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

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

1. Introduction

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

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

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

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

2. Experimental

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

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

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

3. Results and Discussion
3.1. Determination of Equilibration Time

At the beginning of the study, suitable equilibration times were determined to ensure
that the equilibrium state was achieved in all experiments. The time needed to reach
equilibrium is affected by the mass transfer in the sample. Hence, achieving equilibrium
in the liquid phase with high viscosity is directly influenced by the low molecule trans-
portation rate. Both composition and temperature can influence liquid viscosity. In general,
the liquid phase with high SiO2 content is considered as highly viscous. In the present
study, we investigated the equilibration time for samples in selected primary phase fields
with high SiO2 content in the liquid phase at relatively low temperatures. The appropriate
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equilibration time was determined by examining the compositional homogeneity using
EPMA when the equilibration time was prolonged. Samples with identical initial com-
position were held at different temperatures and durations. Three phases were observed
from the microstructures of the quenched sample that was held for 24 h at 1073 K, indi-
cating the 24 h was not sufficient to allow the samples to reach equilibrium. As a result,
the equilibration time at 1073 K was increased to 72 and 168 h. Table 1. shows the com-
parisons of the samples held for 72 and 168 h at 1073 K, and 24 and 72 h at 1173 K and
1273 K respectively. It can be seen from the table that the phases present in the samples
with the same initial composition and different equilibration time are close. The results of
the samples in the SiO2 primary phase field demonstrated that equilibrium was achieved
within 72 h at 1073 K, and 24 h at 1173 and 1273 K.

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

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

Na2O SiO2 WO3

1073 72
168

Liquid 23.5 73.7 2.8
Tridymite 0.1 99.9 n.d

Liquid 23.4 73.6 3.0
Tridymite 0.2 99.8 n.d

1173 24
72

Liquid 22.1 74.2 3.7
Tridymite 0.3 99.6 0.1

Liquid 22.2 74.3 3.5
Tridymite 0.2 99.8 n.d

1273 24
72

Liquid 20.5 75.6 3.9
Tridymite 0.3 99.6 0.1

Liquid 20.4 75.8 3.8
Tridymite 0.2 99.7 0.1

3.2. Description of the Ternary Phase Diagram

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

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

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

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

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

Na2O SiO2 WO3

Sodium metasilicate primary phase field
WE1 1073 Na2SiO3 50.1 49.4 0.5

Liquid 37.5 48.8 13.7
WE2 1173 Na2SiO3 50.5 49.2 0.3

Liquid 38.7 56.1 5.2
WE3 1173 Na2SiO3 50.6 49.2 0.2

Liquid 38.2 54.4 7.4
WE4 1173 Na2SiO3 50.6 49.1 0.3

Liquid 37.9 48.9 13.2
WE5 1273 Na2SiO3 50.2 49.3 0.5

Liquid 38.9 43.0 18.1

Sodium disilicate primary phase field
WE6 1073 Na2Si2O5 32.8 67 0.2

Liquid 26.4 71.1 2.5

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

Liquid 23.5 73.7 2.8
WE8 1173 SiO2 0.3 99.6 0.1

Liquid 22.1 74.2 3.7
WE9 1273 SiO2 0.3 99.6 0.1

Liquid 20.5 75.6 3.9

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

Liquid -1 32.8 59.7 7.5
Phase boundary

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

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

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

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

SiO2 0.2 99.5 0.3

Only one liquid phase exists
WE14 1073 Liquid 28.4 66.3 5.3
WE15 1173 Liquid 36.8 53.8 9.4
WE16 1173 Liquid 24.0 71.3 4.7
WE17 1173 Liquid 26.3 68.5 5.2
WE18 1273 Liquid 40.6 48.7 10.7
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Table 3. Experimental conditions for investigating the Na2O-SiO2-WO3 system.

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

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

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

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

Crystalline Solid Structure Melting Temperature (K) Ref.

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

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

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

3.3. Comparisons with the Existing Ternary Phase Diagram

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

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

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

4. Conclusions

New phase equilibria information for the Na2O-SiO2-WO3 system were determined ex-
perimentally. A phase diagram targeting a high silica and low tungsten region
(40–100 wt% SiO2, 40–60 wt% Na2O, and 0–20 wt% WO3) was constructed with isotherms
of 1073, 1173, and 1273 K. The solubilities of WO3 in SiO2, Na2Si2O5, and Na2SiO3, and the
solubility of SiO2 in Na2WO4 were accurately measured using EPMA. The newly estab-
lished phase diagram was compared with the existing data and phase diagram. The present
study provides valuable information for the future development of the thermodynamic
database and development of tungsten extraction technology.
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