated injecting chamber and
casting chamber was investigated, respectively. During the calculation, the oxygen volume
fraction of Scheme 2 with an argon flow rate of 260 Nm3/h at 5 min was taken as the initial
condition. During a period of normal casting, the baking holes are usually sealed except
for the sampling operation, and the stopper holes and injecting hole remain open.

Figure 8a shows the variation of oxygen volume fraction with time in the isolated
injecting chamber. The volume fraction of oxygen decreases with increasing argon blowing
time, but the downtrend shows a tendency of increasing first and then decreasing with the
increase in argon flow rate. The oxygen volume fractions after argon blowing for 5 min
are 0.03, 0.0171, and 0.0259 when the argon flow rates are 60 Nm3/h, 80 Nm3/h, and
120 Nm3/h, respectively. Figure 8b shows the oxygen volume fraction at a given time
under different argon flow rates. At a fixed time, the oxygen volume fraction first decreases
and then increases with increase in argon flow rate, showing a minimum value at an argon
flow rate of 80 Nm3/h.

In order to explain this phenomenon, the contours of oxygen volume fraction and
velocity vector at z = 0 m section are abstracted and shown in Figures 9 and 10. As shown in
Figure 9, when the argon flow rate is 80 Nm3/h, the oxygen volume fraction in the injecting
chamber is uniform, except the region near the injecting holes, where it is slightly higher
than that in the other region. With the argon flow rate increasing to 140 Nm3/h, the region
of oxygen volume fraction of more than 0.027 in injecting chamber significantly increases,
and even extends into the vicinity of baking holes. This phenomenon can be explained by
the velocity vector, as shown in Figure 10. Argon jets into the injecting chamber by the
argon pipe installed on both sides of the injecting hole. After the argon jet impacts the
molten steel, two horizontal streams occur and collide at the center of the injecting hole,
and then discharge from the injecting hole. With the discharge in argon, a large amount
of air is drawn into the injecting chamber and results in an increase in oxygen volume
fraction. The phenomenon of air entrainment increases with the increase in argon flow rate.
Therefore, the best argon flow rate in the injecting chamber is 80 Nm3/h.
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Figure 8. Variation of oxygen volume fraction with time for different argon flow rates (a) and effect of
argon flow rate on volume fraction of oxygen for different times (b) in an isolated injecting chamber.
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The variation behavior of oxygen volume fraction in the isolated casting chamber
was also investigated and is shown in Figure 11. The volume fraction of oxygen in the
isolated casting chamber continuously decreases with the increase in argon blowing time,
and the downtrend shows a positive correlation with argon flow rate. Figure 11b shows
the oxygen volume fraction at a given time under different argon flow rates. The oxygen
volume fraction decreases with the increase in argon flow rate at a given time and achieves
1% at 5 min when the argon flow rate is 80 Nm3/h, which indicates the argon flow rate in
the isolated casting room should be greater than 80 Nm3/h. However, combined with the
variation behavior of oxygen volume fraction in an isolated injecting chamber, the argon
flow rate should be kept as 80 Nm3/h for the period of normal casting.
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Figure 11. Variation of oxygen volume fraction with time for different argon flow rate (a), and effect
of argon flow rate on volume fraction of oxygen at different times (b) in an isolated casting chamber.

3.2. Industrial Application

In order to evaluate the process effect of ABTC, plant trials of two consecutive
tundishes for continuous casting were conducted, and each tundish was used for six ladles.
The first tundish with ABTC, under Scheme 2, was taken as the trial group, and the second
tundish without ABTC was taken as the control group. The process parameters of ABTC
and continuous casting are listed in Table 4.

Table 4. Process parameters of argon blowing tundish cover and continuous casting.

Item Value

ABTC during a period of empty tundish Argon flow rate: 220 Nm3/h; Time of argon blowing: 3 min
ABTC during a period of normal casting Argon flow rate: 100 Nm3/h; Time of argon blowing: all the other time

Steel grade M3A35

Steel composition, wt% C ≤ 0.002, Si ≤ 0.005, Mn: 0.05~0.08, Ti: 0.065~0.085,
Al: 0.02~0.035, Cr ≤ 0.05, Ni ≤ 0.05, Mo ≤ 0.01

Casting speed, m/min 1.12
Section size of slab, mm ×mm 1300 × 230

During trials, steel samples at the end of RH and in the tundish for each ladle were
taken, and the contents of nitrogen, titanium, and aluminum in the steel samples were
measured and are listed in Table 5. By applying ABTC, the average nitrogen content
of steel samples in tundish decreases from 22 × 10−6 to 16 × 10−6, and the average
increased nitrogen content (4w[N]) from the end of RH to tundish decreases by 90% from
10 × 10−6 to 1 × 10−6. The average loss of titanium and aluminum decreases by 12.7%
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from 63× 10−6 to 55× 10−6 and 7.1% from 70× 10−6 to 55× 10−6, respectively. In general,
the ABTC process is conducive to decreasing the increased nitrogen content of molten steel
in tundish and the loss of titanium and aluminum. Therefore, the protective casting effect
could be significantly improved by applying ABTC.

Table 5. Mass fractions of nitrogen, titanium, and aluminum of steel samples at the end of RH and
in tundish.

Heat
No.

Trial Group with ABTC, ×10−6 Control Group without ABTC, ×10−6

End of RH, w Tundish, w Increment,4w End of RH, w Tundish, w Increment,4w

[N] [Ti] [Al] [N] [Ti] [Al] [N] [Ti] [Al] [N] [Ti] [Al] [N] [Ti] [Al] [N] [Ti] [Al]

1 15 760 434 15 710 350 0 −50 −84 16 750 448 17 700 360 1 −50 −88
2 12 820 427 16 760 380 4 −60 −47 16 800 462 28 750 420 12 −50 −42
3 14 800 422 13 710 310 0 −90 −112 16 820 466 16 700 360 0 −120 −106
4 19 760 395 18 730 340 0 −30 −55 0 790 474 23 760 450 23 −30 −24
5 16 770 407 17 720 360 1 −50 −47 24 810 470 22 730 390 0 −80 −80
6 15 820 436 17 770 390 2 −50 −46 0 800 418 27 750 340 27 −50 −78

Average 15 788 420 16 733 355 1 −55 −65 12 795 456 22 732 387 10 −63 −70

4. Conclusions

In this study, the feasibility and application effect of ABTC during a continuous casting
period were investigated and evaluated through simulations and plant trials. The following
conclusions can be drawn:

(1) The process of ABTC shows a great protective casting effect in avoiding increasing
nitrogen and losing titanium and aluminum. As for the steel grade of M3A35, the av-
erage increment of nitrogen content (4w[N]) decreases by 90%, and the average losses
of titanium4w[Ti] and aluminum4w[Al] decrease by 12.7% and 7.1%, respectively.

(2) During ABTC, the injecting hole and baking holes should be sealed, and the argon
flow rate should be ≥220 Nm3/h to obtain better protective effects during a period of
empty tundish.

(3) During a period of normal casting, the rational argon flow rate is 80 Nm3/h due to
the strong air entrainment in the isolated injecting chamber.
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