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Integrated Experimental and Thermodynamic
Modeling Investigation of Phase Equilibria
in the PbO–MgO–SiO2 System in Air

HAMED ABDEYAZDAN, MAKSYM SHEVCHENKO, PETER C. HAYES,
and EVGUENI JAK

Magnesium oxide-based refractory materials are used industrially to contain the chemically
aggressive slags present in lead smelting systems. In the present study an integrated experimental
and thermodynamic modeling approach was taken to provide fundamental information on the
chemical reactions taking place in these systems. New experimental phase equilibria and
liquidus data were obtained for the PbO–MgO–SiO2 system in air in the temperature range 750
�C to 1740 �C. In the MgO–SiO2 binary, new experimental results were obtained at 1550 �C to
1740 �C and compared to the available thermodynamic data in the literature. The experiments
were carried out using the high-temperature equilibration of oxide powder mixtures followed by
rapid quenching of the samples. Electron probe X-ray microanalysis (EPMA) was used to
determine the compositions of the solid and liquid phases present at equilibrium conditions.
Phase equilibria and liquidus isotherms in the cristobalite and tridymite (SiO2), pyroxene
(protoenstatite MgSiO3), olivine (forsterite Mg2SiO4), barysilite (Pb8MgSi6O21), massicot (PbO)
and periclase (MgO) primary phase fields were measured, and the extent of the high-silica
two-liquid immiscibility gap in equilibrium with cristobalite was determined. The experimental
results were used to optimize the parameters in a thermodynamic database that was
subsequently used to describe this multi-component, multi-phase system and predict the
liquidus for the PbO–MgO–SiO2 system. The new data were used to characterize the chemical
interactions of magnesia-based refractory with PbO–MgO–SiO2 slags.
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I. INTRODUCTION

REFRACTORY materials play an important role in
high-temperature metallurgical processing by providing
the means of containment of heat and materials under
chemically aggressive conditions. Refractory service life
in these high-temperature reactors has been shown to be
influenced by chemical, mechanical and thermal fac-
tors.[1,2] Chemical reactions between slag and refracto-
ries lead to dissolution and weakening of the refractory
material.[3–7] These chemical reactions are made more
complex by not only the presence of several different
phases in the refractory materials but also the formation
of new compounds. While the significance of the

slag-refractory interactions is recognized, fundamental
information on the phase equilibria is required to more
fully understand why these reactions are taking place
and to be able to predict and interpret the reaction
sequences. Phase diagrams have been shown to be
particularly useful in understanding the relative stabil-
ities of refractory materials and their interactions with
slags in complex chemical systems.[8–12]

Magnesia-chromia refractories are commonly used in
the linings of lead smelting and refining pyrometallur-
gical reactors[13–16]; however, relatively little information
is available on the fundamental reactions taking place in
these systems. Magnesia grains in the refractories are
susceptible to chemical attack by low melting temper-
ature silica-containing slags present in metallurgical
smelting. In addition, previous studies[12,17] have shown
that the presence of silicate-containing phases in the
original magnesia-based refractory materials can lead to
selective grain boundary attack of the refractory mate-
rials. The PbO–SiO2 binary system contains the primary
phase fields of cristobalite, tridymite (SiO2), PbSiO3,
Pb2SiO4, Pb11Si3O17, Pb5SiO7 and PbO.[18–24] Following
a critical analysis of the experimental and
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thermodynamic data available on the PbO-SiO2 binary
and further experimental measurements, Jak et al.[22]

described this system using an optimized thermody-
namic database. Subsequent experimental studies by
Shevchenko and Jak[23] have demonstrated that there is,
in fact, no liquid immiscibility in the PbO–SiO2 binary
in the high-silica region of the PbO–SiO2 binary, and the
liquidus in the cristobalite/tridymite primary phase field
is in agreement with that previously reported by
Hirota.[24]

The MgO–SiO2 binary system contains the primary
phase fields of periclase (MgO), olivine (forsterite
Mg2SiO4), pyroxene (protoenstatite MgSiO3) and cristo-
balite (SiO2), with liquid-liquid immiscibility in the high
silica region. Experimental phase equilibria data for this
system were reported by[25–29] and the system described
by thermodynamic models.[30,31]

The phases present in sub-solidus conditions in the
PbO-MgO-SiO2 ternary system were reported by Argyle
et al.[32] The experimental study by Chen et al.[33]

provided information on the liquidus and phase rela-
tions in the PbO–MgO–SiO2 system in the low-MgO
region of the system for temperatures in the range of 700
�C to 1400 �C, principally in the olivine (forsterite,
Mg2SiO4) primary phase field. It was shown that there is
no solid solution of PbO in the binary compounds of
SiO2 and MgO or MgO in the boundary compounds of
SiO2 and PbO; the primary phase fields of olivine
(forsterite, Mg2SiO4) and Mg–Pb barysilite
(Pb8MgSi6O21) were stable over a wide range of com-
positions. No phase equilibria data on the PbO–MgO–
SiO2 ternary have been reported in the literature for
compositions < 20 mol pct SiO2, for the cristobalite/
tridymite phase fields or for the PbO–MgO binary
system. The activities of PbO in ternary PbO–MgO–
SiO2 slags were reported for temperatures in the range
1000 �C to 1200 �C by Richardson,[34] who determined
these values by measurement of oxygen dissolved in Pb
metal in equilibrium with slag. Sugimoto[35] derived the
activities of PbO from emf measurements undertaken at
1000 �C. Ouchi[36] used Knudsen mass-spectrometry to
measure PbO vapor pressures relative to those in
equilibrium with PbSiO3 at 1200 �C.

Scheunis et al.[37,38] studied the chemical corrosion of
magnesia chromia refractories in the presence of syn-
thetic PbO–MgO–SiO2 slags at 1200 �C. It was found
that the MgO phase in the refractories reacted with the
slag to form olivine (forsterite, Mg2SiO4). It was shown
that the formation of the secondary solid phases (olivine
or pyroxene) can slow down the rate of dissolution but
in excess they can destroy the refractory structure due to
‘‘forsterite bursting’’.[15] The liquidus compositions of
the MgO-containing phases and limits of their primary
phase fields are essential factors that determine the rates
of dissolution of the refractory and the secondary phases
formed.

The available experimental data do not cover the
whole range of compositions encountered at the com-
mon industrial lead smelter operating conditions (1100
�C to 1200 �C). This provides further motivation to
undertake detailed experimental studies of phase equi-
libria in the PbO–MgO–SiO2 system, as the simplest key

ternary that includes one refractory component (MgO),
one value metal oxide (PbO) and one fluxing component
(SiO2) should be obtained.
The present study is also a part of a comprehensive

integrated experimental and thermodynamic modeling
research program focused on the thermodynamic char-
acterization of the multi-component, multi-phase gas-
slag-matte-speiss-metal-solids system having
Pb–Zn–Cu–Fe–Si–Ca–O–S as the major elements pre-
sent, Al–Mg–Cr slagging or supplementary elements
and As, Sn, Sb, Bi, Ag, Au, Ni and other minor elements
distributed between the phases present in the sys-
tem.[39,40] The outcomes of this overall research program
will include fundamental experimental measurements of
phase equilibria and the development of a comprehen-
sive, self-consistent thermodynamic database of the
above system. During this integrated research, thermo-
dynamic predictions are used to assist in planning of the
experiments, and experimental results are in turn used to
continuously improve the accuracy of this internal
database.[41,42] The database is used in conjunction with
the FactSage computer package.[43,44] The overall
approach to the problem involves first identifying
inconsistencies or uncertainties in the available data
with the assistance of the existing database, selecting
appropriate bulk compositions and process conditions
to experimentally test the equilibria, comparing the new
data with the current database predictions and then
adjusting the database parameters to improve the
description of the system. The process is repeated in
different compositional areas within the system until the
database has been optimized for the binary and ternary
systems.

II. EXPERIMENTAL METHODOLOGY

Full details of the experimental technique and appa-
ratus used in this study have been reported in previous
publications by the authors.[45–47] The initial chemical
mixtures were prepared through blending of selected
proportions of high-purity powders of MgO (99.95 wt
pct purity), SiO2 (99.9 wt pct purity, pre-dried at 400 �C
for 1 hours before mixing) and PbO (99.9 wt pct purity)
supplied by Alfa Aesar, USA. The Pb3O4 powder was
prepared by oxidation of PbO powder in an MgO
crucible in air for 24 h at 450 �C. The formation of
Pb3O4 was confirmed gravimetrically from the increase
of weight (> 99 pct complete reaction) due to Reaction
[1]. PbO and Pb3O4 are the only thermodynamically
stable phases at the conditions of the synthesis, 450 �C
and 1 atm.

3PbO þ 0:5O2 ¼ Pb3O4 ½1�
To enable the approach to equilibrium to be tested

from different starting compositions and to reduce the
extent of lead oxide vaporization, a master slag of
composition Pb4Si6O16 was prepared by mixing an
appropriate ratio of Pb3O4 and dried SiO2 powders
and heating initially for 2 hours at 600 �C and then for a
further 2 hours at 900 �C in Pt crucible in air. Excess
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Table I. Measured Compositions of the Condensed Phases for PbO–MgO–SiO2 System for Temperatures in the Range 750 �C to

1740 �C

Exp.
Number Substrate

Pre-melt T,
�C

Final Equilibration T,
�C

Time,
h Phase

Composition, Mol Pct

MgO PbO SiO2

Liquid + Periclase (MgO)
1 platinum foil 1050 1000 0.5 liquid 0.47 ± 0.11 99.5 ± 0.11 0.00

periclase N/A N/A N/A
2 platinum foil 1120 1100 0.17 liquid 0.68 ± 0.07 99.3 ± 0.07 0.00

periclase N/A N/A N/A
3 platinum foil 1120 1100 0.25 liquid 1.5 ± 0.13 92.9 ± 0.68 5.6 ± 0.60

periclase N/A N/A N/A
4 MgO crucible in 1150 1100 0.67 liquid 0.81 ± 0.27 99.2 ± 0.27 0.00

ampoule periclase N/A N/A N/A
5 MgO crucible in 1250 1200 0.5 liquid 3.5 ± 0.18 86.8 ± 0.91 9.7 ± 0.78

ampoule periclase N/A N/A N/A
6 MgO crucible in 1310 1300 0.33 liquid 5.1 ± 0.61 84.5 ± 0.85 10.3 ± 0.43

ampoule periclase N/A N/A N/A
Liquid + Periclase (MgO) + Olivine (Mg2SiO4)
7 platinum foil 1050 1000 0.67 liquid 1.2 ± 0.1 91.3 ± 0.17 7.5 ± 0.14

periclase N/A N/A N/A
olivine N/A N/A N/A

8 MgO crucible in 1310 1300 0.33 liquid 5.3 ± 0.24 81.1 ± 0.71 13.6 ± 0.51
ampoule periclase 100.0 0.01 0.00

olivine 66.3 ± 0.18 0.04 ± 0.01 33.6 ± 0.18
9 MgO crucible in 1360 1350 0.33 liquid 7.1 ± 0.54 77.1 ± 0.86 15.8 ± 0.36

ampoule periclase 100.0 0.02 0.00
olivine 66.7 ± 0.12 0.02 ± 0.01 33.3 ± 0.11

Liquid + Olivine (Mg2SiO4)
10 platinum foil 950 900 1 liquid 2.5 ± 0.12 66.2 ± 0.42 31.2 ± 0.33

olivine N/A N/A N/A
11 platinum foil 950 900 1 liquid 1.1 ± 0.09 80.6 ± 0.12 18.3 ± 0.12

olivine N/A N/A N/A
12 platinum foil 1050 1000 0.67 liquid 2.6 ± 0.09 83.1 ± 0.45 14.3 ± 0.41

olivine 66.6 0.00 33.4
13 platinum foil 1050 1000 0.83 liquid 1.9 ± 0.11 79.2 ± 0.19 18.8 ± 0.14

olivine N/A N/A N/A
14 platinum foil 1050 1000 0.83 liquid 2.6 ± 0.13 72.6 ± 0.17 24.8 ± 0.13

olivine N/A N/A N/A
15 platinum foil 1050 1000 0.83 liquid 3.7 ± 0.16 64.9 ± 0.30 31.4 ± 0.27

olivine N/A N/A N/A
16 platinum foil 1120 1100 0.5 liquid 2.3 ± 0.11 85.3 ± 0.19 12.4 ± 0.12

olivine 67.0 0.10 32.9
17 platinum foil 1120 1100 0.67 liquid 5.5 ± 0.15 62.2 ± 0.21 32.4 ± 0.13

olivine N/A N/A N/A
18 platinum foil 1120 1100 0.67 liquid 3.9 ± 0.14 71.4 ± 0.15 24.8 ± 0.11

olivine N/A N/A N/A
19 platinum foil 1120 1100 0.67 liquid 5.3 ± 0.16 63.1 ± 0.19 31.6 ± 0.24

olivine N/A N/A N/A
20 platinum foil no 1200 0.5 liquid 7.3 ± 0.24 61.1 ± 0.23 31.6 ± 0.18

olivine N/A N/A N/A
21 platinum foil no 1200 0.5 liquid 5.7 ± 0.24 69.4 ± 0.35 24.9 ± 0.14

olivine N/A N/A N/A
22 platinum foil no 1200 0.33 liquid 3.6 ± 0.15 83.4 ± 0.20 13.0 ± 0.14

olivine N/A N/A N/A
23 platinum foil no 1200 0.5 liquid 4.5 ± 0.17 76.4 ± 0.22 19.1 ± 0.14

olivine N/A N/A N/A
24 platinum foil no 1400 0.67 liquid 26.6 ± 0.13 19.8 ± 0.41 53.6 ± 0.33

olivine 66.8 ± 0.15 0.02 ± 0.01 33.2 ± 0.15
25 platinum foil no 1600 1 liquid 50.8 ± 0.22 0.05 ± 0.02 49.1 ± 0.23

olivine 66.6 ± 0.21 0.04 ± 0.01 33.4 ± 0.21
26 platinum foil 1720 1700 1 liquid 56.2 ± 0.1 0.00 43.8 ± 0.1

olivine 66.7 ± 0.15 0.00 ± 0.00 33.3 ± 0.15
27 platinum foil no 1740 0.5 liquid 59.2 ± 0.19 0.00 40.8 ± 0.19

olivine 66.6 ± 0.01 0.01 ± 0.00 33.4 ± 0.01
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Table I. continued

Exp.
Number Substrate

Pre-melt T,
�C

Final Equilibration T,
�C

Time,
h Phase

Composition, Mol Pct

MgO PbO SiO2

Liquid + Olivine (Mg2SiO4) + Massicot (PbO)
28 platinum foil 800 750 1.2 liquid 0.62 ± 0.09 80.4 ± 0.13 19.0 ± 0.10

olivine N/A N/A N/A
massicot 0.00 100.0 0.00

29 platinum foil 810 760 8 liquid 0.51 ± 0.08 81.7 ± 0.20 17.8 ± 0.16
olivine N/A N/A N/A
massicot 0.00 100.0 0.00

Liquid + Olivine (Mg2SiO4) + Barysilite (Pb8MgSi6O21)
30 platinum foil 830 770 1.25 liquid 0.97 ± 0.09 71.5 ± 0.17 27.5 ± 0.20

olivine N/A N/A N/A
barysilite 6.3 ± 0.22 53.1 ± 0.28 40.5 ± 0.16

Liquid + Olivine (Mg2SiO4) + Pyroxene (MgSiO3)
31 platinum foil 1330 1300 1 liquid 19.5 ± 0.07 24.7 ± 0.09 56.8 ± 0.09

olivine 66.6 ± 0.11 0.03 ± 0.02 33.4 ± 0.10
pyroxene 49.7 ± 0.09 0.00 50.3 ± 0.09

32 Platinum foil 1450 1400 1 liquid 27.6 ± 0.07 16.9 ± 0.38 55.6 ± 0.39
olivine 66.7 ± 0.12 0.02 ± 0.01 33.3 ± 0.12
pyroxene 50.1 ± 0.16 0.00 49.9 ± 0.17

Liquid + Pyroxene (MgSiO3)
33 platinum foil no 1550 1 liquid 46.0 ± 0.06 0.00 54.0 ± 0.05

pyroxene 49.7 ± 0.14 0.01 ± 0.01 50.3 ± 0.14
Liquid + Pyroxene (MgSiO3) + Tridymite (SiO2)
34 ampoule 1400 1350 18 liquid 15.8 ± 0.11 20.3 ± 0.10 63.9 ± 0.13

pyroxene 49.8 ± 0.20 0.02 ± 0.01 50.2 ± 0.19
tridymite 0.01 0.00 100.0

35 ampoule 1450 1400 18 liquid 22.6 ± 0.22 14.4 ± 0.17 63.0 ± 0.22
pyroxene 49.6 ± 0.05 0.03 ± 0.01 50.3 ± 0.04
tridymite 0.00 0.00 100.0

36 ampoule 1500 1450 18 liquid 27.6 ± 0.15 10.7 ± 0.09 61.7 ± 0.12
pyroxene 49.6 ± 0.17 0.02 ± 0.01 50.4 ± 0.17
tridymite 0.01 ± 0.01 0.01 ± 0.01 100.0 ± 0.02

37 ampoule 1500 1450 1 liquid 27.0 ± 0.21 11.1 ± 0.12 61.9 ± 0.23
pyroxene 49.8 ± 0.03 0.00 50.2 ± 0.03
tridymite 0.04 0.00 100.0

38 ampoule 1500 1450 0.17 liquid 26.8 ± 0.25 11.2 ± 0.11 62.0 ± 0.26
pyroxene 50.1 ± 0.11 0.02 ± 0.02 49.9 ± 0.09
tridymite 0.15 ± 0.07 0.05 ± 0.05 99.8 ± 0.12

Liquid + Tridymite (SiO2)
39 Ampoule 1450 1400 18 liquid 11.0 ± 0.09 20.0 ± 0.15 69.0 ± 0.18

tridymite 0.00 0.00 100.0
Liquid + Cristobalite (SiO2)
40 ampoule no 1500 4 liquid 26.7 ± 0.11 9.8 ± 0.09 63.5 ± 0.17

cristobalite 0.00 0.00 100.0
41 ampoule 1520 1500 4 liquid 20.0 ± 0.09 12.9 ± 0.12 67.1 ± 0.17

cristobalite 0.00 0.00 100.0
42 ampoule no 1500 4 liquid 9.1 ± 0.07 16.2 ± 0.17 74.6 ± 0.15

cristobalite 0.02 0.07 99.9
43 ampoule no 1600 3 liquid 11.8 ± 0.26 8.0 ± 0.12 80.2 ± 0.35

cristobalite 0.03 0.02 100.0
44 ampoule no 1600 2 liquid 34.0 ± 0.12 3.8 ± 0.03 62.2 ± 0.13

cristobalite 0.01 ± 0.01 0.01 ± 0.01 100.0 ± 0.02
45 ampoule no 1600 2 liquid 4.5 ± 0.15 9.0 ± 0.12 86.5 ± 0.24

cristobalite 0.00 0.02 100.0
46 platinum foil no 1600 1 liquid 42.9 ± 0.12 0.00 57.1 ± 0.12

cristobalite 0.04 0.00 100.0
47 platinum foil no 1600 1 liquid 26.3 ± 0.46 7.3 ± 0.21 66.4 ± 0.64

cristobalite 0.10 0.01 99.9
48 ampoule no 1650 2 liquid 1 16.6 ± 0.68 3.7 ± 0.15 79.7 ± 0.71

liquid 2 7.7 ± 0.81 2.2 ± 0.15 90.1 ± 0.91
cristobalite 0.01 0.01 100.0

49 platinum foil 1720 1685 1 liquid 39.0 ± 0.11 0.00 61.0 ± 0.11
cristobalite 0.07 ± 0.02 0.00 99.9 ± 0.03
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oxygen from Pb3O4 was released to atmosphere during
heating, so that the final master slag contained only
Pb2+[48]; direct use of PbO reagent was avoided to
protect the Pt substrate from accidental destruction due
to local reducing conditions, observed in some previous
studies.[23] The initial compositions of the mixtures were
selected to ensure that, following equilibration, at least
one crystalline phase would be present. To promote the
retention of the liquid as an amorphous phase on
quenching, the volume fraction of crystalline solid phase
in the final sample was designed to be approximately 10
pct, but not more than 50 pct at the equilibration
conditions. Pellets of ~0.2 to 0.3 g were made from the
initial powder mixtures.

The substrates used for equilibration were (1) plat-
inum foil envelopes, (2) vacuum sealed silica ampoules
and (3) MgO crucibles in vacuum-sealed silica
ampoules. The platinum foil crucibles were used for
low-silica mixtures to achieve equilibrium with pyroxene
(protoenstatite), olivine (forsterite), periclase, massicot
and barysilite phases at the target experimental temper-
atures. The silica crucibles were used for high-silica
mixtures that were in equilibrium with tridymite and
cristobalite at the target temperature. The MgO cru-
cibles in sealed silica ampoules (to prevent evaporation
of PbO) were used for high-PbO mixtures that were in
equilibrium with periclase phase. There was no contact
of the slag contained inside the MgO crucible with the
outside silica ampoule. The open experiments were
carried out in the air atmosphere.

The selection of the substrates was also to avoid any
inclusion of the substrates into the equilibrated samples.
The silica ampoule substrates would not contaminate
the samples because of their high purity and coincidence
with the primary phase (tridymite or cristobalite), the
crystals of which would present in the sample. MgO
crucibles contained a certain level of yttrium oxide.
Yttrium was measured in slags in several selected
samples, and no contamination was detected via EPMA
(< 0.02 pct). Platinum foil could partially oxidize and
dissolve in the slag as oxide (most likely PtO).

Concentrations of platinum in slag were tested through
LA-ICPMS (laser ablation-inductively coupled plasma
mass spectrometry), and they were found to vary
between< 0.001 wt pct for low-PbO slags (MgO–SiO2

system) and 0.02 to 0.07 wt pct for high-PbO slags. In all
cases, this contamination was below the scatter of
EPMA measurements and was neglected.
The equilibration experiments were carried out in a

high-temperature vertical tube resistance furnace. For
experiments at > 1700 �C, the melting temperature of
cristobalite (1723 �C) was used as an internal reference
for thermocouple calibration. The sample was posi-
tioned in the uniform hot zone of the furnace sus-
pended on a Kanthal (Fe–Cr–Al) wire, extended with
Pt wire for the part that is required to heat above 1400
�C. For the experiments at< 1600 �C the samples were
first pre-melted at 20 to 50 �C above the experimental
temperature for 5 minutes to ensure the formation of a
homogeneous slag. Homogeneity of slags was tested by
measuring compositional profiles through the sample
on micro- and macro-scales. No inhomogeneity was
observed on micro-scale. On macro-scale also, no
compositional gradients were observed in the closed
system samples but in the samples on platinum foil,
occasionally minor areas depleted in PbO because of
evaporation were found in the areas exposed to the
surface; these areas were rejected when the average was
calculated. Furthermore, previous studies of the
authors[23] on the PbO–SiO2 system did not encounter
any phase separation. Moreover, in the present study,
addition of PbO to the MgO–SiO2 system where a
relatively wide miscibility gap exists causes quick
disappearance of immiscibility. Evaporation of PbO
was the main challenge of the present study. The
experimental time should be sufficient to achieve
equilibrium in the sample; however, the activities and
equilibrium vapor pressures of the lead-containing gas
species vary with bulk composition of the sample.
Shorter times are therefore used for experiments in
which the predicted total vapor pressure of lead species
is high.

Table I. continued

Exp.
Number Substrate Pre-melt T, �C Final Equilibration T, �C Time, h Phase

Composition, Mol Pct

MgO PbO SiO2

50 platinum foil 1720 1700 1 liquid 38.1 ± 0.14 0.00 61.9 ± 0.14
cristobalite 0.00 0.00 100.00

51 platinum foil 1600 1550 2 liquid 44.3 ± 0.13 0.00 55.7 ± 0.13
cristobalite 0.00 0.00 100.0

52 platinum foil 1700 1650 1 liquid 40.9 ± 0.16 0.00 59.1 ± 0.16
cristobalite 0.00 0.00 100.0

2 Liquids
53 platinum foil 1725 1705 1 liquid 1 37.7 ± 0.13 0.00 62.3 ± 0.13

liquid 2 0.90 ± 0.09 0.00 99.1 ± 0.10
54 platinum foil no 1740 0.5 liquid 1 36.7 ± 0.11 0.00 63.3 ± 0.11

liquid 2 1.2 ± 0.13 0.00 98.8 ± 0.13

N/A data not available.
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Following equilibration at the selected temperatures,
the samples were quenched rapidly in calcium chlo-
ride-containing brine at � 20 �C. After washing with
water and ethanol, and drying, the specimen was
mounted in epoxy resin and then polished to 1 lm
using conventional metallographic polishing tech-
niques. The specimens were examined using optical
microscopy and then carbon coated. The compositions
of the phases present were measured using electron
probe X-ray microanalysis (EPMA), JEOL 8200L
EPMA; Japan Electron Optics Ltd., Tokyo, Japan.
The EPMA was operated with a probe current of 20
nA, accelerating voltage of 15 kV. The Dun-
cumb-Philibert atomic number, absorption, and fluo-
rescence correction (ZAF correction) were applied to
the analyses obtained. Wollastonite (CaSiO3) and
magnesia (supplied by Charles M. Taylor Co., Stan-
ford, CA) and PbO–SiO2 K456 glass (71.4 pct PbO,
supplied by NIST) were used for Si, Mg and Pb
calibration of the EPMA. Achievement of equilibrium
in the samples was ensured by using the four-point test
approach[47,49]: (1) variation of equilibration time, (2)
assessment of the compositional homogeneity of phases
by EPMA, (3) approaching the final equilibrium point
from different starting conditions and (4) consideration
of reactions specific to this system that may affect the
achievement of equilibrium or reduce the accuracy.[47]

The ability to quench the liquid slag phase to ambient
temperature without the onset of crystallization was
found to depend on the composition of the slag and the
equilibration temperature. Significant problems were
observed with low-silica slags, where the glassy homo-
geneous areas were only a small proportion of the melt,
believed to be formed at the surfaces directly contacting
the quenching medium. For these samples the approach
taken to obtain accurate, repeatable and objective
measurements of the average compositions of the liquid
slag phase by the use of EPMA was similar to that
described by Nikolic et al.[50]: an average of at least 20
points in the best quenched area (usually, near the
surface) was used, additionally controlled by standard
deviation of composition not exceeding 1 mol pct. In
cases where melt crystallization was rapid, the experi-
ments were repeated until an area of sufficiently well-
quenched microstructure was found. Increasing the
probe diameter to 20 to 50 lm resulted in reduced
variability of the measured liquid slag compositions. In
addition, all samples were routinely tested for possible
contaminations, and rejected in rare cases when they
were detected. There were no signs of inhomogeneities
related to poor mixing. Through the 20 to 30 points
measured in 3 to 4 independent areas in each sample,
the standard deviations were usually within 0.5 pct.

Calcium was measured in all samples to ensure that
no reactions had taken place when quenching in the
calcium chloride-containing brine. In most of the
samples, the concentration of calcium was zero. In a
few samples, some CaCl2 crystals were detected on the
surfaces; however, calcium did not enter the bulk of the
slag.

III. THERMODYNAMIC MODELING

The FactSage 7.2 thermodynamic package[43] and an
internal thermodynamic database were used for modeling
in the present study. Thermodynamic parameters of
tridymite and cristobalite (SiO2), periclase (MgO), olivine
(forsterite Mg2SiO4), pyroxene (protoenstatite MgSiO3),
massicot (PbO), lead silicates (PbSiO3, Pb2SiO4,
Pb11Si3O17, Pb5SiO7) and the parameters of the binary
MgO–SiO2 and PbO–SiO2 liquids were taken from the
previous studies.[30,51,52] The binary parameters
PbO–MgO and ternary PbO–MgO–SiO2 and the proper-
ties of the only stable ternary compound, barysilite
Pb8MgSi6O21, were identified and optimized as part of
the present study. The slag phase is described using a
modified quasichemical (GUTS formalism, i.e., with
expansion of the excess Gibbs energy parameters in terms
of pair fractions[53–56]), which combines Gibbs energy
parameters of three types: (1) the Bragg–Williamsmodel, a
polynomial in terms of pure component concentrations to
describe the random mixing configuration of entropy; (2)
the quasichemical model, assuming the formation of A–A,
B–B and A–B pairs with Gibbs free energies that are
polynomial functions of the overall composition; (3) the
GUTSmodel, assuming the formation of pairs withGibbs
free energies that are polynomial functions of pair
fractions. The binary parameters are projected toward
ternary and multicomponent systems using the geometric
formalism developed by Pelton et al.[57,58] with the Toop
(asymmetrical) approach: the acidic component SiO2 is
placed at the top of the Toop model triangle, while the
basic PbO and MgO are placed at its base.

IV. RESULTS AND DISCUSSION

Figure 1 shows micrographs of the quenched
PbO–MgO–SiO2 samples at selected temperatures and
bulk compositions illustrating the phase assemblages
observed on equilibration. Examples of microstructures
are presented for massicot-olivine equilibrium at 760 �C
in Figure 1(a), pericase-olivine at 1350 �C in Figure 1(b),
two liquids in equilibrium with cristobalite at 1650 �C in
Figure 1(d), olivine-pyroxene at 1400 �C in Figure 1(f),
tridymite-pyroxene at 1450 �C in Figure 1(g) and
olivine-barysilite at 770 �C in Figure 1(h).
The experimental results for the ternary PbO–MgO–

SiO2 liquidus are given in Table I and shown in Figures 2
and 3. The exact compositions of some of the solid
phases listed in Table I are marked as ‘‘not available’’
(N/A). The very small size of the crystals, in these cases,
meant that accurate quantitative measurements of the
compositions of the solid phases could not be under-
taken; for example, see Figure 1(a) for the olivine phase.
These solid phases were, however, qualitatively identi-
fied through energy-dispersive spectroscopy (EDS).
The effect of reaction/experimental time on the

equilibrium was studied through three experiments
using one selected slag composition to determine the
tridymite-pyroxene boundary phase at 1450 �C; see the
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liquid (26) + olivine (forsterite) + massicot (b)(a) liquid (9) + olivine (forsterite) + periclase

(c) liquid (42) + cristobalite (d) liquid 1 (48) + liquid 2 (48) + cristobalite

(e)  liquid (25) + olivine (forsterite) (f) liquid (32) + olivine (forsterite) + pyroxene
(protoenstatite)

(g) liquid (36) + pyroxene (protoenstatite) +
tridymite

(h) liquid (30) + olivine (forsterite) + barysilite

Fig. 1—Back-scattered electron micrographs of typical phase assemblages in the PbO–MgO–SiO2 system, illustrating the presence of (a) liquid
slag, olivine (fosterite) and massicot at 760 �C, (b) liquid slag, olivine (fosterite) and periclase at 1000 �C, (c) liquid slag and cristobalite at
1500 �C, (d) two-liquid immiscibility formation and cristobalite at 1650 �C, (e) liquid slag and olivine (fosterite) at 1600 �C, (f) liquid slag,
olivine (fosterite) and pyroxene (protoenstatite) at 1450 �C, (g) liquid slag, pyroxene (protoenstatite) and tridymite at 1450 �C and (h) liquid slag,
olivine (fosterite) and barysilite at 770 �C. The numbers in brackets for each liquid slag represent the experiment number as given in Table I.
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composition of the liquid slags for experiments 36 to 38,
given in Table I. The slag compositions are the same
within the range of uncertainty of the EPMA measure-
ments, and the liquid is in equilibrium with tridymite
and pyroxene for reaction times of 0.17, 1 and 18 hours.

Note that the full lines denoting the phase boundaries
and liquidus isotherms included in Figures 2 and 3 are
not drawn using the existing FactSage public slag
database but using the thermodynamic parameters of
the slag and solid phases obtained after optimizing the
available experimental data from the binary systems and
from the present study. This reflects the integrated
approach taken to selection of compositions to be
investigated experimentally. By undertaking the ther-
modynamic optimization of the available experimental
data, the information is tested for internal thermody-
namic consistency, i.e., the description obeys the laws of
thermodynamics, and to avoid relying on data that may
be misleading or have high variance. The proximity of
the experimental data and the predicted behavior is
therefore confirmation of the accuracy of the current
internal database. The optimized thermodynamic
parameters of the slag and solid phases are listed in
Table II. The PbO–MgO–SiO2 ternary system has 11
primary phase fields, cristobalite and tridymite (SiO2),

periclase (MgO), olivine (forsterite, Mg2SiO4), pyroxene
(protoenstatite, MgSiO3), massicot (PbO), lead silicates
(PbSiO3 or PS; Pb2SiO4 or P2S; Pb11Si3O17 or P11S3;
Pb5SiO7 or P5S,) and barysilite (Pb8MgSi6O21 or
P8MS6). Barysilite is a generic name for all Pb8XSi6O21

structures, where X may be Pb2+, Mn2+, Fe2+, Mg2+,
Zn2+, Ca2+, Cu2+, etc.[59–62] These appear to form
limited solid solutions between the end members, The
Pb end member (Pb9Si6O21 = 3 Pb3Si2O7) does not
reach the liquidus.[23] No solid solution from
Pb8MgSi6O21 toward Pb9Si6O21 was detected in the
present study. That may be a consequence of the large
difference between Mg2+ and Pb2+ ionic radii, which
results in immiscibility between these two end members.
The entropies and heat capacities of Pb8MgSi6O21 were
obtained from simple linear combination of the close
compounds—MgO + 4PbSiO3 + 2Pb2SiO4. The
enthalpy of formation was found by fitting the liquidus
experimental data. According to Reference 33 and the
present study, the Pb2MgSi2O7 melilite end member is
unstable.
The phase equilibria data reported on the PbO–SiO2

binary were taken from research by Jak et al.[22] and
Shevchenko and Jak.[23] The data for the MgO–SiO2

binary have been obtained from experimental studies by

Fig. 2—Liquidus surfaces of the PbO–MgO–SiO2 system according to the new experimental results at 750 �C to 1740 �C and estimated with the
currently optimized thermodynamic database. Legend for the experimental points: 9 current study; s from Ref. [33].
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Greig,[25,63] Bowen and Anderson,,[26] Schlaudt and
Roy[27] and thermodynamic modeling by Wu et al.[30]

The experimental results given in Table I and shown in
Figure 2 indicate that the two-liquid immiscibility on the
MgO–SiO2 binary in the high-silica region extends into

the ternary system. The sample obtained at 1650 �C
shows the two-liquid immiscibility in the presence of the
cristobalite phase (see Figure 1(d)). Based on these
results, the new proposed boundary line between cristo-
balite primary phase field and the two-liquid

Fig. 3—Details of the high-PbO region of the liquidus surface of the PbO–MgO–SiO2 system according to the new experimental results at 750
�C to 1740 �C. The phase boundaries and liquidus isotherms are estimated using the currently optimized thermodynamic database. Legend for
the experimental points: 9 current study; s from Ref. [33].

Table II. Thermodynamic Parameters of the PbO–MgO–SiO2 System Optimised in the Present Study (J/mol)

Dgo
Pb2þ ;Mg2þ

= 15899.2 + 4.184T (Quasichemical)

q0;0;1
Si4þ ;Mg2þ ;Pb2þ

= 16526.8 (Quasichemical)

q0;4;1
Si4þ ;Mg2þ ;Pb2þ

= 53136.8 (Quasichemical)

q3;0;1
Si4þ ;Pb2þ ;Mg2þ

= � 83680 + 33.472T (Quasichemical)

q0;0;11
Mg2þ;Pb2þ ;Si4þ

= 334720 (Bragg–Williams)

q0;0;15
Mg2þ;Pb2þ ;Si4þ

= � 711280 (Bragg–Williams)

q0;1;15
Mg2þ;Pb2þ ;Si4þ

= � 920480 (Bragg–Williams)

DG(Pb8MgSi6O21) = � 8099609 + 558.638T + 44.2043TlnT + 0.401772T2 + 1287726/T � 75.7152T1.5

ZPb2þ

Pb2þPb2þ
¼ ZMg2þ

Mg2þMg2þ
¼ ZMg2þ

Mg2þPb2þ
¼ ZPb2þ

Pb2þMg2þ
¼ ZMg2þ

Mg2þSi4þ
¼ 1:3774

ZPb2þ

Pb2þSi4þ
¼ 2:1662

ZSi4þ

Si4þSi4þ
¼ ZSi4þ

Si4þPb2þ
¼ ZSi4þ

Si4þMg2þ
¼ 2:7549.
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immiscibility region is shown with the pink dashed line
in Figure 2, that is, a slightly smaller composition region
than predicted with the current thermodynamic data-
base. New experimental results demonstrated that liquid
immiscibility in the high-silica region of the PbO–
MgO–SiO2 ternary shrinks significantly from ~40 to ~10
pct as 3 pct PbO is added to the MgO–SiO2 binary and
temperature is lowered from 1700 �C to 1650 �C. From
that it can be extrapolated that the miscibility gap will
close at further small addition of PbO and no more
immiscible ranges would exist in this ternary system
below ~1640 �C. In addition, in the cristobalite primary
phase field, the 1500 �C and 1600 �C liquidus isotherms,
and in the tridymite primary phase field the 1400 �C
liquidus isotherm, were determined for compositions
between the MgO–SiO2 binary and PbO–SiO2 binary.

Furthermore, Figure 2 indicates that the pyroxene
primary phase field is slightly expanded toward both the
tridymite and olivine primary phase fields relative to
that currently described by the database. EPMA mea-
surements for experiments at 1400 �C and 1450 �C
showed the silica concentrations in slag in both equilib-
rium tridymite and pyroxene phases (Figure 1(g)) to be
higher than predicted by the current database. Also,
composition of the sample at 1400 �C indicates the
liquid in equilibrium with pyroxene and olivine (Fig-
ure 1(f)) contains slightly less silica than predicted in the
current model. The green dashed lines in Figure 2
indicate the proposed tridymite-pyroxene and pyrox-
ene-olivine phase boundaries.

In the olivine primary phase field, the results obtained
for experiments in the range of 750 �C to 1200 �C show
that the liquidus isotherms are at slightly higher MgO
concentrations than reported by Chen et al.[33] The

periclase-olivine phase boundary appears to be at
slightly higher (approximately 2 mol pct) silica concen-
trations than predicted by the database.
The phase diagram of the MgO–SiO2 system accord-

ing to the new experimental results at 1550 �C to 1740
�C compared to the present thermodynamic database
(all parameters adopted from Wu et al.[30]) is given in
Figure 4. Both cristobalite liquidus at 1550 �C to 1700
�C and olivine liquidus at 1700 �C to 1740 �C were
found to be lower than predicted by the database.
The monotectic point in the MgO–SiO2 system was

found experimentally in the present study between 1700
�C and 1705 �C; the compositions of two liquids at the
monotectic temperature are 62.1 ± 0.2 and 99.1 ± 0.2
mol pct SiO2. These values agree with those reported by
Greig[25] but are higher than predicted by the present
thermodynamic database, and the composition of the
lower-SiO2 liquid is 1.5 to 2 mol pct higher in SiO2 than
predicted.
The melting temperature of stoichiometric olivine

(Mg2SiO4) in the present study has been assumed to be
1888 �C, the value reported by Bowen.[26] However,
Richet et al.[64] report a value of 1826 �C and Jung[65]

reports values of 1855 �C to 1860 �C. This range of
temperatures is out of the scope of the present study, and
confirmation of the melting point of olivine, the olivine/
periclase eutectic temperature and the olivine liquidus
compositions at these high temperatures is recommended
to enable the thermodynamic model parameters in the
database to be unambiguously determined.
The compositions and the temperatures of the invari-

ant reactions can be determined directly using the
present technique; however, in most cases, they are
evaluated from analysis of the multiple experimental

Fig. 4—Phase diagram of the MgO–SiO2 system according to the new experimental results at 1550 to 1740 �C, literature data[25–29] and
estimated with the current thermodynamic database adopted from Wu et al.[30]. The labels indicate the experimental temperature and SiO2 mole
fraction.
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points at constant temperatures. The invariant reactions
calculated with FactSage using the database developed
in the present study are given in Table III.

The activities of PbO at 1000 �C and 1200 �C relative
to pure liquid PbO in the areas of liquid, liquid + one
solid and liquid + 2 solids are compared to the data
reported by Richardson[34] and Sugimoto[35]; see Fig-
ures 5(a) and (b). The data by Ouchi[36] were not used
because they were not presented relative to pure PbO.
There is a reasonable agreement between the literature
data and the present study calculation, although the
presence of solids (olivine) was not considered in the
literature studies. The addition of MgO to the PbO–SiO2

slags causes a slight increase in a(PbO) according to
both our calculation and the literature data. The
activities of PbO calculated in the present study in the
vicinity of 50 pct PbO–50 pct SiO2 composition are
higher than reported in References 34, 35; however, they
are within the limits of discrepancy of other literature
data for the PbO-SiO2 system, as reviewed in the
previous study by the authors.[52]

A. Application to Interpretation of Slag-Refractory
Interactions

In the study by Scheunis et al.,[37] the exposure of
magnesia chromia refractories to PbO–MgO–SiO2 slag
containing 54 mol pct PbO, 41 mol pct SiO2 and 5 mol
pct MgO at 1200 �C was shown, from the reaction
between the slag phase and the periclase (MgO) grains,
to result in the formation of a secondary phase, olivine
(forsterite Mg2SiO4). This was a significant observation

since it demonstrated that the open pores within the
refractory material could be sealed by the presence of
this secondary phase, thus preventing the further pen-
etration of the liquid slag into the refractory. The
composition of the liquid formed at the Mg2SiO4-liquid
interface was found to be consistent with the liquidus
values indicated by the phase diagram at this temper-
ature by Chen et al.[33]

Using the same refractory and slag composition as in
Reference 37 but with the imposition of a temperature
gradient across the cross-section of the refractory, it
was reported in Reference 38 that not only was
Mg2SiO4 formed, but also, in the lower temperature
section of the refractory, the melilite phase [Ca,Pb]2[-
Fe,Mg,Al][Si,Al,Fe]2O7. It might be expected from the
results of the present phase equilibrium study (see
Figure 3) of the PbO–MgO–SiO2 ternary system that
the barysilite phase Pb8MgSi6O21 would be formed at
these temperatures. This difference between the
observed and predicted phases could possibly be
accounted for by the presence of calcium silicate phases
in the original refractory raw materials or calcium
oxide used to control the microstructure and phase
assemblages during manufacture of the refractory.[11,12]

As the slag penetrates into the refractory material and
the silica component is removed in the form of the
olivine phase, this may lead to the increase in concen-
trations of calcium oxide and conditions favorable for
the formation of the melilite phase. The reaction of the
MgO with the trapped or isolated slag is expected to
significantly lower the SiO2 concentration in the
residual slag within the refractory; if this reaction goes

Table III. The Invariant Reactions in the PbO–MgO–SiO2 System Calculated With FactSage Using the Database Developed in

the Present Study

Reaction Tmodel, �C

Mol Pct, Liquid

PbO MgO SiO2

L = MgSiO3 (Protopyroxene) + SiO2 (Cristobalite) 1548 0 45.9 54.1
L + Mg2SiO4 (Olivine) = MgSiO3 (Protopyroxene) 1558 0 49.7 50.3
L = MgO (Periclase) + Mg2SiO4 (Olivine) 1863 0 69.9 30.1
Monotectic: L2 = L1 + SiO2 (Cristobalite) 1687 0 40.4 59.6

0 1.24 98.76
L = MgO (Periclase) + PbO (Massicot) 885 99.78 0.22 0
L + PbO (Massicot) = Pb5SiO7 733 79.5 0 20.5
L + Pb5SiO7 = Pb11Si3O17 726 77.6 0 22.4
L = Pb11Si3O17 + Pb2SiO4 721 74.6 0 25.4
L = Pb2SiO4 + PbSiO3 726 59.7 0 40.3
L = PbSiO3 + SiO2 (Quartz) 721 41.2 0 58.8
L + MgO (Periclase) = PbO (Massicot) + Mg2SiO4 (Olivine) 873 96.8 0.25 2.9
L + PbO (Massicot) = Pb5SiO7 + Mg2SiO4 (Olivine) 731 78.8 0.40 20.9
L + Mg2SiO4 (olivine) = Pb5SiO7 + Pb8MgSi6O21 (Barysilite) 727 77.7 0.42 21.9
L + Pb5SiO7 = Pb11Si3O17 + Pb8MgSi6O21 (Barysilite) 725 77.1 0.29 22.6
L = Pb11Si3O17 + Pb2SiO4 + Pb8MgSi6O21 (Barysilite) 721 74.4 0.11 25.5
L = Pb2SiO4 + PbSiO3 + Pb8MgSi6O21 (Barysilite) 726 59.6 0.03 40.3
L + Mg2SiO4 (Olivine) = MgSiO3 (Protopyroxene) + Pb8MgSi6O21 (Barysilite) 731 41.4 2.5 56.1
L + Pb8MgSi6O21 (Barysilite) = MgSiO3 (Protopyroxene) + PbSiO3 725 41.2 2.4 56.4
L = MgSiO3 (Protopyroxene) + PbSiO3 + SiO2 (Quartz) 709 39.6 2.1 58.3
Saddle: L + Mg2SiO4 (Olivine) = Pb8MgSi6O21 (Barysilite) 851 57.1 2.4 40.5
Saddle: L = Pb8MgSi6O21 (Barysilite) + Pb2SiO4 743 66.5 0.07 33.4
Saddle: L = Pb8MgSi6O21 (Barysilite) + PbSiO3 762 50.2 0.36 49.5
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Fig. 5—Activities of PbO in the PbO–MgO–SiO2 system at (a) 1000 �C and (b) 1200 �C compared to the data by Richardson[34] and
Sugimoto[35]
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to the thermodynamic limit, it is predicted (from
Figure 3) that massicot (PbO) will form. More rapid
cooling of the refractory or shorter reaction times may
result in incomplete reaction and the formation of the
binary lead silicate phases, as indicated in the discus-
sion in Reference 38.

The detailed information on the relative stabilities of
the oxide phases through the development of the
thermodynamic databases provides important tools with
which to analyze the slag-refractory interactions. Exam-
ples of application of the methodology and the tech-
nique that can be used in the development of self-healing
refractories are given in References 4, 66.

V. SUMMARY

In the present study of the PbO–MgO–SiO2 ternary
system, the phase equilibria and liquidus isotherms in
the tridymite, cristobalite, olivine (forsterite), pyroxene
(protoenstatite), barysilite, massicot and periclase pri-
mary phase fields were measured. Liquidus isotherms in
the cristobalite and tridymite primary phase field were
determined. The isotherms on the liquidus surface in the
olivine (forsterite Mg2SiO4) primary phase field at
concentrations below approximately 35 mol pct SiO2

and up to 1200 �C were measured. The boundary lines
between the tridymite-pyroxene, pyroxene-olivine and
olivine-periclase phases were determined. The equilibria
between the cristobalite phase and two-liquid immisci-
bility region at 1650 �C was measured. The results were
also used for the improvement of the thermodynamic
database describing this complex Pb-containing system,
and the liquidus for the whole of the PbO–MgO–SiO2

ternary system is predicted. The results can also be used
to provide a clearer understanding of the chemical
reactions occurring between lead-containing melts and
refractory materials.
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