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The liquidus in the SiO,-rich corner was experimentally constructed at temperatures from 1400 °C to
1640 °C. The phase compositions of the liquidus studied were obtained by analyzing the quenched
samples employing Scanning Electron Microscopy/Energy Dispersive X-ray Spectroscopy (SEM/EDS) and
Electron Probe Micro-Analyzer (EPMA). The phase relationships of the stoichiometric compounds at
1200 °C and 1250 °C were determined by X-ray powder diffraction (XRD). Phase diagram of the BaO

—Si0; binary system was calculated based on the MTOX oxide database. The present experimental data
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were compared with the calculated phase diagram and showed a good agreement.
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1. Introduction

The BaO—SiO, binary system is of significant importance in
glass, ceramic technology and extractive metallurgy. The addition
of Ba0O—Si0,—B;03 glass into BaTiOs-based ceramics helps to
decrease the sintering temperature and refine the microstructure
[1—4], while the complex reaction of glass formation restricts the
improvement of density of energy storage of the BaTiOs-based
ceramics. Knowledge of the thermodynamic and experimental in-
formation of the liquid phase is critical to achieve optimal com-
positions and processes of glasses exhibiting optimized
photoluminescence effect. Meanwhile, the properties of alkaline
slags with respect to the behaviors of impurities have been known
for a long time, but they are not fully understood because of lack of
thermodynamic data on these systems [5]. However, interest in
these slags is rapidly increasing because of their ability to eliminate
hazardous impurities and to decrease the loss of valuable metals
into slags [6].

Barium oxide is considered as a more basic oxide than calcium
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oxide as the major basic constituent of ironmaking and steelmaking
slags [7—9]. The BaO—SiO, system is one part of BaO-containing
slags (BaO—MgO—Ca0—Al;03—Si0,) for extractive metallurgy in
refining. Good description of phase stabilities and thermodynamic
properties of BaO—SiO, system is essential for the completion of
this binary phase diagram and can serve as the foundation for the
extrapolation of BaO-bearing multi-components systems. In addi-
tion, it can contribute to complete the complex oxide database, for
example, MTOX database employed in smelting and refining [10].
Due to the high temperature (above 1400 °C) for the experiments of
the BaO—SiO, system, disagreement exists at certain compositional
regions in the available literature data. Consequently, extra phase
relation descriptions are required to acquire a better understanding
of this system.

The present work aims to investigate (1) the liquidus in the
SiO,-rich corner of the BaO—SiO, binary system from 1350 °C to
1640 °C; (2) the solid state phase equilibria of the stoichiometric
compounds at 1200 °C and 1250 °C and (3) to perform thermo-
dynamic calculation of this system on the basis of MTOX oxide
database [10]. For the sake of simplicity, symbols B and S were used
as abbreviations of BaO and SiO,, thus BsS, B,S, BS, B,S3, BsSg, B3Ss
and BS; stand for Ba3SiOs, BaySiO4, BaSiOs3, BaySi3Og, BasSigOs1,
BasSis013 and BaSi,Os if not stated otherwise.
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2. Literature review

The BaO—SiO; system was experimentally investigated and
thermodynamically calculated by several authors [11-21]. The
liquidus in the SiO,-rich region was firstly measured by Greig [11]
using the quenching technique. It was observed that the liquidus
rises steeply and then follows a flat curve from 85 to 97 mol% SiO;
at around 1680 °C. Greig [11] explained that with the melting
temperature of cristobalite of 1710 °C [12], it is impossible to draw a
liquidus line of normal shape which can fit these results. Therefore,
the melting point of cristobalite was re-measured again by Greig
[11] based on a serious of quenches and fixed at 1713 + 5 °C. By
means of quenching method in conjunction with microscopic ex-
amination, Kracek [13] constructed the cristobalite liquidus in the
alkali oxide-silica system (Mg, Ca, Sr, Ba, Li, Na, K, Rb and Cs) and
indicated no existence of miscibility gap from BaO to Cs,0. On the
other hand, a characteristic type of reverse S type cristobalite
melting curve was presented in the system with BaO, Li,O and
NayO. This S type liquidus in barium oxide-silica system was also
observed by Ol'Shanskij [ 14], focusing on the temperatures ranging
from 1600 °C to 2200 °C.

Eskola [15] measured the BaO—SiO, system employing the
quenching method. Ba,SiO4, BaSiOs3, BaySi3Og and BaSi;05 were
reported and a complete solid solution exists between dibarium
trisilicate and barium disilicate. Later, Levin et al. [ 16] constructed a
phase equilibrium diagram for the system BaO—B,03—SiO; by the
quenching method. The solid solution region was observed be-
tween BaySizOg and BaSi;Os5 extending into the interior of the di-
agram. Then Roth et al. [17] provided a revised phase diagram for
the subsystem Ba;Si30s—BaSi>Os5 that, on the contrary, a complete
solid solution series was not verified. According to the data ac-
quired by XRD, two new compounds were identified so that
Ba3SisOq3 melts incongruently at 1423 °C forming BasSigO,; and
liquid, and BasSigOz; melts congruently at 1446 °C. It was
mentioned by Roth et al. [17] that by comparing the X-ray diffrac-
tion patterns of Ba;Si30g, BasSigO21 and BasSisO13 with decreasing
BaO content, instead of a continuous shift in d (the height of the
strongest peak) values, as the characteristic feature for solid solu-
tions, two phases of constant d values always appeared. This
conclusion is in agreement with the work by Douglass [18]. All the
key experiments discussed above are listed in Table 1.

By means of CALPHAD (CALculation of PHAse Diagram) tech-
nique, Shukla [19], Romero [20] and Boulay [21] performed the
thermodynamic assessment of the BaO—SiO, system. The calcu-
lated results agree with the experimental measurements by Greig
[11] and Roth et al. [17]. The major discrepancy concentrates on the
shape of the liquidus at the SiO,-rich corner which belongs to the
focus of the present work.

3. Experiments
3.1. Sample preparation

BaCOs is widely used as the starting material to acquire BaO. The
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Fig. 1. Schematic picture of the furnace arrangement for equilibration experiment (a).

initial mixtures were prepared from reagent BaCOs3 (99.95 wt%, Alfa
Aesar, Germany) and SiO3 (99.99 wt%, Umicore, Belgium) powders.
They were dried at 150 °C for 24 h and then mixed with the molar
ratio (B:S = 1:9) and ground in an agate mortar, and finally
pelletized to the diameter of 5 mm and thickness of 4 mm in a
pressing tool. The mass of the pellets is less than 0.2 g. Small bulk of
the samples facilitated a good quenching. Platinum wire (99.99 wt
%, Johnson-Matthey Noble Metals, England) and commercial SiO,
crucibles (>99.98 wt%, OM Lasilaite Oy, Finland) were used for
suspending and holding the samples throughout the experiment.
Since platinum is inert under the experimental condition in the
present work and SiO; belongs the desired binary system, purity of
the system can be preserved.

3.2. Experimental apparatus and procedure

In order to measure the liquidus in SiO,-rich region and solid
state phase equilibria of the stoichiometric compounds, two
batches of experiments were conducted.

For the first batch (a), equilibration was accomplished in the
furnace (Nabertherm RHTV series vertical tube furnace, Germany)
with a vertical Al,03 work tube inside (Fig. 1). Before the experi-
ments, hot zone of the furnace was determined by establishing
thermal profile at 900 °C, 1200 °C and 1500 °C. A calibrated S-type
thermocouple (Johnson-Matthey Noble Metals, Royston, Herts, UK)

Table 1

Summary of the key experimental data in the literature.
Phase equilibria data Technique Ref.
Liquidus of SiO,-rich region from 1489 °C to 1690 °C Quenching [11]
Liquidus of cristobalite for alkali silicate mixtures Quenching [13]
Liquidus of SiO,-rich region from 1600 °C to 1800 °C Quenching [14]
Liquidus of tridymite, liquidus of solid solutions B,S—B,Ss3, melting temperature of BS, and B,S3 Quenching [15]
Solid solution region between BS; and B,S; Quenching and XRD [16]
Phase diagram for B,S—B,S3 subsystem with both end members as stoichiometric compounds, Polarizing microscope, quenching and XRD [17]

confirmation of B3Ss and BsSg
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Fig. 2. Schematic picture of the sample and sample holder arrangement.

was connected to a Keithley 2010 multi-meter (Cleveland, OH,
USA), and a cold junction compensation was connected to a
Keithley 2000 multi-meter (Cleveland, OH, USA) to measure the
ambient temperature with a Pt100 sensor (Platinum Resistance
Thermometer, SKS Group, Finland). The temperature data
throughout the experiments were collected using a NI LabVIEW
temperature logging program. The overall accuracy of the mea-
surements was estimated as +2 °C. Careful consideration was given
to the equilibration time. Time series of 4 h, 8 h, 12 h and 24 h was
tested to verify the suitable equilibration time. It was found that the
achievement of equilibria at and above 1400 °C was within 8 h and
longer diffusion time, 24 h, was required at 1350 °C. The attainment
of equilibrium was confirmed by two means: 1) for the quenched
samples equilibrated at different hours, checking the phases via
backscattered electron (BSE) graphs that co-existence of molten
phase and crystals at 1400 °C—1640 °C and solid—solid phases at
1350 °C were found; 2) The chemical analysis using Scanning
Electron Microscopy/Energy Dispersive X-ray Spectroscopy (SEM/
EDS) to check the consistency of compositions of different phases
that the results were consistent.

The pelletized sample was placed in a quartz crucible and sus-
pended using a platinum wire from the bottom of the work tube to
the hot zone (Fig. 2). The top and bottom of the work tube are open
to the atmosphere. Then the sample was held at target temperature
to complete the equilibration. After the equilibration was obtained
at specific temperature and time, a bottle of a mixture of ice and
water was placed under the bottom of the work tube, and then
quartz crucible along with the sample was rapidly dropped and
quenched by cutting the platinum wire. The quenched sample was
dried and mounted in an epoxy resin. To acquire the cross section of
the mounted sample, the solidified epoxy resin was ground and
polished without introducing water and lubricant. Then the pol-
ished specimen was carbon coated using a Leica EM SCD050 Coater
(Leica Mikrosysteme GmbH, Wien, Austria) and analyzed by

Scanning Electron Microscopy (SEM, A LEO 1450, Carl Zeiss Mi-
croscopy GmbH, Jena, Germany) with Energy Dispersive X-ray
Spectroscopy (EDS, Link Inca X-sight 7366, Oxford Instruments plc,
Abingdon, Oxfordshire, UK) to achieve the microstructures and
phase compositions. The accelerating voltage was 15 kV and
employed standards were Barite for Ba and Quartz for Si. To guar-
antee the accuracy of chemical analysis, Electron Probe X-ray
Micro-Analyzer (EPMA, CAMECA SX 100, Cameca SAS, France)
equipped with five wavelength dispersive spectrometers at
Geological Survey of Finland (GTK) was employed. The analyses
were performed on every sample at different locations of the
phases with total 10 points. The accelerating voltage was 15 kV and
beam current was 6 nA. The analyzed lines and standards used
were O Ka (hematite), Ba La (barite) and Si Ka (quartz).

For another batch of experiments (b) to investigate phase
equilibria of stoichiometric compounds, in order to avoid the for-
mation of barium peroxide at low temperatures, the equilibration
was conducted in the protection of argon (99%) and hydrogen (1%).
A filter was employed to remove moisture in the gas before flushing
into the furnace. A horizontal tube furnace (Heraeus, ROS 4/50,
Germany) was employed for the equilibration experiments (Fig. 3).
The same method mentioned for experiment batch (a) was adopted
to determine the hot zone of this furnace. Five samples with
varying compositions were seated on the net made of platinum
wires (to avoid contact with alumina) and then put in an alumina
crucible boat. The crucible boat was placed at the hot zone of the
furnace with flushing gas of Ar (99%) and H; (1%). The quenching
was conducted by using a hook to pull the boat out of the furnace
and placing into the icy water. In order not to introduce water and
contaminations to the samples, they were seated on the boat
without contacting water. Two heat-treatment curves were
applied, (i) elevating from room temperature to 1200 °C holding for
20 h and quenching in air and icy water and (ii) elevating from
room temperature to 1250 °C holding for 20 h and quenching in air
and icy water. The quenched samples were ground into powders
and analyzed via X-ray powder diffraction (XRD, PANalytical X'Pert
Pro Powder, Almelo, Netherlands) and software HighScore Plus 4.1
for the identification of the phase assemblages.

4. Results and discussion
4.1. Phase identification and quantification

The quenched samples in the equilibration experiments batch
(a) were analyzed employing SEM/EDS and EPMA. EDS owns a
weak capability to accurately detect the oxygen content, therefore,
EPMA was used to acquire more accurate results. No concentration
gradient exists in all the phases of each sample. For the samples
equilibrated and quenched at temperatures from 1400 °C to
1620 °C, two homogeneous phases were detected which are molten

Thermal couple ————»{

Sealing cap

A Alumina crucible boat—pflAA A @R °
Workingtwbe (77777 i

Tube for flushing gas

Cooling jacket

Heating element

Fig. 3. Schematic picture of the furnace arrangement for equilibration experiment (b).
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Fig. 4. Back-scattered electron micro-images of samples quenched at (a) 1640 °C, (b) 1500 °C, (c) 1400 °C and (d) 1350 °C. For (a), (b) and (c), dark crystals are SiO, and non-
crystalline glassy phase is molten phase. For (d), lightest density phase (dark phase) is SiO, (phase 1), intermediate density phase is BS, (phase 2, wrapping around the SiO;)

and Ba-rich high density phase is BS (phase 3).

phase and SiOy; and for the temperature at 1350 °C, three
distinctive phases were found as BS, BS; and SiO,. The raw data
acquired by EPMA are provided in Table 2 with the weight per-
centage of each element. The total amount of each analysis is
100% + 3% which demonstrates the success of quenching and
guarantees the accuracy of the following calculations.

The normalized EPMA results together with EDS results are
presented in Table 3. The individual standard deviations of the
EPMA results were calculated and included in the table. It can be
observed that the measurements by the two techniques agree well
and complete homogeneity of molten phase was achieved in the
equilibration and quenching. For the temperatures studied in the

present work, the solubility of BaO into SiO, as depicted in the
Table 3 is small and negligible (lower than 0.2 mol% SiO,). This
corresponds with the phase diagram experimentally constructed
and thermodynamically calculated by the authors [11,15,19—21]
that no solubility of BaO in SiO; is presented.

The phase assemblages identified by XRD for the experiment
batch (b) are listed in Table 4. Since the XRD patterns of the samples
quenched at 1200 °C and 1250 °C are similar, only the pattern at
1250 °C in this batch are presented in Fig. 5. The results are
consistent for the two temperatures studied, 1200 °C and 1250 °C. A
minority of BS phase was detected in the samples 4# and 5#. In the
view of thermodynamics, phase BS requires more energy to

Table 2
Summary of primary data of the quenched samples in experiment batch (a) analyzed using EPMA.
Temperature Molten phase (wt.%) Si0, (Wt.%)
(o] Ba Si Total (0] Ba Si Total
1640 °C 38.13 24.87 + 033 34.74 £ 0.18 97.74 50.82 0.11 + 0.04 47.40 + 0.14 98.33
1620 °C 40.53 24.53 + 0.38 34.03 + 0.27 99.09 52.27 0.10 £ 0.1 47.44 £ 0.57 99.81
1600 °C 33.94 35.03 £ 0.37 30.04 + 0.31 99.01 52.08 0.15 + 0.08 47.38 +0.12 99.71
1550 °C 33.75 38.03 +0.11 27.61 £ 0.1 99.39 52.14 0.17 + 0.08 46.27 + 0.39 98.58
1500 °C 34.17 39.06 + 0.14 26.26 + 0.14 99.49 52.20 0.18 + 0.07 47.04 +0.11 99.42
1450 °C 32.84 41.92 + 0.09 25.14 + 0.09 99.9 52.52 0.18 + 0.04 47.12 +£0.15 99.82
1430 °C 32.90 41.50 + 0.18 24.99 + 0.21 99.39 52.76 0.22 +0.14 46.25 + 0.63 99.23
1400 °C 32.06 42.63 +0.19 24.75 £ 0.1 99.44 52.41 0.22 + 0.05 46.69 + 0.17 99.32
1350 °C BS, (wt.%) SiO, (wt.%)
30.14 49.30 + 0.34 20.06 + 0.29 100.04 52.95 0.17 + 0.03 46.38 = 0.11 99.5
BS (wt.%)
23.46 62.74 + 0.5 13.21 £ 0.23 99.41
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Table 3
Comparison of the phase composition of the molten phase and the primary crystals analyzed by EPMA and EDS.
Temperature Phase EPMA (mol%) EDS (mol%)
Si0, BaO Standard deviation (o) SiO, BaO
1640 °C Molten phase 86.55 13.44 0.26 87.7 123
SiO; 99.95 0.05 0.02 99.8 0.2
1620 °C Molten phase 86.99 13.01 0.27 87.5 125
Si0, 99.93 0.07 0.04 99.9 0.1
1600 °C Molten phase 79.65 20.35 0.2 81.6 184
SiO; 99.96 0.04 0.01 99.8 0.2
1550 °C Molten phase 77.40 22.60 0.1 78.2 21.8
Si0; 99.93 0.07 0.03 99.8 0.2
1500 °C Molten phase 76.60 23.40 0.09 77.6 224
Si0, 99.92 0.08 0.03 99.8 0.2
1450 °C Molten phase 74.35 25.65 0.1 75.7 243
SiO; 99.92 0.08 0.02 99.9 0.1
1430 °C Molten phase 74.53 2547 0.15 75.1 249
Si0, 99.90 0.10 0.06 99.8 0.2
1400 °C Molten phase 73.57 2643 0.08 73.9 26.1
SiOy 99.90 0.10 0.03 99.8 0.2
1350 °C BS, 67.36 32.64 0.28 66.5 335
BS 51.71 48.29 0.66 51.5 48.5
SiO; 99.92 0.08 0.01 99.0 1
Table 4

Summary of X-ray analysis of samples (1-5#) in the equilibration experiment (b).

Equilibration condition

Samples (molar ratio of BaO: SiO,)

1# (0.7:0.3) 2# (0.6:0.4) 3# (0.45:0.55) 4# (0.39:0.61) 5# (0.35:0.65)
Argon (99%) + Hy (1%) B3S + B,S B,S + BS B,S3 + BS B,Ss + BsSg + BS (trace) BsSs + BS, + BS and B,Ss (trace)
1200 °C, 42 h — air and icy water quenching
Argon (99%) + H; (1%) B3S + B,S B,S + BS B,S; + BS B,S3 + BsSg + BS (trace) BsSs + BS, + BS and B,Ss (trace)

1250 °C, 42 h — air and icy water quenching

decompose compared with BsSg and BS;, because it has larger Gibbs
energy than the other two phases. The evidence to prove this
explanation can be obtained from the calculated molar Gibbs en-
ergy of all the stoichiometric compounds of the system in Fig. 6. The
molar Gibbs energies were obtained from the MTOX oxide database
[10].

4.2. Microstructural morphology

The typical back-scattered electron micrographs are shown in
Fig. 4. Since the phases in different samples quenched at

BS6  BSO  BSO  BS,® BS Y BS+

Intensity (Counts)
o

2 Theta (°)

Fig. 5. X-ray diffraction patterns of samples in the experiment batch (b).

1400 °C—1640 °C possess similar morphology, the graphs in Fig. 4
are the representative ones. The co-existence of crystals and non-
crystalline molten phase can be observed at and above 1400 °C.
As temperature decreases from 1640 °C to 1400 °C, the amount of
molten phase is depleting accordingly with more crystals forming.
For the sample quenched at 1350 °C (d) in Fig. 4, no liquid phase
was identified but three phases with different densities can be
found. On the basis of the EDS and EPMA results, they are SiO; (dark
phase), BS, (wrapping around SiO;) and BS (Ba-rich high density

-700

-800

-900

Gm, kJ/mol

-1000

-1100

1 L 1 L 1 i
500 1000 1500 2000
Temperature, °C

Fig. 6. Calculated molar Gibbs energies of the stoichiometric compounds in the
Ba0—SiO, system based on MTOX oxide database [10].
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Fig. 7. Calculated phase diagram of the BaO—SiO, system, compared with the present experiments and literature data.

phase). A study made by Ref. [23] concerning the reaction sequence
between barium carbonate and aluminum oxide presents a
possible mechanism that barium oxide firstly reacts with
aluminum oxide to form BA (BaAl,04) as an intermediate phase,
and then BA reacts excess aluminum oxide to give BAg (BaAl12019)
which is the compound containing highest amount of aluminum
oxide in the BaO—Al,03 system. This study can be used as an
analogy to interpret the co-existence of three phases in the sample
equilibrated and quenched at 1350 °C in the present work. The
firstly formed BS phase reacted with excess SiO; to achieve BS;. And
a trace amount of BS was remained due to the highest molar Gibbs
energy itself as discussed in the Section 4.2. Further investigation is
required to verify this possible mechanism applied in BaO—SiO;
binary system.

4.3. Thermodynamic calculations

The calculation of the BaO—SiO; system was carried out with
MTDATA, version 5.10 []. The assessed thermodynamic parameters
in MTOX database version 81 [10] were employed for the
description of molten phase, BS, B>S, B3Ss, B5Sg, B2S3, B3S and BS,.

In Fig. 7, the present experimental points and the available
literature data are compared with the calculated phase diagram of
the BaO—SiO; system based on the MTOX oxide database [10]. The
calculation can well reproduce the present experimental data for
liquidus. According to the analyzed results for the sample quenched
at 1350 °C, no molten phase can be found and at 1400 °C liquid
coexisting with SiO, can clearly be observed. Consequently, the
estimated temperature of the eutectic reaction, liquid —
BS, + tridymite, is between 1350 °C and 1400 °C, which is a little

lower than the calculated eutectic reaction temperature (1405 °C)
in Fig. 7. More experimental equilibria data and a new thermody-
namic assessment are needed in the future to confirm the exact
eutectic temperature of this reaction.

5. Conclusions

The liquidus in the SiO,-rich region of the BaO—SiO, binary
system was experimentally constructed based on the EPMA and
SEM/EDS results by analyzing the samples quenched at tempera-
tures from 1400 °C to 1640 °C. Coexistence of a homogeneous
molten phase and SiO; was observed and quantified. The solubility
of BaO in SiO, is smaller than 0.2 mol% SiO, and negligible. The
stabilities of B3S, B,S, BS, B»S3 and BsSg were confirmed at 1200 °C
and 1250 °C. The temperature of the eutectic reaction, liquid —
BS; + tridymite, was estimated to be between 1350 °C and 1400 °C.
Phase diagram of the BaO—SiO, system and molar Gibbs energy of
B3S, B,S, BS, B;S3 and BsSg were calculated on the basis of MTOX
oxide database [10] using the software MTDATA [22]. The calcu-
lated liquidus in the SiO»-rich side agrees well with the measured
liquidus in the present work. In the future studies, particular
attention in respect of thermodynamic assessment and experi-
mental measurements should be paid to the solid-state decompo-
sition temperatures of the phase B3S in the BaO-rich corner and the
phase B3Ss existing between BsSg and BS,.
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