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Due to their high melting temperatures and the risk of contamination from the crucibles,
molten oxides which melting temperatures are above 2000 °C can hardly be processed
using conventional methods. This explains that their thermophysical properties are very
scarce. Containerless methods with gas flows have been developed and several
thermophysical properties such as density, surface tension, and viscosity have been
reported. However, the gas flow has detrimental side effects such as deformation of the
sample and induction of internal flows in the molten sample, which affect the accuracy of
the measurements. The electrostatic levitation furnace onboard the International Space
Station (ISS-ELF), which utilizes the Coulomb force to levitate and melt samples in
microgravity, has several advantages for thermophysical property measurements of
refractory oxide melts. Levitation without a gas flow coupled to a reduced gravity
environment minimizes the required levitation (positioning) force and reduces the
deformation as well as the internal flow. This report briefly introduces the ISS-ELF
facility and the thermophysical property measurement methods. The measured
density, surface tension, and viscosity of molten Al2O3 are then presented and
compared with the ones obtained by other methods. Finally, the measured data of
refractory oxides whose melting temperatures are above 2,400 °C are summarized.
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1 INTRODUCTION

As additive manufacturing (3D printing) techniques are progressing with ceramics materials (Chen et al.,
2019), demands for thermophysical properties of oxide melts are increasing (Ushakov et al., 2021).
However, due to their high melting temperatures and the risk linked with contamination from walls, the
thermophysical propertymeasurements of molten oxides are difficult with conventional techniques using
crucibles. Except for UO2 (Tsai and Olander, 1972; Woodley, 1974; Fink, 2000), thermophysical
properties such as density, surface tension, and viscosity are rarely obtained. Levitation methods
circumvent the above-mentioned problems associated with crucibles and enable the handling of
refractory oxide melts. The electromagnetic levitation method is widely used for metals and alloys
(Brillo and Egry, 2003). However, it is only applicable for conductors and cannot be used for oxide
samples. So far, the levitation methods using gas flows are utilized to levitate oxide melts.
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Aerodynamic levitation is the simplest among the levitation
methods. It uses a conical nozzle through which a gas flows and
creates a stable point (pressure minimum) where a sample can be
stably levitated (Oran and Berge, 1982, Nordine and Atkins, 1982,
and Paradis et al., 1996). Combined with high power lasers, the
levitated sample can be heated and melted. Typically, the sample
size is between 1 and 3 mm in diameter and the shape of a molten
sample is nearly spherical. Steady sample levitation can be
achieved by controlling the gas flow rate. Visibility of the
sample is poorer than other methods since the lower part of
the sample is always covered by the nozzle. Moreover, the lower
hemisphere of the sample is cooled by the gas flow, which creates
a temperature gradient in the sample. This temperature gradient
can be minimized by adding another laser beam heating from the
bottom. Sample rotation may be introduced by a misalignment of
the heating lasers or by a slight slant of the nozzle (Arai et al.,
2003). Density, surface tension, and viscosity of molten oxides
have been reported using this approach.

Because of its simplicity, ADLs have been combined with other
instruments such as X-ray diffraction facilities (Landron et al.,
1999). The splitable nozzle innovated by Arai et al. (Arai et al.,
2003) has been used both in a drop carolimetry device (Ushakov
et al., 2017) and novel surface tension methods using droplet
impingement and bounce (Kondo et al., 2020; Sun et al., 2021a).

In the gas film levitation method (GFL), the positioning of a
molten sample is performed on a thin gas-film, formed between
the sample and a pressurized porous diffuser. Relatively large
samples (up to 10 g of Cu, Ag, and Au) can be handled with this
method. The bottom of the sample is hidden by a diffuser. The
shape of the molten sample is usually flat, like that of sessile drop
due to gravitational sagging. To heat the sample, the levitator is
inserted in a furnace or combined with an electromagnetic
heating system, which limits the maximum operation
temperature. Due to the short distance (<100 μm) between the
levitated sample and the lower diffuser, experiments are very
difficult. Incorrect experimental settings can result in undesirable
contacts between the droplet and the graphite diffuser and
consequently in the failure of levitation. This technique was
used for research on oxides and metallic glass-forming melts
(Barbé et al., 1999; Piluso et al., 2002). Later, the technique was
used tomeasure the thermophysical properties of the ZrO2-Al2O3

system over the 1700–2,350°C temperature interval (Grishchenko
and Piluso, 2011).

The aero-acoustic levitation (AAL) method levitates a
sample with a gas jet and stabilizes it by acoustic forces
using surrounding transducers (Weber et al., 1994; Nordine
et al., 2012). The sample position is monitored, and the
acoustic forces are adjusted using a feedback control
algorithm. The typical sample size is around 1–3 mm in
diameter. The shape of the levitated melts, determined by
surface tension and gravitational forces, is generally oblate
spheroid. The sample is sometimes slightly asymmetric and
experiences a slight precession. Density can nonetheless be
obtained from the image analysis of the sample with the
assumption that it is axisymmetric (Ushakov et al., 2021).
Measurement techniques for other thermophysical properties
(surface tension, viscosity) have not been reported so far.

All above mentioned methods have disadvantages due to the
gas flow. Deformation of the sample shape from that of a sphere
reduces the accuracy on image-based volume calculation.
Moreover, the gas flow induces a flow inside of the molten
sample due to gas shearing forces in addition to thermal
gradients. Although the effects of internal flow on viscosity
measurements have been observed on the electromagnetically
levitated samples in microgravity, its effects on viscosity in ADL
experiments have not been examined.

The electrostatic levitation method (ESL) utilizes Coulomb
force between a charged sample and surrounding electrodes to
levitate a sample against gravity. High speed feedback control is
necessary to stably levitate a sample, and, therefore, complicated
instrumentation is needed (Rhim et al., 1985; Rhim et al., 1993).
The typical sample size is 1–3 mm in diameter and full view of the
sample is available. The levitated sample is heated by high power
lasers.

Since it is not subject to a gas flow, a levitated molten sample is
almost spherical (slightly prolate due to gravity). The internal
flowmainly attributable due to natural convection is small and its
effect on viscosity is negligible. The ESLmethod is widely used for
metals and alloys with high vacuum environments on Earth.
Density (Chung et al., 1996), surface tension, viscosity (Rhim
et al., 1999), and heat capacity (Rulison and Rhim, 1994) have
been reported on variety of metals/alloys (Ishikawa et al., 2011;
Paradis et al., 2013).

In principle, any sample can be handled as far as it has enough
charges on its surface. However, the levitation of oxide samples
with ESL on the ground is very challenging due to the reasons
stated below. To levitate a sample against gravity, a certain
amount of surface charge (around 10−10 C) and a huge electric
field (10–20 kV/cm) are needed. These requirements can be easily
satisfied for conductive samples (metals/alloys) under high
vacuum environment. However, it is very difficult to
accumulate enough electrical charges on oxide samples.
Moreover, the oxide samples need to be processed under
gaseous environment to prevent evaporation, where a huge
electric field cannot be applied because electric discharges
between electrodes occurs easily. For these reasons, only a few
samples (namely BaTiO3, Y3Al5O12, Nd-CaAl2O15, Al2O3, and
BiFeO3) have been reported to be successfully levitated and
melted in ground-based ESL experiments.

In microgravity, a large electric field is not necessary, and
restrictions are drastically relieved, allowing to handle oxide
samples with much fewer electrical charges. Levitation
experiments can be conducted in gaseous environment
without worrying about electric discharges between electrodes.
Moreover, the molten sample becomes perfectly spherical and
internal natural convection is suppressed. Microgravity is
therefore a very favorable environment for the thermophysical
property measurements of high temperature oxide melts
with ESL.

The electrostatic levitation furnace onboard the ISS (ISS-ELF)
has been developed by the Japan Aerospace Exploration Agency
(JAXA) and has been operational since 2016. To validate and
demonstrate the capability of thermophysical property
measurements of molten oxides at extremely high
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temperatures, molten lanthanoid sesquioxides (Ln2O3, where
Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu), ZrO2 and HfO2 have been selected as main targets of the
project.

This paper briefly describes the facility as well as the
measurement methods and reports the obtained
thermophysical properties. The effect of container walls and
important tips for volume measurements are discussed by
comparing the measured properties of molten Al2O3.

2 METHODS

2.1 ISS-ELF
Detailed descriptions of the facility are found in earlier
publications, but are briefly summarized here for completeness
(Ishikawa et al., 2018; Tamaru et al., 2018). A positively charged
sample can be levitated among three pairs of electrodes
orthogonally located against each other (Figure 1A). A
collimated laser beam (around 20 mm in diameter) from a
diode laser emitting at a wavelength of 660 nm projects a
shadow of the sample on a position sensor where vertical and
horizontal sample positions are measured. Two sets of the
projection laser and position sensor are orthogonally placed to
measure the tridimensional sample position. The position signals
are sent to a controller where the position control voltages are
calculated using a PD (Proportional- Differential) control
algorithm.

The sample is heated by four semiconductor lasers (980 nm,
40W power each). To maintain a good temperature homogeneity
of the sample, these lasers are arranged in a tetrahedral heating
geometry around the sample. Each laser power can be controlled
by commands from the ground. Laser beams are focused on a
~0.5 mm diameter spot at the sample position. The sample
temperature is measured by a commercial pyrometer (IMPAC
IGA140) through sapphire windows. The pyrometer measures
the radiation intensity (1.45–1.8 μm in wavelength) from the
sample. Since the emissivity setting on the pyrometer cannot be
changed from the ground command, it remains at 1.0. The
measurement temperature range is from 300°C to 3,000°C and
the data acquisition occurs with a 100 Hz frequency. The actual
sample temperature can be determined using the temperature
plateau after recalescence and the known melting temperature of

the sample. The pyrometer also contains a built-in video camera
with which it can be easily confirmed that the sample stays in the
measuring spot of the pyrometer (Figure 1B).

The other camera (a black and white camera with a non-
telecentric zoom lens) gives a magnified image of a UV backlit
sample (Figure 1C). Using the video images (taken with a 60 Hz
frequency interval) from this camera, the density of the sample
can be calculated. Other than the exchanges of sample holders by
the crew members, all operations of the ISS-ELF are remotely
conducted from the ground. Experiments were conducted under
a dry air pressurized atmosphere (2 × 105 Pa).

2.2 Thermophysical Property
Measurements
2.2.1 Density
Density (ρ) can be calculated by dividing the sample mass (m) by
its volume (V). Therefore, the measurements of density are done
by volume measurements. The volumes of levitated melts are
obtained from sample images with the assumption that the
molten samples are axisymmetric. To achieve this, the sample
images shall be taken from an angle perpendicular to the axis.
Usually, the axis is vertical, and the cameras are in the horizontal
plane.

In the earlier versions of ADL, the conical nozzle was very
deep, and the sample was surrounded by the nozzle and
hidden from the sides. Sample images were taken from the
top, parallel to the axis, which resulted in erroneous volume
measurement. In recent measurements, shallow nozzles are
employed which allowed improved, although not total, side
views of the sample.

The perimeter of the sample is determined by computer-based
image analyses which require a good contrast between the sample
and the background. At high temperature, the sample irradiance
is very large in the infrared portion of the spectrum, which blurs
the sample contour and causes overestimation of the sample
volume. This can be avoided by taking images in the 380 (Ultra-
Violet) to 530 nm (green) wavelength range, where the sample
irradiance is less pronounced. This setup can be easily applied
using a proper back light and adding an optical bandpass filter in
front of the camera (Ishikawa et al., 2001).

In our measurements with the ISS-ELF, 400 edge points are
detected and converted to polar coordinates (R,θ). Then, these

FIGURE 1 | Images of a molten Al2O3 sample levitated in the ISS-ELF: (A) Overview with surrounding 6 electrodes; (B) Image taken by a built-in camera in the
pyrometer; (C) A magnified image of a UV backlit sample.
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points are fit with the spherical harmonic functions through sixth
order as

R(θ) � ∑6
n�0

cnPn(cos θ) (1)

Where Pn(cosθ) are the nth order Legendre polynomials and cn
are the coefficients which are determined to minimize the
following value

F � ∑400
j�1
{Rj − Rj(θ)}2 (2)

Then, the volume is calculated by the following equation

V � 2π
3

∫π

0
R3(θ) sin θdθ (3)

Similar treatments are executed with the ADL, AAL, and GFL
methods for volume calculations.

2.2.2 Surface Tension and Viscosity
Surface tensions and viscosities of molten samples are obtained
by the drop oscillation method for ADL and ESL. Detailed
measurement procedures are described by Rhim et al. (Rhim
et al., 1999) for ESL and by Langstaff et al. (Langstaff et al., 2013)
for ADL. An isolated liquid drop (free from external force)
assumes a spherical shape due to the uniform surface tension. If
the drop undergoes a small amplitude axisymmetric oscillation,
the drop shape r(t), in the weak damping limit, can be described
by (Rayleigh, 1879)

r(t) � r0 +∑∞
n�2

rn cos(ωnt)Pn(cos θ) exp(−t
τn
) (4)

Where r0 is the radius of the drop when it assumes a spherical
shape, θ is the angle measured between the vertical axis and the
radial direction, and rn is the oscillation amplitude of the nth
mode. The characteristic oscillation frequency ωn corresponding
to the nth mode is given by

ω2
n � n(n − 1)(n + 2) γ

ρr30
(5)

Where γ is the surface tension of the sample. The damping
constant τ n is given by (Lamb, 1932).

1
τn

� (n − 1)(2n + 1) η

ρr20
(6)

Where η is the viscosity of the sample.
With the mode 2 oscillation, the surface tension and viscosity

of the sample can be obtained by

γ � ρr30ω
2
2

8
, and (7)

η � ρr20
5τ2

. (8)

In the case of ESL, a forced oscillation on the molten sample is
achieved by superimposing a sinusoidal excitation voltage on the

levitation electric field. When the frequency of the sinusoidal
input matches the characteristic oscillation frequency (ω2), the
sample exhibits a large deformation due to resonance (Rhim et al.,
1999).

A forced oscillation in ADL is done by pulsing a gas stream by
a pair of loudspeakers inserted in the gas line (Langstaff et al.,
2013). A mode 2 oscillation with a large amplitude can be
obtained by dropping and bouncing the sample on a platform
(Sun et al., 2021a).

Measurement of the sample oscillation is done by two
methods. In the first method, a high-speed camera is used to
record the images which are analyzed to obtain the horizontal/
vertical diameters of the sample. By analyzing the fluctuation of
the diameters as a function of time, ω2 and τ2 can be obtained.
This method can visually confirm that mode 2 oscillation is
excited. However, it requires to analyze more than 100 still images
to get a time-sample deformation profile and this is very time
consuming. In another method, a collimated laser beam projects a
sample shadow on the power meter covered with a slit (Rhim
et al., 1999). The sample deformation is then detected as a
fluctuation of the diode laser power onto the power meter.
This method is rather simple and can quickly help estimate ω2

and τ2. However, the oscillation mode cannot be ensured. The
ISS-ELF employs the second method because of its simplicity. In
that case, a collimated laser beam used for sample position
sensing is divided by a beam splitter and the sample shadow is
projected onto a power meter. The sinusoidal voltages which
excite an oscillatory sample deformation are superimposed to an
electrode (Figure 2A). The sample deformation is detected as a
fluctuation of the diode laser power by the power meter. When
the excitation voltage is terminated, the sample oscillation
gradually stops due to its viscosity. The signal from the power
meter is captured for 5 s with a 5,000 Hz time resolution. A typical
oscillation signal is shown in Figure 2B.

Surface tension can also be determined from the stable sample
shape in GFL, like the sessile drop method. GFL has also the
capability to measure viscosity with two different modes, periodic
and aperiodic. The measurement in the periodic mode is similar
to that of the oscillation drop method for ADL and ESL and is
used for low viscosity melts. The GFL can make a large shape
deformation on the highly viscous materials (over 1 Pa·s) to
measure the viscosity with the aperiodic mode.

A new technique, namely the drop impingement method, was
recently reported to measure surface tension (Kondo et al., 2020).
In this technique, an aerodynamically levitated sample is dropped
from a splitable nozzle and impinges on a plate. The change of the
surface energy during impingement is calculated and the surface
tension is evaluated.

3 RESULTS AND DISCUSSION

3.1 Thermophysical Properties of Al2O3

Melts
The validation of the thermophysical property measurement
capability of the ISS-ELF was conducted using Al2O3 melts,
because a relatively large number of reference values taken
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by both conventional and containerless methods were
available.

3.1.1 Density
The density values of molten Al2O3 measured with the ISS-ELF and
their temperature dependence as well as data found in literature are

shown in Figure 3A and Table 1. It is clearly seen that the density
measured at the melting temperature (ρm) by containerless methods
(ESL, ADL, and GFL) agrees well, ranging from 2.71 to 2.93 g/cm3,
indicating a divergence of ±3.9%. Since earlier measurements with
ADLs (Granier and Heurtault, 1983; Coutures and Rand, 1989;
Glorieux et al., 1999) employed non-optimal video settings (viewing

FIGURE 2 |Drop oscillation system of the ISS-ELF: (A) Schematic drawing of how to excite and observe drop oscillations; (B)A typical oscillation signal obtained by
the power meter.

FIGURE 3 |Measured thermophysical properties of molten Al2O3 vs. temperature: (A) Density; (B) Surface tension; (C) Viscosity. The correlation coefficient (R) of
our measurements (ESL) is 0.98 for density, 0.43 for surface tension, and 0.61 for viscosity, respectively.
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from top and no back light), their density values were
underestimated. By omitting these values, the divergence is
reduced to ±2.1%, which is within the experimental uncertainty.
Even though a part of the sample is hidden in ADL setups, the
introduced error on the volume estimation is very small.

The values of ρmmeasured by conventional methods exhibited
more scatter, ranging from 2.69 to 3.06 (±6.4%). Moreover, the
measured temperature coefficients (dρ/dT) showed large
differences between conventional and containerless techniques.
While absolute values of dρ/dTs obtained by containerless
methods are less than 0.3, those reported by conventional
methods are more than 0.8. Contamination from the crucibles
may cause this discrepancy.

Recently, Gong et al. (Gong et al., 2022) reported the density of
Al2O3 with ADL. The sample image was taken from the side
without proper backlighting, which leaded to blurred images and
resulted in a relatively large temperature coefficient.

3.1.2 Surface Tension
The surface tension values of molten Al2O3 taken by the ISS-
ELF and their temperature dependence as well as the ones
found in the literature are depicted in Figure 3B and listed in
Table 2. Note that the surface tension data obtained by the
ground-based ESL and the ISS-ELF showed good agreement
(Ishikawa et al., 2022a). The combined data are shown in the
Table 2 and Figure 3B.

TABLE 1 | Density of molten Al2O3.

ρm (103 kg m−3) dρ/dT (kg·m−3·K−1) Temperature (K) Reference

2.93 −0.12 2,175–2,435 ESL (Paradis et al., 2004)
2.87 −0.064 1913–3,139 ESL (Tamaru et al., 2018)
2.81 −0.074 1732–2,597 ESL (Tamaru et al., 2018)
2.9 −0.09 1900–3,240 ADL (Langstaff et al., 2013)
2.93 −0.242 2,300–3,000 ADL (Gong et al., 2022)
2.79 −0.117 2000–3,100 ADL (Glorieux et al., 1999)
2.71 −0.0678 2000–3,275 ADL (Coutures et al., 1994)
2.80 −0.151 2,327–3,210 ADL (Coutures et al., 1994)
2.72 −0.28 2,323–2,965 ADL (Granier and Heurtault, 1983)
2.87 −0.2098 2,123–2,603 GFL (Grishchenko and Piluso, 2011)
2.69 −0.79 2,320–3,100 SD (Zubarev et al., 1969)
2.55 2,327 PD (Wartenberg et al., 1936)
3.05 2,327 PD (Kozakevitch, 1960)
2.97 2,327 PD (Kingery, 1959)
3.06 2,327 MBP (Ikemiya et al., 1993)
3.06 −0.965 2,323–3,023 MBP (Shpil’rain et al., 1973)
2.98 −1.15 2,325–2,775 MBP (Elyutin et al., 1973)
3.04 −1.15 2,323–2,828 Archimedean (Mitin and Nagibin, 1970)
3.05 −1.127 2,375–2,625 Archimedean (Kirshenbaum and Cahill, 1960)
3.03 −0.752 2,323–2,673 X-radiograph (XR) (Rasmussen and Nelson, 1971)

SD: sessile drop, PD: pendant drop.

TABLE 2 | Surface tension of molten Al2O3.

γm (10−3N.m−1) dg/dT (10−3N.m−1.K−1) Temperature (K) Reference

632 −5.3 × 10−2 2,193–2,653 ESL (Paradis and Ishikawa, 2005; Ishikawa et al., 2022a)
650 −3.9 × 10−2 2,327–3,200 ADL (Glorieux et al., 2001)
~640 (3.5 × 10−2) 1870–3,275 ADL (Langstaff et al., 2013)
638 a 2,123–2,603 GFL (Grishchenko and Piluso, 2011)
690 — 2,327 PD (Kingery, 1959)
680 — 2,327 PD (Maurakh et al., 1967)
665 — 2,327 PD (Lihrmann and Haggerty, 1985)
551 — 2,327 SD (Bartlett and Hall, 1965)
700 −4.8 × 10−1 2,327–2,810 SD (Zubarev et al., 1969)
570 — 2,327 DW (McNally et al., 1968)
577 — 2,327 DW (Wartenberg et al., 1936)
550 — 2,327 MBP (Ikemiya et al., 1993)
570 −1.8 × 10−1 2,327–2,620 MBP (ElyutinMitin and Nagibin, 1971)
670 −3.2 × 10−1 2,327–3,020 MBP (Shpil’rain et al., 1973)
660 −2.0 × 10−1 2,327–2,995 MBP (Elyutin et al., 1973)
570 — 2,327 MBP (Anisimov et al., 1977)
574 — 2,327 X-radiograph (XR) (Rasmussen and Nelson, 1971)

aDW: drop weight, MBP: maximum bubble pressure.
γ(T) = 517.286 + 7.658 × 10−2T-8.7 × 10−6T2.
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For the surface tension measured at the melting
temperature (γm), all data obtained containerlessly (ESL and
ADL) agree well within their experimental uncertainties,
whereas those obtained by conventional methods show
wider discrepancies.

In earlier ADL experiments (Glorieux et al., 2001), there was
no technique to add an external oscillation force. Langstaff et al.
came up with an innovative set up to apply an external force
(Langstaff et al., 2013). However, this external oscillation force
could have possibly excited non-axisymmetric mode-2
oscillations which resulted in odd (positive) temperature
dependence. The temperature dependence obtained by GFL
also shows positive temperature dependence (Grishchenko and
Piluso, 2011).

Except for the pendant drop method (PD), γm values
measured by conventional methods display scatter and show
huge temperature dependences, indicating that the reaction
between the samples and the container affected the surface
tension. Since crucibles were not used in PD, the measured
values agree well among all data taken with this technique.
Their γms are slightly higher than the ones obtained by ESL
and ADL, maybe because of the difference in the density values
used for calculation.

3.1.3 Viscosity
The viscosity of molten Al2O3 and its temperature dependence
found in the literature are listed in Table 3 as well as depicted in
Figure 3C. The viscosity data obtained by the ground-based ESL
and the ISS-ELF (Ishikawa et al., 2022a) are combined and are
also listed in Table 3 and Figure 3C.

Like those of density and surface tension, the values of
viscosity measured at the melting temperature (ηm) by
containerless methods (ESL, GFL and ADL) show better
agreement than those obtained by conventional methods.
However, the values measured by ADLs are more than
50% higher than those reported by ESL, which is more
than the experimental uncertainty (30%). It has been
reported that the viscosity values measured with an
electromagnetic levitation furnace increased up to 2 to
8 times due to the internal flow (Xiao et al., 2021). As for
ADL experiments, the gas flow around the sample could
potentially cause flow inside the sample which may impact
the viscosity measurements.

3.2 Thermophysical Properties of
Lanthanoid Sesquioxides, ZrO2, and HfO2
Melting temperatures of lanthanoid sesquioxides (Coutures and
Rand, 1989), ZrO2, and HfO2 are more than 2,400°C, which is
more than 250 K higher than that of Al2O3. Therefore, it is very
difficult to melt these specimens with conventional techniques
explaining why literature values are very rare. Most of the data
have been measured by containerless methods. The
thermophysical properties of Ln2O3, where Ln = Gd, Tb, Ho,
Er, Tm, Yb, and Lu, have been measured in the ISS-ELF. For Ln =
La, Ce, Pr, Nd, Sm, Eu, and Dy, experiments were postponed due
to a technical issue encountered with sample preservation during
the long-term storage before and after the microgravity
experiments in the ISS. These samples easily absorb moisture
and naturally break into powders.

3.2.1 Density
The density data are listed in Table 4, highlighting those of
lanthanoid sesquioxides (Koyama et al., 2021; Ishikawa et al.,
2022b) that have been systematically measured using the ISS-ELF
(Figure 4A).

As shown in Figure 4B, it was found that the molar volumes of
lanthanoid sesquioxides as well as those of Ga2O3 (Dingwell,
1992) and Al2O3 show strong relations with their ionic radii. Data
taken by AAL (Ushakov et al., 2021) agree well with the values
measured with the ISS-ELF. The density data taken by Granier
et al. using ADL (Granier and Heurtault, 1998) are around 7%
lower, most likely because improper camera settings leaded to the
overestimation of the sample volume.

Levitated ZrO2 and HfO2 samples have not been successfully
melted in the ISS-ELF yet, mainly due to the unstable surface
charge encountered during heating. We are confident that
optimization of the position control parameters will solve this
problem. Two density data sets have been taken for ZrO2 by
ADLs (Kohara et al., 2014; Kondo et al., 2019) and those agree
well within the experimental uncertainty. Only one density data
set, measured by AAL, has been reported for HfO2 (Ushakov
et al., 2021).

3.2.2 Surface Tension and Viscosity
The measured surface tension and viscosity data are listed in
Table 5 and Table 6, respectively. For both surface tension and
viscosity, the measured data are scarcer than those of density.
This is attributable to the fact that the oscillation drop
experiments in ISS-ELF are much harder to perform than
those required for density measurements since more
accurate sample position control is required. So far, the
surface tension and viscosity of Tb2O3 were measured with
the ISS-ELF. The measured surface tension and viscosity of
Tb2O3 as a function of temperature are respectively shown in
Figures 5A,B (Ishikawa et al., 2022a). The surface tension of
ZrO2 measured by the drop impingement method as well as by
the drop oscillation method with ADL were reported (Kondo
et al., 2020). In addition, the viscosity of ZrO2 was measured by
the drop oscillation method combined with ADL (Kondo et al.,
2019).

TABLE 3 | Viscosity of molten Al2O3 at its melting temperature.

ηm (10−3 Pa s) Reference

30 ESL (Paradis and Ishikawa, 2005; Ishikawa et al., 2022a)
45 ADL (Langstaff et al., 2013)
54 ADL (Hakamada et al., 2017)
50 ADL (Kondo et al., 2019)
32 GFL (Grishchenko and Piluso, 2011)
135 Oscillating cup (Bates et al., 1971)
35 Oscillating cup (Bloomquist et al., 1978)
~95 Rotating cup (Rossin, 1964)
42 Rotating cup (Urbain, 1982)
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TABLE 4 | Density of molten Ln2O3, ZrO2, and HfO2.

Samples Tm (K) ρm (kg·m−3) dρ/dT (kg·m−3·K−1) Remarks

Y2O3 2,704 4,600 ± 150 AAL (Ushakov et al., 2021)
4,420 −0.8927 ± 0.222 ADL (Granier and Heurtault, 1998)

Gd2O3 2,693 7,268 ± 205 ESL (Koyama et al., 2021)
6,947 ± 340 −1.048 ± 0.112 ADL (Granier and Heurtault, 1998)

Tb2O3 2,683 7,451 ± 112 ESL (Koyama et al., 2021)
Ho2O3 2,685 8,035 ± 108 ESL (Koyama et al., 2021)
Er2O3 2,686 8,170 ± 245 ESL (Koyama et al., 2021)

7,573 ± 530 −0.3273 ± 0.179 ADL (Granier and Heurtault, 1998)
Tm2O3 2,698 8,304 ± 148 −0.18 ± 0.05 ESL (Ishikawa et al., 2022b)
Yb2O3 2,708 8,425 ± 217 −0.55 ± 0.08 ESL (Ishikawa et al., 2022b)

2,708 7,940 −0.74 ± 0.13 ADL (Granier and Heurtault, 1998)
2,708 8,400 ± 200 AAL (Ushakov et al., 2021)

Lu2O3 2,763 8,627 ± 240 −0.43 ± 0.08 ESL (Ishikawa et al., 2022b)
ZrO2 2,983 5,048 −0.89 ADL (Kohara et al., 2014)

4,690 ADL (Kondo et al., 2019)
HfO2 3,073 8,200 ± 300 AAL (Ushakov et al., 2021)

FIGURE 4 | (A) Density of molten lanthanoid sesquioxides as a function of temperature measured by the ISS-ELF. The correlation coefficient (R) for each
measurement is 0.94 for Gd2O3, 0.96 for Tb2O3, 0.87 for Ho2O3, 0.97 for Er2O3, 0.86 for Tm2O3, 0.98 for Yb2O3, and 0.94 for Lu2O3, respectively; (B) Relation between
molar volumes of M2O3 type oxides at their melting temperatures and their ionic radii.

TABLE 5 | Surface tension of molten Ln2O3 and ZrO2.

Samples Tm (K) γm (10−3 N m−1) dγ/dT (10−3 N m−1·K−1) Remarks

Tb2O3 2,683 733.4 −0.039 ESL (Ishikawa et al., 2022a)
ZrO2 2,988 910 ± 10 −0.133 ± 0.116 ADL (Kondo et al., 2020)

TABLE 6 | Viscosity of molten Ln2O3 and ZrO2.

Samples Tm (K) ηm (10−3Pa s) Temperature dependencea Remarks

η0 (10−3Pa s) E (103J/mol)

Tb2O3 2,683 26.3 0.33 97.6 ESL (Ishikawa et al., 2022a)
ZrO2 2,988 13 0.96 ± 0.69 64 ± 20 ADL (Kondo et al., 2019)

aη (T) = η0exp (E/RT), where R is the gas constant (8.31 J·mol·K−1).
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The viscosity measurements carried out by the drop oscillation
method is suitable for viscosity ranging from around 1–30 mPa·s.
When the viscosity becomes higher, the oscillation damps too
quickly to allow accurate measurements of τ2, thus introducing a
large uncertainty. Moreover, when the viscosity excesses 1 Pa·s,
this technique is not applicable either because a periodic
deformation does not occur. On the other hand, the viscosity
measurements over wide viscosity ranges (1 m Pa·s to over
10 Pa·s) are required for oxide glass research. Like that
implemented with GFL, the development of a viscosity
measurement method with aperiodic mode is desired for ADL
and ESL.

3.2.3 Other Thermophysical Properties
A splitable ADL has been combined with a drop calorimetry
system to allow the measurements of the enthalpy of the levitated
sample (Ushakov et al., 2017). The heat of fusion of several
refractory oxides including Al2O3, Yb2O3, Lu2O3, ZrO2, andHfO2

was reported (Ushakov et al., 2018). This experimental set up also
has the potential to measure the constant pressure heat capacity.

Heat dissipation from the levitated sample is governed by the
following equation.

mCp
dT

dt
� −εTσSBA(T4 − T4

w) − κA(T − Tw) + Q (9)

Where, Tw is the temperature of the surrounding wall, εT is the
total hemispherical emissivity of the sample, σSB is the Stefan-
Boltzmann constant, κ is the overall heat transfer coefficient, A is
the sample surface area, and Q is the laser power input. On the
right-hand side of Equation 9, the first term is the contribution of
radiation, and the second term is the contribution of thermal
conduction and convection. In the experiments under high
vacuum, the second term is negligible and the ratio of the
constant pressure heat capacity Cp and εT can be calculated
using the time-temperature profile during rapid cooling (Q =
0) (Rulison and Rhim, 1994). However, the equation is too

complicated to quantitatively calculate Cp in gaseous
environment where natural convection exists.

Sun et al. (Sun et al., 2021b) calculated the second term
(convective heat loss) in ADL using Ranz-Marshall’s equation
(Ranz and Marshall, 1952) which is applicable in the case of a
steady gas flow. Moreover, using two different inert gases (with
different thermal conductivity values) for levitation experiments,
Cp values were calculated without knowing εTs. This method has
been evaluated with refractory metals. Even though more work is
necessary to improve the accuracy of the measurement, this
technique can be used for the Cp measurements of refractory
oxide melts with ADL.

Natural convection is suppressed in microgravity, and the
second term is simply defined as the thermal conduction by the
surrounding gas. Therefore, there is a possibility that Cp can be
calculated using the time-temperature profile in the ISS-ELF.
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FIGURE 5 |Measured surface tension (A) and viscosity (B) of molten Tb2O3 as a function of temperature. The correlation coefficient (R) of measurement is 0.82 for
surface tension and 0.90 for viscosity, respectively.
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