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Slags play an important role in blast furnace operation, and their compositions are based on the
CaO-SiO2-MgO-Al2O3 quaternary system in many steel companies. The binary basicity (CaO/
SiO2 weight ratio) of blast furnace slags, especially primary slag and bosh slag, can be as high as
1.5 or higher. Phase equilibria and liquidus temperatures in the CaO-SiO2-MgO-Al2O3 system
with binary basicity of 1.50 are experimentally determined for temperatures in the range 1723 K
to 1823 K (1450 �C to 1550 �C). High temperature equilibration, quenching, and electron probe
X-ray microanalysis techniques have been used in the present study. The isotherms are obtained
in the primary phase fields of Ca2SiO4, melilite, spinel, periclase, and merwinite related to blast
furnace slags. Effects of Al2O3, MgO, and binary basicity on liquidus temperatures have been
discussed. In addition, extensive solid solutions have been measured for different primary phases
and will be used for development and optimization of the thermodynamic database.
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I. INTRODUCTION

BLAST furnace is a dominant process due to its
energy efficiency and high productivity in ironmaking.
As a by-product, slag plays an important role in blast
furnace operation, which is formed with ore gangue,
coke and coal ashes and flux. In order to have a smooth
operation and higher pig iron production, slag should
have some characteristics, such as small volume, easy
slag–metal separation, good desulphurization capacity,
stable composition, good fluidity, and so on.[1–3]

In many steel companies, blast furnace slag compo-
sitions are based on the CaO-SiO2-MgO-Al2O3 quater-
nary system. Phase diagrams in this system have been
summarized in Table I.

However, the isotherm interval of 100 degrees was
reported from previous studies including Osborn et al.,[4]

Gutt and Russel,[5] Cavalier and Sandrea-Deudon,[6]

Gran et al.[9,10] The temperature gap is too large to meet
the needs of modern blast furnace operations. In the
previous phase diagrams,[4] there also exist dashed lines
in some areas, that indicate that the accuracy of
isotherm locations is low. Moreover, due to the

techniques used in the previous studies,[4–8] the compo-
sitions of solid solutions were not accurately measured
and they are very important data for optimization of the
thermodynamic models. Meanwhile, some significant
differences have been observed between early
researches[4–7] and recent studies.[8–12] Therefore, accu-
rate phase equilibrium data are imperative for scientific
interests. What is more, most of the phase diagrams
reported were presented in the form of pseudo-ternary
sections CaO-MgO-SiO2 at fixed Al2O3 concentra-
tion,[4,9,10] or pseudo-ternary sections Al2O3-CaO-SiO2

at fixed MgO.[5–7] These presentations are not enough to
evaluate the effects of Al2O3 and MgO on phase
equilibria that are important for the recent changes in
ironmaking slags.
Most of the blast furnace final slags have the basicity

between 1.0 and 1.3.[1,3] The pseudo-ternary system
(CaO+SiO2)-MgO-Al2O3 with basicity of 1.1 and 1.3
have been reported by Zhang et al.[11] and Ma et al.[12]

They also found that there were some differences
between experimental results and previous research or
predicted results of FactSage software,[13] which is
widely used to calculate and predict thermodynamic
data. On the other hand, blast furnace slags are formed
in the sequence of primary slag, bosh slag, and final slag
from the cohesive zone to the taphole.[1,2] Usually, the
primary slag and bosh slag have higher basicities like 1.5
or higher.[14,15] Therefore, it is of great necessity to
measure the liquidus temperature of the pseudo-ternary
system with basicity of 1.5 or higher.
In the present study, the phase equilibria and liquidus

temperatures for the pseudo-ternary (CaO+SiO2)-
MgO-Al2O3 with basicity of 1.5 are experimentally
investigated. The effects of Al2O3, MgO and basicity
have also been discussed.

MINGYIN KOU, Lecturer, SHENGLI WU, Professor, and
LAIXIN WANG, Ph.D. Student, are with the School of Metallurgical
and Ecological Engineering, University of Science and Technology
Beijing, Beijing 100083, China. Contact e-mail: mingyinkou@gmail.
com XIAODONG MA and MAO CHEN, Postdoctoral Research
Fellows, and BAOJUN ZHAO, Codelco-Fangyuan Professor, are with
the School of Chemical Engineering, The University of Queensland,
Brisbane 4072, Australia. QINGWU CAI, Professor, is with the
Engineering Research Institute, University of Science and Technology
Beijing, Beijing 100083, China.

Manuscript submitted September 22, 2015.
Article published online January 29, 2016.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 47B, APRIL 2016—1093

http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-016-0584-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-016-0584-2&amp;domain=pdf


II. EXPERIMENTAL

The raw materials CaCO3, SiO2, MgO, and Al2O3

powders, supplied by Sigma-Aldrich Pty. Ltd. (Aus-
tralia), were dried at 1273 K (1000 �C) for 24 hours to
remove moisture or CO2. The purities of the CaCO3,
SiO2, MgO, and Al2O3 powders are 99.95, 99.9, 99.95,
and 99.99 pct, respectively. The dried oxide powders
were mixed at required ratios in an agate mortar to
prepare the samples. Each sample approximately 0.2 g
was put into a graphite crucible with diameter of 8
mm and height of 10 mm. The equilibration experi-
ment was carried out in a vertical reaction furnace,
similar as those used in the previous literatures.[16–18]

The schematic diagram of the furnace is shown in
Figure 1.

The reaction tube inside the furnace is an impervious
recrystallized alumina tube with the inner diameter of 30
mm. The heating elements are LaCrO3, whose working
temperature is up to 2023 K (1750 �C). A periodically
calibrated B-type thermocouple in a recrystallized alu-
mina sheath was placed inside the reaction tube, and
kept in the even temperature zone to measure the actual
temperature of the sample. A platinum wire (0.5 mm
diameter), for hanging the sample at the end, was
inserted into an alumina sheath with open end. The
graphite crucible with sample was placed in the furnace

tube in the even temperature zone. The distance between
the graphite crucible and the thermocouple was con-
trolled within 5 mm to ensure the accurate temperature
measurement. Argon gas was passed through the
furnace during the whole experiment to avoid oxidiza-
tion of the crucible. Since the system studied is not
related to the oxygen potential, argon gas does not affect
the results.
The experiment procedure was as follows. Firstly, the

sample was introduced and kept at the bottom of the
reaction tube. Secondly, the reaction tube was flashed
with argon gas for more than 30 minutes. Thirdly, the
sample was raised and kept in the even temperature zone
of the furnace. Fourthly, the furnace was heated to 30 K
above the desired temperature in order to promote
homogenization and melting of the sample. Fifthly, 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 hours, depend-
ing on the mixture composition and temperature. For
example, a shorter time was employed at higher tem-
perature or lower silica contents. Then the lid sealing the
reaction tube was removed and the bottom end of the
reaction tube was immersed in cooling water. At last, the
platinum wire was pulled up, and the hook of the
platinum wire was straightened by the alumina sheath,

Table I. Summary of Previous Phase Diagrams of CaO-SiO2-MgO-Al2O3 System

Authors Temperature Range Composition Range
Methods of Solid Phase

Identification

Osborn et al.[4] ~1523 K (1250 �C) to ~1923 K
(1650 �C), mainly 1573 K
(1300 �C) to 1773 K
(1500 �C) isotherm at 100
K interval

Al2O3: 5 to 35 wt
pct at 5 wt pct
interval

petrographic microscope,
X-ray examination

Gutt and Russel[5] ~1473 K (1200 �C) to ~2173 K
(1900 �C) isotherm at 100 K
interval

MgO: 5 wt pct behavior in melt, high
temperature microscopy,
X-ray analysis

Cavalier and
Sandrea-Deudon[6]

1573 K (1300 �C), 1673 K
(1400 �C), 1773 K (1500 �C),
1873 K (1600 �C)

MgO: 5, 10, 15 wt pct –

Prince[7] ~1523 K (1250 �C) to ~1873 K
(1600 �C) isotherm at 50
K interval

MgO: 10 wt pct petrographic microscope,
X-ray examination

Dahl et al.[8] 1858 K (1585 �C) CaO: 30 to 50 wt pct,
MgO:<15 wt pct

light optical microscopic
examination

Gran et al.[9] 1773 K (1500 �C) for 35 wt pct
Al2O3, 1873 K (1600 �C) for
25 wt pct and 35 wt pct
Al2O3

Al2O3: 25, 35 wt pct,
SiO2:<20 wt pct,
MgO:<20 wt pct

EPMA

Gran et al.[10] 1773 K (1500 �C), 1873 K
(1600 �C)

Al2O3: 30 wt pct,
SiO2:<20 wt pct,
MgO:<20 wt pct

EPMA

Zhang et al.[11] 1673 K (1400 �C), 1693 K
(1420 �C), 1733 K (1460 �C)

CaO/SiO2 = 1.1,
MgO:<20 wt pct,
Al2O3: 10 to 30 wt pct

EPMA

Ma et al.[12] 1723 K (1450 �C), 1773 K
(1500 �C)

CaO/SiO2 = 1.3,
MgO:<20 wt pct,
Al2O3:<40 wt pct

EPMA
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and then the sample was quenched directly into the
cooling water in order to maintain the phase relation-
ships at the target temperature.

After the quenching, the slag sample was dried on a
hot plate, mounted in epoxy resin, and polished for the

later examination. The polished samples were coated
with carbon using JEOL (Japan Electron Optics Ltd,
Tokyo, Japan) Carbon Coater for electron micro-
scopic examination. A JXA-8200 Electron Probe
X-ray Microanalyzer with Wavelength Dispersive
Detectors (Japan Electron Optics Ltd) was employed
for microstructure examination and composition anal-
yses of all phases within each sample. The conditions
for the EPMA analysis are as follows: an accelerating
potential of 15 kV, a beam current of 15 nA. For the
analysis of Ca and Si, CaSiO3 was used as standard.
The analyzing crystal used was pentaerythritol (PETJ,
J: designated for high-reflectivity crystal). For the
analysis of Al and Mg, the analyzing crystal used was
thallium acid phthalate. Al2O3 and MgO were used as
standards, respectively. The composition of CaO,
SiO2, Al2O3, and MgO were calculated using the
Dumcumb-Philibert ZAF correction method. The
average accuracy of the EPMA measurements is
within 1 wt pct.

III. RESULTS AND DISCUSSION

A. Description of the Pseudo-Ternary Section

The composition ranges for blast furnace slag are
generally 30 to 50 wt pct CaO, 30 to 45 wt pct SiO2, 0 to
15 wt pct MgO, and 10 to 25 wt pct Al2O3. Therefore,
the composition ranges investigated are enlarged to 60
to 80 wt pct (CaO+SiO2), 0 to 20 wt pct MgO, and 10

Fig. 1—Schematic diagram of the vertical reaction furnace used in
the equilibrium experiment.

Fig. 2—Typical microstructures showing the equilibrium of liquid with (a) Ca2SiO4, (b) Melilite, (c) Spinel, and (d) Periclase.
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to 40 wt pct Al2O3. More than 100 equilibrium
experiments in the CaO-SiO2-MgO-Al2O3 system have
been carried out in the present study. The temperature
range in the experiment is from 1723 K to 1823 K
(1450 �C to 1550 �C). Figure 2 presents typical
microphotographs obtained from the preliminary
SEM analyses of the liquid-primary phase equilibrium
including Ca2SiO4, melilite (solid solution between
akermanite and gehlenite), spinel (MgOÆAl2O3), and
periclase (MgO).

The equilibria of liquid-periclase-spinel and liq-
uid-Ca2SiO4-merwinite (3CaOÆMgOÆ2SiO2) are shown
in Figure 3.

The experimental temperatures, and the analyzed
compositions of liquid and solid phases are listed in
Table II. The compositions of the liquid phases in
Table II are the average values from six or more
different analysis points in the same sample. The
standard deviation of the average liquid composition is
within 1 wt pct.

By connecting all the liquid compositions at the same
temperature, the isotherm lines can be drawn in
Figure 4, where the open circles are the individual
experimental data points, and the liquidus lines are
drawn based on these experimental points.

The calculation results of FactSage 6.2 and the
experimental results reported by Osborn et al.,[4] Cava-
lier and Sandrea-Deudon,[6] and Prince[7] are also given
in Figure 5 for comparison.

It can be seen from Figure 5 that the experimental
results are in general agreement with previous works,
with some exceptions. The liquidus temperatures in
melilite primary reported by Osborn et al.[4] are about 20
K to 30 K higher than those in the present experiment,
and the liquidus temperatures in Ca2SiO4 primary phase
reported by Cavalier and Sandrea-Deudon[6] do not
agree well with the present results, and the liquidus
temperature in Ca2SiO4 primary phase at 1773 K
reported by Prince[7] is about 40 K higher than the
present experiments. It can be also seen that the present
experimental results and the FactSage calculations are
similar in the trends, but different in the positions of the
isotherms. Comparing with the FactSage calculations,
the melilite primary phase field expands towards MgO

end, and the Ca2SiO4 primary phase field and the spinel
primary phase field move away from (CaO+SiO2) end,
and the periclase primary phase field moves towards
MgO end. The liquidus temperatures in the melilite
primary phase field are about 20 K higher than those of
FactSage calculations; they are about 50 K lower in the
right part of the Ca2SiO4 primary phase field while
almost the same in the left part, which forms a steeper
isotherm trend; they are about 100 K lower in the spinel
primary phase field; and also about 100 K lower in the
periclase primary phase field. These disagreements may
be explained by the following reasons. Firstly, the
number of thermodynamic data is quite limited in the
CaO-SiO2-MgO-Al2O3 system with the CaO/SiO2 ratio
of 1.5. Secondly, the accuracy of some thermodynamic
data may be low. Due to the limitation of previous
techniques as seen in Table I, the compositions of the
liquid and solid solutions cannot be directly measured,
which may cause large uncertainties. The uncertainties
were then brought into the FactSage optimization.
Additionally, some recent studies[8–12] also proved that
some disagreements and significant differences had been
observed between previous researches[4–7] and their
studies. Therefore, it can be concluded that the FactSage
calculations are not accurate enough to predict liquidus
temperature in this system. Thus, the experimental
results can be adopted to optimize the thermodynamic
database of FactSage.

B. Relationships Between Liquidus Temperature and
Components

Figures 6 and 7 show the effects of Al2O3 and MgO
concentration on the liquidus temperature, respectively,
where the solid circles are the individual experimental
points. The trend line is drawn based on both the
individual experimental points in Table II and the
extracted points from Figure 4 at different temperatures,
where the dotted part indicates that the line was drawn
by estimation of liquidus temperatures.
It can be seen from Figure 6 that the liquidus

temperature decreases at first and then increases overall
when the Al2O3 concentration grows, which indicates
that the Al2O3 concentration should be around 17.5

Fig. 3—Typical microstructures showing the equilibrium of liquid with (a) Spinel-Periclase and (b) Ca2SiO4-Merwinite.
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Table II. Experimental Results in the System CaO-SiO2-MgO-Al2O3 with the Basicity of 1.5

Experiment Number Temperature K (�C) Phase

Composition (Wt Pct)

BasicityCaO SiO2 MgO Al2O3

Liquid phase only
15 1773 (1500) liquid 39.7 27.0 13.6 19.7 1.47
46 1823 (1550) liquid 36.5 23.9 8.0 31.4 1.52

Liquid with one solid phase
Ca2SiO4 Primary phase field
72 1723 (1450) liquid 43.6 28.8 8.8 18.7 1.52

Ca2SiO4 62.0 34.9 2.9 0.2
1 1773 (1500) liquid 45.0 30.7 8.3 16.0 1.46

Ca2SiO4 61.7 35.3 2.6 0.2
16 1773 (1500) liquid 44.5 28.7 12.5 14.3 1.55

Ca2SiO4 61.9 34.1 3.7 0.2
54 1773 (1500) liquid 44.5 29.3 8.6 17.7 1.52

Ca2SiO4 62.2 34.9 2.7 0.2
106 1803 (1530) liquid 45.9 29.7 7.9 16.5 1.54

Ca2SiO4 63.0 34.4 2.4 0.2
123 1803 (1530) liquid 45.5 29.7 8.4 16.5 1.53

Ca2SiO4 62.9 34.3 2.5 0.2
122 1803 (1530) liquid 48.8 32.2 0.0 19.0 1.51

Ca2SiO4 64.7 34.9 0.0 0.3
18 1823 (1550) liquid 48.0 30.0 6.0 16.0 1.60

Ca2SiO4 64.0 33.8 1.9 0.2
20 1823 (1550) Liquid 50.0 31.6 0.1 18.3 1.58

Ca2SiO4 65.6 34.0 0.0 0.3
24 1823 (1550) liquid 45.3 29.4 12.9 12.5 1.54

Ca2SiO4 61.5 34.3 3.9 0.2
40 1823 (1550) liquid 45.2 30.1 11.6 13.2 1.50

Ca2SiO4 61.3 35.1 3.4 0.2
41 1823 (1550) Liquid 48.6 31.1 3.0 17.4 1.56

Ca2SiO4 64.6 34.2 0.9 0.3
60 1823 (1550) liquid 49.5 33.4 0.0 17.1 1.48

Ca2SiO4 64.5 35.1 0.0 0.3
61 1823 (1550) liquid 47.1 31.2 6.3 15.4 1.51

Ca2SiO4 63.4 34.4 2.0 0.2
Melilite primary phase field
73 1723 (1450) liquid 42.3 27.9 9.7 20.1 1.52

melilite 41.0 23.8 1.4 33.9
50 1773 (1500) liquid 39.6 27.7 8.4 24.4 1.43

melilite 41.4 23.4 1.2 34.0
55 1773 (1500) liquid 43.3 28.5 6.9 21.3 1.52

melilite 41.2 23.6 1.2 34.0
58 1773 (1500) liquid 40.4 26.8 8.4 24.4 1.51

melilite 41.2 23.3 1.1 34.4
92 1773 (1500) liquid 44.7 30.3 5.6 19.4 1.47

melilite 40.9 23.7 1.2 34.2
101 1803 (1530) liquid 45.7 30.8 2.8 20.7 1.48

melilite 41.2 22.8 0.7 35.3
103 1803 (1530) liquid 34.8 24.0 5.4 35.8 1.45

melilite 41.0 22.5 0.6 35.9
108 1803 (1530) liquid 43.6 28.1 4.7 23.6 1.55

melilite 41.3 22.4 0.8 35.5
120 1803 (1530) liquid 35.5 23.7 6.1 34.7 1.50

melilite 40.7 22.4 0.6 36.3
25 1823 (1550) liquid 36.0 24.4 2.9 36.7 1.48

melilite 41.8 22.1 0.3 35.7
47 1823 (1550) liquid 48.6 30.8 0.1 20.4 1.58

melilite 41.1 21.8 0.0 37.1
48 1823 (1550) liquid 39.8 24.3 5.03 30.64 1.64

melilite 41.1 22.5 0.6 35.7
68 1823 (1550) liquid 38.9 28.3 3.7 29.1 1.37

melilite 41.4 22.6 0.7 35.3
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Table II. continued

Experiment Number Temperature K (�C) Phase

Composition (Wt Pct)

BasicityCaO SiO2 MgO Al2O3

86 1823 (1550) liquid 47.0 31.5 0.0 21.4 1.49
melilite 41.2 22.0 0.0 36.9

Spinel primary phase field
33 1773 (1500) liquid 38.1 25.5 14.5 21.8 1.49

spinel 0.2 0.0 28.3 71.4
52 1773 (1500) liquid 39.1 25.8 11.5 23.7 1.52

spinel 0.9 0.5 27.6 71.0
56 1773 (1500) liquid 39.3 25.4 12.7 22.7 1.55

spinel 0.3 0.0 28.0 71.7
70 1773 (1500) liquid 39.1 25.5 10.9 24.5 1.53

spinel 0.3 0.2 27.9 71.6
77 1773 (1500) liquid 38.6 25.2 8.7 27.5 1.53

spinel 0.4 0.1 27.9 71.6
104 1803 (1530) liquid 38.2 24.4 9.0 28.4 1.56

spinel 0.3 0.0 27.9 71.8
105 1803 (1530) liquid 37.8 23.2 12.5 26.5 1.63

spinel 0.3 0.1 28.0 71.6
109 1803 (1530) liquid 37.0 24.4 13.6 25.0 1.52

spinel 0.3 0.1 28.2 71.4
62 1823 (1550) liquid 36.2 24.5 14.2 25.1 1.48

spinel 0.3 0.0 27.9 71.8
84 1823 (1550) liquid 36.2 24.2 12.0 27.6 1.49

spinel 0.3 0.0 28.3 71.3
Periclase primary phase field
34 1773 (1500) liquid 40.8 27.4 13.9 17.9 1.49

periclase 0.2 0.0 98.9 0.9
53 1773 (1500) liquid 38.8 25.4 14.2 21.7 1.53

periclase 0.3 0.0 98.6 1.1
121 1803 (1530) liquid 42.1 27.6 13.8 16.5 1.53

periclase 0.3 0.0 98.9 0.8
23 1823 (1550) liquid 44.6 27.7 13.0 14.6 1.61

periclase 0.4 0.0 98.8 0.8
64 1823 (1550) liquid 37.6 24.7 15.5 22.2 1.52

periclase 0.2 0.0 98.4 1.3
65 1823 (1550) liquid 44.4 29.6 12.6 13.3 1.50

periclase 0.3 0.0 99.0 0.7
87 1823 (1550) liquid 42.0 28.0 14.1 16.0 1.50

periclase 0.3 0.0 98.8 0.9
Liquid with two oxide solids
125 1723 (1450) liquid 42.8 27.4 10.6 19.2 1.56

merwinite 51.2 36.4 12.2 0.2
Ca2SiO4 61.3 35.1 3.3 0.3

78 1723 (1450) liquid 41.5 27.4 12.4 18.7 1.52
merwinite 51.3 36.3 12.1 0.2
periclase 0.3 0.0 98.9 0.8

91 1723 (1450) liquid 40.8 27.2 10.7 21.3 1.50
melilite 41.1 23.8 1.5 33.6
spinel 0.5 0.2 27.9 71.3

79 1723 (1450) liquid 40.4 26.5 12.7 20.4 1.53
spinel 0.3 0.0 28.0 71.7
periclase 0.3 0.0 98.8 0.9

30 1773 (1500) liquid 46.9 31.0 3.9 18.2 1.51
Ca2SiO4 63.3 35.0 1.4 0.3
melilite 41.0 23.4 1.0 34.6

19 1773 (1500) liquid 43.7 29.3 13.0 14.0 1.49
Ca2SiO4 61.9 33.8 4.0 0.2
periclase 0.3 0.0 99.0 0.7

51 1773 (1500) liquid 35.6 29.5 7.9 27.0 1.21
melilite 41.2 22.9 0.9 35.1
spinel 0.2 0.0 27.5 72.3
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wt pct to get lower liquidus temperature. To be specific,
in the studied concentration ranges, there are two
primary phases at 5 wt pct MgO while four primary
phases at 10 wt pct MgO. The liquidus temperatures at
10 wt pct MgO are about 50 K lower than those at 5
wt pct MgO.

It can be seen from Figure 7 that the liquidus
temperature decreases gradually at first and then
increases sharply for both 15 and 20 wt pct Al2O3 when
the MgO concentration rises. This implies that the MgO
concentration in the slag should be no larger than 12
wt pct to keep a relatively lower liquidus temperature.
The liquidus temperature decreases slower at 20 wt pct
Al2O3 than that at 15 wt pct Al2O3. The reason is that
the primary phase is melilite for 20 wt pct Al2O3 while
Ca2SiO4 for 15 wt pct Al2O3 and the isothermal lines are
wider in melilite primary phase field than that in
Ca2SiO4.

Since Ca2SiO4 and melilite phases are the main
primary phases in blast furnace slag range according
to the experiment results, the following discussion
focuses on the liquidus temperature and the component
composition in these two primary phases. In melilite
primary phase, when the concentration of (CaO+SiO2)
is fixed at 70 wt pct, the relationship between liquidus
temperature and the MgO/Al2O3 ratio is plotted in
Figure 8.

It can be seen from Figure 8 that the liquidus
temperatures decrease linearly with the increase of
MgO/Al2O3 ratio in liquid. The congruent melting of
gehlenite (2CaOÆSiO2ÆAl2O3) is 1867 K (1594 �C) when
the MgO/Al2O3 ratio is 0 in the fitting function.
The value agrees well with the literatures in which
the temperature was reported to be 1863 K
(1590 �C)[19,20].This also verifies the accuracy of the
present experiments.

In Ca2SiO4 primary phase, when the MgO concen-
tration is fixed at 10 wt pct, the relationship between

liquidus temperature and the Al2O3/(CaO+SiO2) ratio
is plotted in Figure 9.
It can be seen from Figure 9 that the liquidus

temperature decreases linearly when the Al2O3/(CaO+
SiO2) ratio rises. This suggests that the Al2O3 concen-
tration can be increased to reduce the liquidus temper-
ature when the slag belongs to the Ca2SiO4 primary
phase.
It can be seen from Table II that MgO can dissolve

into Ca2SiO4 phase. The MgO concentrations in
Ca2SiO4 and in the liquid are shown in Figure 10 in
the studied temperature range.
It can be seen from Figure 10 that the MgO in liquid

increases linearly with the increase of MgO in Ca2SiO4

phase. This means that one-third of MgO can dissolve
into the Ca2SiO4 phase and the ratio does not change
with temperature.

C. Comparison of the Pseudo System with Basicities of
1.1, 1.3, and 1.5

The binary basicity is very important for blast furnace
slag, therefore, the effects of Al2O3 and MgO concen-
trations on the liquidus temperatures at 10 wt pct MgO
and 15 wt pct Al2O3 when the basicity is 1.1,[11] 1.3[12],
and 1.5 are given in Figures 11 and 12, respectively.
It can be seen from Figure 11 that liquidus temper-

ature decreases at lower Al2O3 concentration and then
increases at higher Al2O3 concentration with the
increase of Al2O3 concentration. When the basicity
rises, the liquidus temperature line shifts towards right
direction. It can be also found that the liquidus
temperatures are lower in the merwinite and melilite
while higher in Ca2SiO4 and spinel. And the low liquidus
temperature zone almost becomes narrower with the
increase of basicity.
In general, the liquidus temperature increases when

the basicity rises from 1.1 to 1.5. When the MgO

Table II. continued

Experiment Number Temperature K (�C) Phase

Composition (Wt Pct)

BasicityCaO SiO2 MgO Al2O3

57 1773 (1500) liquid 38.7 26.6 9.1 25.6 1.45
melilite 41.2 23.5 1.2 34.1
spinel 0.3 0.1 28.0 71.6

76 1773 (1500) liquid 38.1 26.3 8.6 27.0 1.45
melilite 41.1 23.2 0.9 34.9
spinel 0.3 0.0 28.0 71.6

69 1798 (1525) liquid 48.1 32.5 0.0 19.4 1.48
Ca2SiO4 64.5 34.8 0.3 0.4
melilite 40.8 22.1 0.0 37.1

80 1823 (1550) liquid 44.7 29.6 13.1 12.6 1.51
Ca2SiO4 61.2 34.9 3.7 0.2
periclase 0.3 0.0 99.0 0.7

63 1823 (1550) liquid 35.8 23.7 16.0 24.4 1.51
spinel 0.3 0.1 27.7 72.0
periclase 0.2 0.0 98.2 1.5
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concentration in liquid is low, the primary phase
for lower basicity is melilite or merwinite, while it
is Ca2SiO4 for larger basicity. When the MgO

concentration is higher, the primary phase for smaller
basicity is spinel, while it is periclase for higher basicity.
Therefore, the MgO concentration should be smaller
than 15 wt pct when the basicity is no larger than 1.3,
while MgO should be kept around 12 wt pct when the
basicity is 1.5 in order to obtain lower liquidus temper-
ature, like 1723 K (1450 �C).

Fig. 4—Experimental liquid composition points in the CaO-
SiO2-MgO-Al2O3 system with the basicity of 1.5.

Fig. 5—Pseudo-ternary section (CaO+SiO2)-MgO-Al2O3 with the
basicity of 1.5.

Fig. 6—The effect of Al2O3 concentration on the liquidus tempera-
ture at 5 and 10 wt pct.

Fig. 7—The effect of MgO concentration on the liquidus tempera-
ture at 15 and 20 wt pct Al2O3 with the basicity of 1.5.

1100—VOLUME 47B, APRIL 2016 METALLURGICAL AND MATERIALS TRANSACTIONS B



IV. CONCLUSIONS

Phase equilibria and liquidus temperatures in the
pseudo-ternary system (CaO+SiO2)-MgO-Al2O3 with
the binary basicity of 1.50 have been investigated
experimentally from 1723 K to 1823 K (1450 �C to
1550 �C) relevant to blast furnace slags. Effects of Al2O3

and MgO concentration as well as the basicity on
liquidus temperature have been discussed. The liquidus
temperature decreases linearly with the increase of
MgO/Al2O3 ratio in liquid for melilite primary phase
or Al2O3/(CaO+SiO2) ratio for Ca2SiO4 primary
phase. In addition, solid solutions of different primary
phases have been accurately measured and will provide
valuable data for the development and optimization of
the thermodynamic database.

Fig. 8—The relationship between liquidus temperature and MgO/
Al2O3 ratio in liquid in Melilite primary phase at 70 wt pct (CaO+
SiO2) with the basicity of 1.5.

Fig. 9—The relationship between the liquidus temperature and
Al2O3/(CaO+SiO2) ratio in Ca2SiO4 primary phase at 10 wt pct
MgO concentration with the basicity of 1.5.

Fig. 10—The relationship between the MgO concentrations in
Ca2SiO4 and in the liquid.

Fig. 11—The effect of Al2O3 concentration on the liquidus tempera-
ture at different basicities (10 wt pct MgO).

Fig. 12—The effect of MgO concentration on the liquidus tempera-
ture at different basicities (15 wt pct Al2O3).
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