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Abstract
The Na2O-SiO2-TiO2 system is important for the glass, ceramic, and metal-
lurgical industries. Its features provide information on the composition and
melting temperature to be utilized during the production of glass and ceramic
and during the processing of TiO2-bearing material in the metallurgical indus-
try. The liquidus temperatures between 900 and 1600◦C in the ternary system
at saturation of solid SiO2, TiO2, Na2Ti6O13, Na2SiTiO5, and Na2Ti3O7 were
measured using the equilibration-quenching energy-dispersive X-ray spec-
troscopy/Electron Probe Microanalyzer technique. A wide range of liquidus
compositions were obtained with Na2O between 0 and 41.7 mol% in the SiO2-
and TiO2-rich regions. The present study provides liquidus data at 1500 and
1600◦C for the first time. Liquidus temperatures at various double saturations
were also obtained in the present investigation to determine univariant lines in
the phase diagram. The present experimental data were compared with previous
investigations and computed phase diagrams. The data obtained in the present
investigation can be employed to optimize the thermodynamic properties and
phase diagrams of the Na2O-SiO2-TiO2 system.

KEYWORDS
ceramics, phase diagram, slag, titania glass

1 INTRODUCTION

The Na2O-SiO2-TiO2 system is vital for the glass and
ceramic industries and metallurgical applications. One
of the factors determining the success of the melting
and annealing process during soda silica-titania glass-
making is the understanding ofNa2O-SiO2-TiO2 phase dia-
grams. Recently, the Na2O-SiO2-TiO2 system has attracted
increasing attention for many investigations in glass and
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ceramic technology and science. Na2O-SiO2-TiO2 is the
parent mixture in producing infrared glasses, with the
addition of rare earth oxides, for example, La2O3 and
Y2O3.1 TiO2 doping of glass, such as sodium borosilicate,2
can improve its chemical durability by reinforcing the
glass structure. The addition of TiO2 to soda-lime glass
can improve the thermal expansion and refractive index3,4
of the glass. In extractive metallurgy, soda is added to
the smelting process to control the viscosity and remove
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the impurities as slag.5,6 Na2O fluxing in the form of
Na2CO3 can improve the recovery and kinetics of iron
separation from SiO2-Na2O-TiO2 slag that is titania-rich
during the carbothermic reduction of ilmenite.7,8 The for-
mation of soluble sodium compounds is crucial in numer-
ous metal extraction processes.9,10 In the extraction of
vanadium from titania-rich slag, the aim is to form sodium
aluminosilicate, which can be leached to separate vana-
dium and titanium from impurities. Therefore, a complete
mapping of areas where there is a fully molten liquid or a
liquid saturated with stable compounds at a specified tem-
perature is vital for glass synthesis and slag formation in
the glass andmetallurgical processes. This information can
be derived from the phase assemblages in the Na2O-SiO2-
TiO2 diagram. However, the reported phase diagrams of
the Na2O-SiO2-TiO2 system are very limited, and mostly
based on the study of Glasser and Marr.11
They11 investigated the Na2O-SiO2-TiO2 system using

melting, quenching, and petrographic methods. The glass
samples at a specific composition for the melting and
quenching experiments were prepared fromNa2CO3, SiO2,
and TiO2 mixtures. Each mixture was melted in the
targeted conditions and quenched. The chemical com-
position analyzed before and after preparation using the
atomic absorption method indicated that Na2O was evap-
orated at high temperatures. The glass samples were then
heated and quenched to study the phase equilibria. The
phase assemblages in the quenched samples were exam-
ined using optical microscopy. It was reported that, after
remelting the glass between 1200 and 1300◦C for a certain
period, the evaporation of Na2O was significant. Through
this method, the evaporation of soda most likely affected
the composition at liquidus temperature, resulting in the
observed liquidus composition with a lower Na2O content
than that calculated in the initial glass mixture. Further-
more, when using this method, the liquidus temperature
can only be estimated from the composition of the pre-
pared initial glass mixture, including the composition at
900–1400◦C reported by Glasser and Marr.11 Therefore,
this system needs to be reinvestigated with a more reliable
experimental technique that can control the evaporation
and initial mixture problems.12–14
Glasser and Marr11 reported a ternary compound

of Na2TiSiO5 that melts congruently at 965◦C, and
Na2TiSi4O14, Na2Ti2Si2O7, and Na2TiSi2O7 which have
incongruent melting points of 919, 919, and 852◦C, respec-
tively. The reported liquid compositions at these solid
saturations and the corresponding primary phase fields
were drawn in the ternary diagram. Nevertheless, the
investigation extended only up to 1400◦C, whereas for
metallurgical applications, information at higher tem-
peratures is needed since, for example, the reduction
process involving titania-bearing slag operates from 1500
to 1600◦C. Therefore, the phase equilibrium data at 1500

and 1600◦C are needed. In addition, liquidus contours in
the ternary diagram reported,11 especially at low SiO2 con-
centrations, were only estimated. They are presented by a
dashed line in the diagram. Thus, the composition mea-
surements of the liquid phase at low concentrations of SiO2
andmultiple solid phase saturation are required to provide
comprehensive phase diagrams.
Hamilton and Cleek15 measured the liquidus temper-

ature of the Na2O-TiO2-SiO2 system by temperature gra-
dient technique. The liquidus data were obtained with
the Na2O and TiO2 contents in the glass varying from
0 to 35 mol% and from 0 to 45 mol%, respectively, at
SiO2, Na2Si2O5, Na2SiO3, and Na2SiTiO5 saturations. They
found that in the mixture containing 25 to 35 mol% Na2O,
the increase in the TiO2 will increase the liquidus tem-
perature of the glass. The maximum liquidus temperature
they reported is only up to 1200◦C. Vanis et al.16 measured
the liquidus temperatures of the Na2TiO2–Na2SiTiO5 joint
by using petrographic and DTA methods and reported an
eutectic temperature of around 800◦C.
Thermodynamic assessment of binary Na2O-TiO2 and

SiO2-TiO2 systems have been undertaken by several
investigations and different melt models were employed.
Kirschen et al.17 modeled the excess properties of TiO2-
SiO2 melts by using the Margules type model and opti-
mized the system by using a linear programming tech-
nique. They17 reported the miscibility gaps in the system
with the critical temperature of 2612◦C. The sub-regular
model was employed by Kirillova et al.18 to illustrate the
SiO2-TiO2 melts. They18 reported computed phase diagram
with the miscibility gap at a critical temperature of 2143◦C
only, far below the temperature reported by Kirschen
et al.17 Modified Quasi-Chemical model was employed by
Eriksson and Pelton,19 and Wu et al.20 to describe molten
oxide and least squaremethodwas employed for optimiza-
tion. Binary phase diagrams of Na2O-TiO2 and Na2O-SiO2
computed and reported by Eriksson and Pelton,19 and Wu
et al.20 respectively. Kang et al.21 used the Modified Quasi-
Chemical model to describe the molten SiO2-TiO2-Ti2O3
system. It is clear that the binary systems of Na2O-TiO2,
SiO2-TiO2, and Na2O-SiO2 have been assessed.17–21 How-
ever, there is no report in the literature about the modeling
and optimization of the Na2O-SiO2-TiO2 system. There-
fore, a detailed investigation to generate new liquidus data
of the Na2O-SiO2-TiO2 system, in addition to the data by
Glasser and Marr,11 is advantageous for re-optimizing the
existing model.

2 METHODS

In the present investigation, the equilibration-quenching
energy-dispersive X-ray spectroscopy/Electron Probe
Microanalyzer (EDS/EPMA) technique was employed.
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TABLE 1 Chemicals employed in the present study.

No. Chemicals Supplier Purity (wt%)
1 Na2CO3 Sigma Aldrich 99.9
2 SiO2 Umicore 99.9
3 TiO2 Sigma Aldrich 99.8

F IGURE 1 Schematic arrangement of the sample holder.

The temperature intervals were specified for investigating
the isothermal sections. The compositions of the equilib-
rium phases were measured directly from the quenched
samples. The final phase compositions were determined
using EDS/EPMA analyses. The initial batch compositions
were pre-determined from preliminary estimates of the
phase assemblages and their compositions at the target
temperatures. By applying the quenching technique, solid
phases at high temperatures were retained and the liquid
phase was transformed into glass or a microcrystalline
phase at room temperature.

2.1 Preparation of the samples

The high-purity TiO2, Na2CO3, and SiO2 chemicals listed
in Table 1 were employed in the present investigation. The
precursorswereweighed andmixed in an agatemortar and
then pressed using a 5 MPa pressing tool to form 0.15 g pel-
lets. The samples were then placed in platinum crucibles.
A schematic design of the sample holder is presented in
Figure 1. The behavior of Na2O during the experiment
needs to be understood to obtain the targeted paths in
the final equilibrium condition. An excess of Na2O in the
initial mixture was crucial to compensate for Na2O evapo-
ration. Although Na2O evaporated and changed the initial
bulk composition and tie line, the final liquidus composi-

F IGURE 2 Schematic arrangement of the furnace.

tion followed the same liquidus line, that is, the different
tie lines ended up in the same liquidus line.

2.2 High-temperature
isothermal-equilibration experiments

The samples were equilibrated inside a vertical tube
furnace (Nabertherm RHTV 120–150/18, MoSi2 heating
elements). The tube of the furnace was made of dense sin-
tered (impervious) alumina. The samples were hung on a
platinum wire in the hot zone of the furnace. A brass head
with two holes for two small alumina tubes was installed
on the top of the furnace, one tube for the sample wire
and another for the external thermocouple which mea-
sured the sample temperature. Awater-cooling systemwas
installed at the top and bottom of the furnace. The external
thermocouple was a calibrated S-type made from Pt and
Pt-Rh wires (Johnson-Matthew). The temperature uncer-
tainty was approximately ± 3◦C. The thermocouple was
connected to 2010 DMM and 2000 DMM Keithley multi-
meters (Keithley Instruments, USA) for the hot and cold
junctions, respectively, and computer software to record
the temperature of the sample continuously every 5 s. The
bottom of the furnace was open to the air to obtain an
oxygen partial pressure of 0.21 atm so that the titanium
was oxidized into Ti4+ in all phases during the equili-
bration process.22 A schematic diagram of the furnace
arrangement is presented in Figure 2.
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6310 SANTOSO et al.

F IGURE 3 Microstructure of a sample of the Na2O-TiO2

system quenched from 1300◦C.

2.3 Quenching of the sample

To quench the samples, they were dropped into ice-cold
water. Compositions of the phases stable at high temper-
atures were retained after quenching. The liquid phase
was preserved as a glassy phase. Samples that contained
low SiO2 could not be retained as a glassy liquid phase
once quenched at 1400◦C; instead they formed a micro-
crystalline structure. Figure 3 shows a sample quenched
from 1300◦C. The glassy structure only formed around the
surface that contacted the icy water first. The liquid phase
located beyond≈100 µm from the surface was unavoidably
partially crystallized. Therefore, for the experiment on the
binary Na2O-TiO2 without SiO2, the well-quenched phase
was analyzed only up to 1300◦C. However, when SiO2 was
added to themixture, well-quenched phaseswere obtained
up to 1600◦C.

2.4 Equilibrium confirmation

Attainment of equilibrium was evaluated by checking the
homogeneity of the sample to ensure the absence of con-
centration gradients in the quenched samples. The glass
phasewas homogeneous,meaning that the analyzed phase
represented the equilibrium composition where all ele-
mentary reactions were completed during equilibration
and no changes took place during quenching. Variation
of equilibration time was also considered for ensuring
equilibrium conditions. Experiments were performed at
different holding times and at specific temperatures. For

TABLE 2 Standards used in the Electron Probe Microanalyzer
(EPMA) measurements.

Element O Na Si Ti
X-ray line Kα Kα Kα Kα
Standard material Olivine Tugtupite Quartz Rutile

equilibration at 900◦C two days of experiments were per-
formed to guarantee the reaction had reached equilibrium,
whereas three hours was enough for the experiments at
1500◦C. In addition, the attainment of equilibrium was
also evaluated by approaching the final condition from
two directions, that is, by directly heating the sample to
the target temperature and then superheating the sam-
ple to 200◦C higher than the target temperature before
cooling down to the target equilibration temperature. The
nearly identical results from both scenarios confirmed
their equilibrium states.

2.5 Compositional analysis

The chemical compositions of the quenched phases
were examined by scanning electron microscopy (Mira3;
Tescan) equipped with EDS (ThermoFisher Scientific
UltraDry) at Aalto University and compared to the EPMA
(SX100; Cameca) results of the selected samples. The
EPMA analyses were conducted at the Geological Survey
of Finland (GTK). Since the glass phase contained Na2O,
the concentration of which might decrease during analy-
sis, the device parameters had to be adjusted to avoid the
depletion of Na2O.23,24 During the EDS analyses, the accel-
eration voltage and beam current were set to 15 kV and 11
nA, respectively. In the EDS composition measurements,
area analyses were used instead of spot analyses. The stan-
dards employed for EDS analysis were tugtupite, quartz, Ti
metal, and olivine for Na, Si, Ti, andO, respectively. For the
EPMA measurements, the accelerating voltage and beam
current were 20 kV and 20 nA, respectively. A focused or
defocused beam (diameter from 5 to 10 µm) was employed
depending on the available phase areas. The EPMA results
were corrected using the PAP online correction program
to handle the Na modification.23–25 The natural and syn-
thetic minerals and metals listed in Table 2 were applied
as external standards in the EPMAmeasurement.
Table 3 shows the comparison between the EDS and

EPMA analysis results for the liquid (glassy structure) and
solid phases formed during the equilibration of sample
#325. The EDS analysis was in good agreement with the
EPMAmeasurement for both liquid and solid phases. This
means that the EDS method with the standards applied
is reliable and can be used for analyzing the quenched
phases containing Na2O, SiO2, and TiO2 in the present
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SANTOSO et al. 6311

TABLE 3 Comparison between the results of Electron Probe Microanalyzer (EPMA) and energy-dispersive X-ray spectroscopy (EDS)
measurements for sample #325.

EPMA (mol%) EDS (mol%)
True stoichiometric
composition (mol%)

Na2O SiO2 TiO2 Na2O SiO2 TiO2 Na2O SiO2 TiO2 Phase
24.30 0 75.40 24.91 0 74.80 25.00 0 75.00 Na2Ti3O7

14.12 0 85.83 14.83 0 84.94 14.29 0 85.71 Na2Ti6O13

28.7 26.9 44.3 30.5 24.7 44.8 Liquid

F IGURE 4 Micrographs of the liquid at saturation with (A) SiO2, (B) TiO2, (C) Na2Ti3O7, and (D) Na2Ti6O13.

investigation. For the solid phases, the difference between
the EDS results and the stoichiometric values was less than
1 mol%. A chemical analysis uncertainty of around 2 mol%
was found for the EDS analysis of the liquid phases. For
the liquid phase analysis of Na2O and TiO2, the difference
between EPMA and EDS analysis was less than 2 mol%. In
addition, the reliability of the EDS can be evaluated from
the result of the solid phases analysis. This is because the
theoretical stoichiometric compositions of the solid were
known, and measurement of the liquid phases was carried

out together with that of the solid phases, and the applied
parameters and standards were not changed.

2.6 Computation of phase diagram

The experimental data obtained in the present inves-
tigation were compared with the computed ternary
diagrams with MTDATA software, utilizing the HTOX
database (earlier MTOX), version 9.126 by Hampton
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6312 SANTOSO et al.

F IGURE 5 Micrographs of the liquid at saturation with (A) Na2SiTiO5, (B) TiO2 and Na2Ti6O13, (C) SiO2 and TiO2, (D) Na2Ti6O13 and
Na2TiO5, (E) Na2TiO5 and Na2Ti3O7, and (F) Na2Ti3O7 and Na2Ti6O13.

Thermodynamics Ltd. HTOX database for the Na2O-SiO2-
TiO2 system was derived based on experimental data
available in the literature including the data from Glasser
and Marr.11 Liquidus data calculated using FactSage 8.1
and FToxid database27 were also compared with the data

obtained in the present investigation. The model used in
the MTOX database26 of MTDATA is an associated species
model described in Barry et al.28 and validated in sev-
eral publications, for example, Taskinen et al.29 and Gisby
et al.26
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TABLE 4 Phase assemblages and their microstructures
obtained in the present study.

# Phase assemblages
Microstructure
figure

1 Liquid + SiO2 4A
2 Liquid + TiO2 4B
3 Liquid + Na2Ti3O7 4C
4 Liquid + Na2Ti6O13 4D
5 Liquid + Na2TiSiO5 5A
6 Liquid + SiO2 + Na2Ti6O13 5B
7 Liquid + SiO2 + TiO2 5C
8 Liquid + Na2Ti6O13 + Na2SiTiO5 5D
9 Liquid + Na2SiTiO5 + Na2Ti3O7 5E
10 Liquid + Na2Ti6O13 + Na2Ti3O7 5F

3 RESULTS AND DISCUSSION

In the present investigation, 10-phase assemblages of liq-
uid phase saturated with one or multiple solid phases
were obtained. The phase assemblages were liquid satu-
rated with a single solid phase of SiO2 (Figure 4A), TiO2
(Figure 4B), Na2Ti3O7 (Figure 4C), Na2Ti6O13 (Figure 4D),
Na2SiTiO5 (Figure 5A), and a doubly saturated liquid
with phases of TiO2 and Na2Ti6O13 (Figure 5B); SiO2 and
TiO2 (Figure 5C); Na2Ti6O13 and Na2SiTiO5 (Figure 5D),
Na2SiTiO5 and Na2Ti3O7 (Figure 5E), and Na2Ti6O13 and
Na2Ti3O7 (Figure 5F), as shown in Table 4. The com-
positional EDS analyses of the quenched samples are
shown in Table 5 and their microstructures are presented
in Figures 4 and 5. The compositions of liquid in sat-
uration with two solid phases compared with HTOX26
and FToxid27 databases are presented in Table 6. The
data and the suggested phase relations obtained in the
present investigation are reported as isothermal sections in
Figures 6–13, from 900 to 1600◦C, respectively, and com-
pared with the results from Glasser and Marr11 and the
liquidus line computed using the HTOX database.26 The
liquid composition at one solid phase saturation is pre-
sented as experimental tie lines in the diagrams, while the
liquid composition in equilibrium with two solid phases is
presented as the tie triangle. The data are also plotted as
liquidus projections in Figure 14.
The present investigation measured the new liquidus

composition data at SiO2 saturation at 1500 and 1600◦C.
The previous work by Santoso and Taskinen12 on the
Na2O-SiO2 binary system was plotted on the graphs and is
consistent with the current experimental data, as shown in
Figures 6–13. The primary phase field of SiO2 is wider than
that reported by Glasser and Marr11 meaning that liquid at
SiO2 saturation can dissolve more TiO2 than determined
by Glasser and Marr.11 It also means that in the present

investigation, the univariant line, the intersection of the
field of SiO2 and TiO2, is shifted to the TiO2 apex. The liq-
uidus temperatures for the compositions located close to
the univariant line are significantly different from those of
Glasser and Marr.11 For example, the mixture with mole
fractions of 0.096, 0.676, and 0.228 (sample #82) for Na2O,
SiO2, and TiO2 is fully molten far above 1400◦C according
to their work.11 In contrast, the mixture of sample #82 is
fully molten at temperatures just above 1300◦C, based on
the data obtained in the present investigation.
At 1000–1200◦C, the liquidus composition at SiO2 sat-

uration and the univariant line where the liquid phase
is saturated with two solid phases, SiO2 and TiO2, are in
good agreement with the prediction of the HTOX database
26 (Table 6). FToxid27 predicts this univariant composi-
tion slightly higher and lower in SiO2 and TiO2 content
in the liquid (Table 6) sample #117. For example, the con-
centration of SiO2 and TiO2 in the mole fraction of sample
#117 obtained in the present investigation are 0.65 and
0.212, respectively. According to HTOX26 concentrations
of SiO2 and TiO2 are 0.656 and 0.216, respectively and
FToxid27 predicts the concentration of SiO2 and TiO2 are
0.673 and 0.912, respectively. However, at a high tempera-
ture of 1500◦C, the liquidus at SiO2 saturation obtained in
the present investigation shows lower silica concentrations
than the HTOX prediction26 and in good agreement with
FToxid prediction.27
The present investigation also determined new liq-

uidus compositions at TiO2 saturation at 1500 and 1600◦C.
At TiO2 saturation, the liquidus line of 1400◦C drawn
by Glasser and Marr11 could cut the liquidus line of
1200◦C obtained by the present investigation. This indi-
cates that the liquidus points of some TiO2-rich mixtures
obtained in the present investigation are 200◦C lower
than those reported by Glasser and Marr.11 Despite the
apparent differences, the data of the present investi-
gation at TiO2 saturation are in good agreement with
the HTOX prediction26 at low and high temperatures,
as shown in Figures 7 and 13, respectively. However,
FToxid27 computed the liquidus composition at TiO2 sat-
uration slightly higher in Na2O concentrations at 1500 and
1600◦C.
The liquid composition at double solid saturations of

TiO2 and Na2Ti6O13, however, displayed a much lower
SiO2 content than the prediction by the HTOX26 and
FToxid27 databases. For example, based on the data
obtained in the present investigation, SiO2 concentra-
tion in the liquid phase in equilibrium with TiO2 and
Na2Ti6O13 phases at 1000◦C is 0.458 in mole fraction,
whereas the computation by the HTOX26 and FToxid27
databases are 0.555 and 0.545 respectively (Table 6, sample
#144). This means that, in the computed ternary diagram,
the univariant line, where the primary phase fields of TiO2
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TABLE 5 Compositions of the liquid phase obtained in the present investigation using energy-dispersive X-ray spectroscopy (EDS).

Composition (mol fraction)

Sample #
Equilibration
time (h)

Temperature
(◦C) Phases Na2O SiO2 TiO2

123 25 900 Liquid 0.309 0.484 0.207
Na2TiSiO5 0.336 0.324 0.340

130 25 900 Liquid 0.225 0.542 0.233
TiO2 – – 1
Na2Ti6O13 0.150 – 0.850

269 45 900 Liquid 0.190 0.670 0.140
SiO2 – 1 –

271 45 900 Liquid 0.179 0.636 0.185
TiO2 – – 1
SiO2 – 1 –

272 45 900 Liquid 0.209 0.575 0.216
TiO2 – – 1

273 45 900 Liquid 0.241 0.518 0.241
Na2Ti6O13 0.145 – 0.855

274 45 900 Liquid 0.412 0.310 0.278
Na2TiSiO5 0.342 0.328 0.330

277 45 900 Liquid 0.417 0.337 0.246
Na2TiSiO5 0.342 0.320 0.338

279 45 900 Liquid 0.398 0.187 0.415
Na2Ti3O7 0.250 – 0.750

280 45 900 Liquid 0.193 0.654 0.153
SiO2 – 1 –

281 45 900 Liquid 0.410 0.280 0.310
Na2TiSiO5 0.344 0.324 0.332

282 45 900 Liquid 0.196 0.687 0.117
SiO2 – 1 –

283 45 900 Liquid 0.386 0.241 0.373
Na2TiSiO5 0.343 0.339 0.318
Na2Ti3O7 0.255 – 0.745

287 41 900 Liquid 0.274 0.464 0.262
Na2Ti6O13 0.137 – 0.863

288 41 900 Liquid 0.335 0.493 0.172
Na2TiSiO5 0.332 0.319 0.349

290 41 900 Liquid 0.299 0.464 0.237
Na2TiSiO5 0.337 0.327 0.336

291 41 900 Liquid 0.378 0.456 0.166
Na2TiSiO5 0.342 0.332 0.326

292 41 900 Liquid 0.192 0.604 0.204
TiO2 – – 1

293 41 900 Liquid 0.282 0.436 0.282
Na2TiSiO5 0.332 0.336 0.332
Na2Ti6O13 0.139 – 0.861

320 46 900 Liquid 0.194 0.708 0.098
SiO2 – 1 –

(Continues)
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SANTOSO et al. 6315

TABLE 5 (Continued)

Composition (mol fraction)

Sample #
Equilibration
time (h)

Temperature
(◦C) Phases Na2O SiO2 TiO2

321 46 900 Liquid 0.256 0.493 0.251
Na2Ti6O13 0.136 – 0.864

137 37 1000 Liquid 0.338 0.156 0.506
Na2Ti3O7 0.239 – 0.761

138 37 1000 Liquid 0.175 0.733 0.092
SiO2 – 1 –

144 27 1000 Liquid 0.239 0.458 0.303
Na2Ti6O13 0.135 – 0.865
TiO2 – – 1

145 27 1000 Liquid 0.269 0.390 0.341
Na2Ti6O13 0.138 – 0.862

146 27 1000 Liquid 0.285 0.331 0.384
Na2Ti6O13 0.138 – 0.862

148 24 1000 Liquid 0.157 0.641 0.202
SiO2 – 1 –
TiO2 – – 1

149 24 1000 Liquid 0.199 0.546 0.255
TiO2 – – 1

325 24 1000 Liquid 0.304 0.247 0.449
Na2Ti6O13 0.136 – 0.864
Na2Ti3O7 0.240 – 0.760

328 24 1000 Liquid 0.274 0.367 0.359
Na2Ti6O13 0.138 – 0.862

329 24 1000 Liquid 0.375 – 0.625
Na2Ti3O7 0.255 – 0.745

100 4 1100 Liquid 0.200 0.484 0.316
TiO2 – – 1

103 13 1100 Liquid 0.283 0.147 0.570
Na2Ti6O13 0.137 – 0.863

104 13 1100 Liquid 0.288 0.073 0.639
Na2Ti6O13 0.136 – 0.864

105 13 1100 Liquid 0.280 0.177 0.543
Na2Ti6O13 0.141 – 0.859

116 13 1100 Liquid 0.192 0.515 0.293
TiO2 – – 1

117 13 1100 Liquid 0.138 0.649 0.213
TiO2 – – 1
SiO2 – 1 –

119 13 1100 Liquid 0.179 0.770 0.051
SiO2 – 1 –

121 13 1100 Liquid 0.184 0.540 0.276
TiO2 – – 1

122 13 1100 Liquid 0.146 0.717 0.137
SiO2 – 1 –

(Continues)
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TABLE 5 (Continued)

Composition (mol fraction)

Sample #
Equilibration
time (h)

Temperature
(◦C) Phases Na2O SiO2 TiO2

198 16 1100 Liquid 0.234 0.356 0.410
Na2Ti6O13 0.134 – 0.866
TiO2 – – 1

201 16 1100 Liquid 0.227 0.389 0.384
TiO2 – – 1

202 16 1100 Liquid 0.257 0.294 0.449
Na2Ti6O13 0.135 – 0.865

206 22 1100 Liquid 0.277 0.208 0.515
Na2Ti6O13 0.135 – 0.865

352 15 1100 Liquid 0.334 – 0.666
Na2Ti3O7 0.245 - 0.755

36 5 1200 Liquid 0.265 0.049 0.686
Na2Ti6O13 0.135 – 0.865

37 5 1200 Liquid 0.242 0.146 0.612
Na2Ti6O13 0.133 – 0.867

39 6 1200 Liquid 0.243 0.188 0.569
Na2Ti6O13 0.139 – 0.861
TiO2 – – 1

41 6 1200 Liquid 0.112 0.665 0.223
SiO2 – 1 –
TiO2 – – 1.000

52 6 1200 Liquid 0.133 0.711 0.156
SiO2 – 1 –

53 6 1200 Liquid 0.138 0.732 0.130
SiO2 – 1 –

210 22 1200 Liquid 0.178 0.488 0.334
TiO2 – – 1

212 22 1200 Liquid 0.157 0.760 0.083
SiO2 – 1 –

213 22 1200 Liquid 0.136 0.614 0.250
TiO2 – – 1

214 22 1200 Liquid 0.155 0.565 0.280
TiO2 – – 1

215 22 1200 Liquid 0.198 0.408 0.394
TiO2 – – 1

216 22 1200 Liquid 0.221 0.323 0.456
TiO2 – – 1

218 22 1200 Liquid 0.230 0.226 0.544
TiO2 – – 1

220 22 1200 Liquid 0.225 0.271 0.504
TiO2 – – 1

263 18 1200 Liquid 0.258 – 0.742
Na2Ti6O13 0.135 – 0.865

(Continues)
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SANTOSO et al. 6317

TABLE 5 (Continued)

Composition (mol fraction)

Sample #
Equilibration
time (h)

Temperature
(◦C) Phases Na2O SiO2 TiO2

53-a 6 1200 Liquid 0.144 0.747 0.109
SiO2 – 1 –

66 4 1300 Liquid 0.209 0.186 0.605
TiO2 – – 1

69 4 1300 Liquid 0.203 0.284 0.513
TiO2 – – 1

71 4 1300 Liquid 0.203 0.319 0.478
TiO2 – – 1

79 14 1300 Liquid 0.141 0.539 0.320
TiO2 – – 1

80 14 1300 Liquid 0.133 0.563 0.304
TiO2 – – 1

82 14 1300 Liquid 0.096 0.676 0.228
SiO2 – 1 –
TiO2 – – 1

86 11 1300 Liquid 0.121 0.592 0.287
TiO2 – – 1

95 15 1300 Liquid 0.113 0.623 0.264
TiO2 – – 1

96 15 1300 Liquid 0.167 0.447 0.386
TiO2 – – 1

99 4 1300 Liquid 0.157 0.481 0.362
TiO2 – – 1

223 6 1300 Liquid 0.215 0.112 0.673
TiO2 – – 1

224 6 1300 Liquid 0.128 0.796 0.076
SiO2 – 1 –

250 6 1300 Liquid 0.201 – 0.799
TiO2 – – 1

162 4 1400 Liquid 0.186 0.150 0.664
TiO2 – – 1

166 4 1400 Liquid 0.175 0.294 0.531
TiO2 – – 1

168 4 1400 Liquid 0.063 0.735 0.202
SiO2 – 1 –
TiO2 – – 1

170 4 1400 Liquid 0.112 0.823 0.065
SiO2 – 1 –

311 6 1400 Liquid 0.130 0.502 0.368
TiO2 – – 1

312 6 1400 Liquid 0.125 0.517 0.358
TiO2 – – 1

(Continues)
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6318 SANTOSO et al.

TABLE 5 (Continued)

Composition (mol fraction)

Sample #
Equilibration
time (h)

Temperature
(◦C) Phases Na2O SiO2 TiO2

313 6 1400 Liquid 0.143 0.466 0.391
TiO2 – – 1

314 6 1400 Liquid 0.074 0.696 0.230
TiO2 – – 1

315 6 1400 Liquid 0.116 0.552 0.332
TiO2 – – 1

174 7 1500 Liquid 0.042 0.850 0.108
SiO2 – 1 –

176 7 1500 Liquid 0.107 0.486 0.407
TiO2 – – 1

177 7 1500 Liquid 0.074 0.868 0.058
SiO2 – 1 –

178 7 1500 Liquid 0.072 0.636 0.292
TiO2 – – 1

180 7 1500 Liquid 0.066 0.858 0.076
SiO2 – 1 –

181 7 1500 Liquid 0.130 0.347 0.523
TiO2 – – 1

240 7 1500 Liquid 0.116 0.442 0.442
TiO2 – – 1

243 7 1500 Liquid 0.105 0.519 0.376
TiO2 – – 1

244 7 1500 Liquid 0.031 0.795 0.174
TiO2 – – 1

247 7 1500 Liquid 0.150 0.165 0.685
TiO2 – – 1

188 11 1600 Liquid 0.057 0.594 0.349
TiO2 – – 1

189 11 1600 Liquid 0.091 0.404 0.505
TiO2 – – 1

190 11 1600 Liquid 0.039 0.693 0.268
TiO2 – – 1

191 11 1600 Liquid 0.052 0.609 0.339
TiO2 – – 1

192 11 1600 Liquid 0.035 0.711 0.254
TiO2 – – 1

193 11 1600 Liquid 0.073 0.481 0.446
TiO2 – – 1

195 11 1600 Liquid 0.030 0.747 0.223
TiO2 – – 1

294 14 1600 Liquid 0.086 0.427 0.487
TiO2 – – 1

295 14 1600 Liquid – 0.947 0.053
SiO2 – 1 –

297 14 1600 Liquid – 0.833 0.167
TiO2 – – 1
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SANTOSO et al. 6319

TABLE 6 Composition of liquid saturated with two solids phases obtained in the present study compared with HTOX26 and FToxid27

databases.

Liquid composition saturated
with two solids

Sample # Temperature oC Origin Na2O SiO2 TiO2 Solid Phases
283 900 Present Study 0.386 0.241 0.373 Na2SiTiO5 and Na2Ti3O7

HTOX 0.351 0.200 0.449
FToxid 0.397 0.174 0.429

293 900 Present Study 0.282 0.436 0.282 Na2SiTiO5 and Na2Ti6O13

HTOX 0.296 0.482 0.222
FToxid n.a. n.a. n.a.

144 1000 Present Study 0.239 0.458 0.303 Na2Ti6O13 and TiO2

HTOX 0.213 0.555 0.232
FToxid 0.209 0.545 0.246

148 1000 Present Study 0.157 0.641 0.202 SiO2 and TiO2

HTOX 0.157 0.648 0.195
FToxid 0.15 0.667 0.183

325 1000 Present Study 0.304 0.247 0.449 Na2Ti6O13 and Na2Ti3O7

HTOX 0.315 0.154 0.531
FToxid 0.312 0.333 0.355

117 1100 Present Study 0.138 0.649 0.213 SiO2 and TiO2

HTOX 0.128 0.656 0.216
FToxid 0.135 0.673 0.192

198 1100 Present Study 0.234 0.356 0.410 Na2Ti6O13 and TiO2

HTOX 0.243 0.382 0.375
FToxid 0.22 0.474 0.306

39 1200 Present Study 0.243 0.188 0.569 Na2Ti6O13 and TiO2

HTOX 0.245 0.147 0.608
FToxid 0.221 0.401 0.378

41 1200 Present Study 0.112 0.665 0.223 SiO2 and TiO2

HTOX 0.099 0.679 0.222
FToxid 0.117 0.685 0.198

82 1300 Present Study 0.096 0.676 0.228 SiO2 and TiO2

HTOX 0.073 0.711 0.216
FToxid 0.096 0.704 0.2

168 1400 Present Study 0.063 0.735 0.202 SiO2 and TiO2

HTOX 0.047 0.772 0.181
FToxid 0.068 0.748 0.184

and Na2Ti6O13 are joined, is higher than that obtained
experimentally in the present investigation.
Figure 14 shows that the compound of Na2Ti6O13

is located inside the TiO2 primary phase field instead
of having its own primary phase field; indicating that
Na2Ti6O13 melts incongruently. The liquidus composition
at Na2Ti6O13 saturation is in good agreement with the
HTOX database26 at 1100◦C and 1200◦C, which is evident
in Figures 8 and 9. In the present investigation, liquids
in double saturation of Na2Ti6O13 and Na2SiTiO5 were
obtained with the concentration of Na2O, SiO2, and TiO2

in mole fraction at 900◦C is 0.282; 0.436 and 0.282, respec-
tively, and HTOX26 predict the concentrations of Na2O,
SiO2, and TiO2 in mole fraction at 900◦C is 0.296; 0.482
and 0.222, respectively (Table 6, sample #293). However,
according to FToxid27 computation, the phase relation of
liquid with Na2Ti6O13 and Na2SiTiO5 is not available at
900◦C. and data from Glasser and Marr.11 showed that
the SiO2 in the liquid is around 0.5 mole fraction. As
the compound of Na2Ti3O7 is situated within the pri-
mary phase field of Na2Ti6O13, as shown in Figure 14,
Na2Ti3O7 melts incongruently as well. Its phase field also
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6320 SANTOSO et al.

F IGURE 6 Isothermal section of the Na2O-SiO2-TiO2 system
at 900◦C.

F IGURE 7 Isothermal section of the Na2O-SiO2-TiO2 system
at 1000◦C.

F IGURE 8 Isothermal section of the Na2O-SiO2-TiO2 system
at 1100◦C.

F IGURE 9 Isothermal section of the Na2O-SiO2-TiO2 system
at 1200◦C.

F IGURE 10 Isothermal section of the Na2O-SiO2-TiO2 system
at 1300◦C.

F IGURE 11 Isothermal section of the Na2O-SiO2-TiO2 system
at 1400◦C.
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SANTOSO et al. 6321

F IGURE 1 2 Isothermal section of the Na2O-SiO2-TiO2 system
at 1500◦C.

F IGURE 13 Isothermal section of the Na2O-SiO2-TiO2 system
at 1600◦C.

intersects the primary phase field of Na2SiTiO5, which
appears to be different in terms of shape, that is, circu-
lar form, compared to other primary phase fields in the
present investigation. This peculiar form agrees with the
report by Glasser andMarr.11 According to their research,11
Na2SiTiO5 melts congruently at 965◦C, meaning that its
primary phase field would cease to exist at 1000◦C, which
agrees with the present work. Based on the present investi-
gation, ternary liquidus can be obtained in the solid phase
saturation of SiO2, TiO2, Na2SiTiO5, Na2Ti6O13, Na2Ti3O7,
andNa2SiTiO5 at 900◦C (Figure 6), all the ternary invariant
reactions involving the disappearance of their respective
phase fields occur below 900◦C.

F IGURE 14 Liquidus projection of the Na2O-SiO2-TiO2

system obtained from the present investigation between 900 and
1600◦C.

4 CONCLUSIONS

The phase equilibria of the Na2O-SiO2-TiO2 system were
investigated at temperatures between 900 and 1600◦C
in air. Novel liquidus measurements at TiO2 saturation
at 1500 and 1600◦C were obtained. The present investi-
gation reported 10 phase assemblages for the liquid at
solid saturation with SiO2, TiO2, Na2Ti6O13, Na2SiTiO5,
Na2Ti3O7, and in double solid saturation of SiO2 + TiO2,
TiO2 + Na2Ti6O13, Na2Ti6O13 + Na2Ti3O7, Na2Ti6O13 +

Na2SiTiO5, and Na2SiTiO5 +Na2Ti3O7. Comparisons with
the phase diagram assessed using the HTOX and FToxid
databases were carried out between 1000 and 1600◦C. Data
obtained in the present investigation can be employed to
revise and re-optimize the existing phase diagrams and
databases containing silica, soda, and titania to obtain a
more optimal model.
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