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Abstract To understand the hyperordered structures found in new glasses fabricated
with containerless methods, it is of paramount importance to know not only their
atomic structures but also their macroscopic thermophysical properties. However,
due to their high melting temperatures and the risk of contamination from the
crucibles, molten oxides whose melting temperatures are above 2000 °C can hardly
be processed using conventional methods. This explains that the published data
on thermophysical properties are very scarce. In this chapter, four containerless
methods capable of measuring several thermophysical properties such as density,
surface tension, and viscosity are introduced. Three of them use a gas flow to levi-
tate samples against gravity, while the electrostatic levitation furnace onboard the
International Space Station utilizes the Coulomb force to spatially position samples
in microgravity. Features of each method are summarized in this chapter, including
their advantages and disadvantages. Finally, the measured data of refractory oxides
whose melting temperatures are above 2000 °C are summarized.
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7.1 Introduction

Importance of levitation techniques is increasing in the research area of oxide glasses
since new glasses fabricated with containerless methods exhibit structures that are
significantly different from those of conventional glasses. They do not contain the
corner-sharing tetrahedral networks which are commonly found in the conventional
glasses [1]. Moreover, the new glasses show superior mechanical [2-6], optical [7—
20], and magneto-optical properties [21, 22]. They are fabricated from the deeply
undercooled melts with levitation techniques. To clarify the vitrification processes,
the atomic structures of their liquidus phases as well as glass phases at high temper-
ature are measured by combining the levitators with synchrotron X-ray and neutron
diffraction [23-50], X-ray absorption fine structure (XAFS) [51-54], Raman scat-
tering [55], and nuclear magnetic resonance (NMR) [56—60]. Detailed methods
and procedures to obtain atomic structures from the measurements are described
elsewhere in this book.

Macroscopic thermophysical properties of oxide melts are also important to under-
stand the vitrification mechanism and phase selection processes from deeply under-
cooled melts. They are also inevitable to conduct MD simulations to obtain atomic
structures and explore “hyperordered structures” in disordered atomic structure. For
example, density data are necessary to calculate the total pair distribution function
G(r) from the measured total structure factor S(Q) by X-ray or neutron diffraction
experiments. As highlighted by Angell [47], a fundamental knowledge of both strong
and fragile liquids (respectively high and low-glass-forming ability) can be inferred
from the temperature dependence of viscosity. The heat capacities can be estimated
thorough statistical/quantum mechanics once the binding energies between atoms
are determined.

Such thermophysical properties as density, surface tension, viscosity, and heat
capacity are usually measured using conventional methods with containers. However,
to obtain accurate data without contamination from the crucibles, levitation methods
are required for refractory oxide melts, in which melting temperatures are above
2000 °C.

In this chapter, methods to measure thermophysical properties of molten oxides
with containerless processing (levitation) are presented and the data found in the
literature summarized.

7.2 Methods for Containerless Processing with Oxide
Samples

Four levitation methods used for oxide melts, namely the aerodynamic, the aero-
acoustic, the gas film, and the electrostatic techniques are briefly described in this
section. The electromagnetic levitation method (EML) used for metal/alloys [61-64]
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is not applicable for oxide samples due to their poor electrical conductivities. Simi-
larly, the acoustic levitation method [65, 66] is not suitable for high-temperature melt
because it is very difficult to maintain a stable standing wave at high temperatures.

7.2.1 Aerodynamic Levitation

Aerodynamic levitation (ADL) is one of the simplest methods among the levitation
methods. A sample can be stably levitated in a conical nozzle where a gas flow creates
a stable point (pressure minimum) [67-69]. High power lasers are used to heat and
melt the levitated samples. The typical sample size is around 1-3 mm in diameter
and the molten sample is nearly spherical. By controlling the gas flow rate, steady
sample levitation can be achieved.

Because of its simplicity, ADLs are widely used to produce spherical samples.
Moreover, they are used for research on metastable phase formation from under-
cooled melts and fabrication of novel glasses which cannot be achieved with
conventional methods using containers [2-22].

Originally, the nozzle used was so deep that heating, temperature measurement,
and observation of the sample was possible only from the top. In the late 1990s,
shallow nozzles were developed for the sake of synchrotron x-ray measurements on
aerodynamically levitated liquid, which enabled the sample observation from the
side [70]. Even if shallow nozzles were implemented, a full view of the sample is
still not possible since the south pole of the sample is obstructed by the levitator.
Furthermore, the lower part of the specimen is cooled by the flowing gas which
introduces a large gradient in temperature. This issue can be alleviated by directing
a second beam through the throat of the levitator. Care shall be taken to ensure that
the levitator is leveled and that the laser beams hit the sample head-on. Not doing
this would induce a rotation of the sample [71].

A typical setup for thermophysical property measurements with an ADL is shown
in Fig. 7.1 [72]. To reduce the temperature gradient, a heating laser beam is divided
to heat the aerodynamically levitated sample from the top and the bottom. A surface
oscillation excitation system [73] induces an oscillatory pressure fluctuation on the
gas flow and excites drop oscillation on the liquid sample. Detailed sample images are
taken from a high-speed camera observing from the side with a proper backlight. Such
experimental arrangement makes possible the determination of such thermophysical
properties as density, surface tension, and viscosity of oxides in their liquid phases
[73].

Coupled with X-ray/neutron diffraction facilities [47, 50, 70] and NMR [56-60],
aerodynamic levitators were utilized to probe the atomic structure and dynamics of
liquids at elevated temperatures. Furthermore, splitable nozzles [71] were success-
fully utilized in splat-quenching research [74, 75], drop calorimetry [76], and surface
tension determination with innovative techniques (namely, droplet impingement [77]
and bouncing [78]).
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Fig. 7.1 Schematic of an aerodynamic levitation system for measuring thermophysical properties
of molten oxides. Reproduced with permission from Ref. [72]

7.2.2 Aero-Acoustic Levitation

The aero-acoustic levitation (AAL) method first levitates a sample at an unstable
location in the gas flow and stabilizes it through acoustic forces with surrounding
transducers [79-81] (Fig. 7.2). A feedback control, based on the specimen posi-
tion coordinates, is utilized to ensure adequate acoustic forces from the transducers
allowing levitation of spheroids with diameters varying from about 1 to 3 mm. Upon
melting, the strong acoustic pressure will make the sample to adopt an oblate-spheroid
shape according to mass and surface tension. Full visibility of the sample is available.
AALSs combined with high-speed cameras were used for studies on metastable phase
formation from undercooled oxide melts [82-94].

Developments on thermophysical property measurements have been conducted
by Ushakov et al. since the 2010s. The authors were able to determine the density
of a non-symmetric specimen through an image analysis [95]. This type of levitator
was not used successfully so far for surface tension and viscosity measurements.

7.2.3 Gas Film Levitation

The gas film levitation method (GFL), mainly developed in France, floats a molten
sample on a thin gas film formed between the sample and a pressurized porous diffuser
(Fig. 7.3) [96]. Large samples (up to 10 g of copper, silver, and gold) can be levitated
by this method. The molten sample is usually flat shaped, like that of sessile drop
(SD) because of gravity. The bottom of the sample is hidden by a diffuser. Combined
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Fig. 7.2 Top: schematic diagram of an aero-acoustic levitation apparatus. 1, levitated sample; 2,
gas flow tube and heater; 3, translation stage; 4, flow control system; 5, acoustic transduced (three-
axis); 6, diode laser sample illuminator; 7, sample position detector (three-axis); 8, video camera; 9,
vacuum chuck; 10, laser beam heating. Bottom: photograph of the aero-acoustic levitation apparatus
showing a molten aluminum oxide sample at a temperature of 2700 K levitated in argon. Reproduced
with permission from Ref. [81]

by such heating systems as a furnace or an electromagnetic heating, samples can
be melted. Since the distance between the levitated sample and the lower diffuser is
small (<100 wm), there is a risk for the hot sample to touch with the graphite diffuser,
making its operation very challenging. This technique was used first for oxides and
metallic glass-forming melts, which melting temperatures were relatively low [96,
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Fig. 7.3 Principles of the gas film levitation (a) and viscosity measurement (b). Reproduced with
permission from Ref. [98]

97]. Later, the technique was also used to measure the thermophysical properties of
the ZrO,-Al, 03 system over the 1700-2350 °C temperature interval [98].

7.2.4 Electrostatic Levitation

The methods enumerated in the previous sections all have inconvenience with regard
to the flowing gas which induces deformation, rotation/precession, thermal gradient,
and internal flow in or on the levitated specimen [99]. For one, the rotation/precession
of the sample makes the experimental uncertainty larger on image-based volume
calculation. Moreover, the internal flow in the molten sample may produce huge
uncertainties on viscosity measurements. It has been reported that the viscosity of
molten metals measured with electromagnetic levitators in microgravity is more than
twice as high as the literature values due to the internal flow [100, 101]. Although
the effects of internal flow on viscosity measurements with ADL and GFL have not
been well studied, careful consideration shall be given based on these observations.

A Coulomb force between a charged sample and surrounding electrodes is utilized
in the electrostatic levitation method (ESL) to levitate against gravity. In order to
stably levitate a sample, a high-speed feedback control system is required, and there-
fore, the levitation system is more complicated than other levitation system. A full
view of the sample (around 1-3 mm in diameter) can be obtained. Figure 7.4 shows
a schematic diagram of the sample position control system in ESL [102]. A charged
sample can be levitated between the two disk electrodes (top and bottom electrodes),
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Fig. 7.4 Schematic diagram of the electrode configuration and active position control system used
in the JPL high temperature electrostatic levitator

which are parallel and separated by about 10 mm. A collimated laser beam projects
the sample’s shadow onto a position sensor and its position is measured. The position
data is sent to a computer where a PID (Proportional-Integral-Differential) feedback
control algorithm determines the voltage to stabilize the sample position. The control
voltage is amplified and finally sent to the top electrode. In addition, four small elec-
trodes around the bottom electrode are used to control the horizontal sample posi-
tion. Optical devices such as pyrometers, heating lasers, and observation cameras
are aligned in the horizontal plane between the top and bottom electrodes. Since the
original development by Rhim et al. [102], almost all ground-based facilities have
employed this control system [103, 104].

Since there is no gas flow, a levitated sample is nearly spherical in its liquid state.
The internal flow is very small. The ESL method is widely used for metals and
alloys with high vacuum environments on the ground. Methods to determine density
[105], surface tension, viscosity [106], and heat capacity [107] have been developed
and these properties have been measured on variety of refractory metals and alloys
[104]. Moreover, some electrostatic levitators have been designed to be combined
with X-ray and neutron diffraction facilities [108—112].

Electrostatic levitation can, in principle, be used with a variety of specimens.
Having said that, oxide compositions are difficult to process under terrestrial gravi-
tational condition (1-g) because: (1) it is challenging to accumulate enough electrical
charges (about 1079°C); (2) a gas atmosphere is needed to avoid de-oxidization and
evaporation of such materials. However, the electric field necessary to levitate a
sample against gravity (10-20 kV/cm) cannot be applied in gaseous environments
because electric discharges occur easily among electrodes. For these reasons, only a
few materials (namely BaTiO3, Y3Al501,, Nd-CaAl,O;s, Al,O3, and BiFeO3) have
been levitated and melted on the ground [113-116].

Under the microgravity conditions offered by the ISS (107-g), such a large elec-
tric field is not required for the sample positioning. Therefore, the above-mentioned
restrictions are drastically alleviated. Firstly, oxide samples with much fewer elec-
trical charges can be levitated. Samples with surface charges as low as 107'* C
can be levitated using £2 kV/cm electric field. Secondly, levitation experiments
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Fig. 7.5 Drawing of the processing chamber in the ISS-ELF (left) and a molten sample levitated
between electrodes in the ISS-ELF (right)

in gaseous environments become possible without the electric discharges between
electrodes. Moreover, the molten sample becomes perfectly spherical and internal
natural convection is strongly suppressed. The microgravity offered by the Interna-
tional Space Station (ISS) is therefore an ideal environment for high temperature
oxide melts with electrostatic levitation method.

Because of these merits, the Japan Aerospace Exploration Agency (JAXA) has
developed an electrostatic levitation furnace onboard the ISS (ISS-ELF) and it has
been operational since 2016 (Fig. 7.5). Detailed descriptions on the facility and
status of thermophysical property measurements with it are found elsewhere [117].
The ISS-ELF can measure density, surface tension, and viscosity of oxide melts at
high temperatures. A similar facility has been developed and installed in the Chinese
Space Station since 2021 [118].

7.3 Thermophysical Property Measurements of Refractory
Oxide Melts Using Containerless Methods

7.3.1 Density

With the sample mass (m) and its volume (V), density (r) of the sample can be
obtained by,

p=m/V. (7.1
Therefore, the density can be calculated by volume measurements of the levi-

tated samples. They are obtained from sample images with the assumption that the
molten samples are axisymmetric. Sample images used for volume measurements
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Fig. 7.6 Magnified sample images viewing from horizontal axis; a ADL, b AAL (reproduced with
permission from Ref. [81]), ¢ GFL (reproduced with permission from Ref. [98]), and d ESL

in each levitation method are summarized in Fig. 7.6. Since all images are vertically
axisymmetric, the sample images should be taken from horizontal plane.

As for the earlier versions of ADL, the conical nozzle was so deep that it fully hid
the sample, which prevented the observation from the side. Sample observation was
done from the top, which was parallel to the symmetric axis, and led to erroneous
volume measurements. In recent setups, shallow nozzles were developed allowing
sample observation from the side.

Control of rotation axis is also important. With the ADL, samples are easily rotated
about the horizontal axis by strong gas flows. Besides, photon pressure from high
power lasers induces a rotation torque on the samples [119]. Uncontrolled sample
rotation introduces substantial errors. Le Maux et al. installed a needle horizontally
beside the conical nozzle in their ADL system. A thin gas jet is blown through
the needle to rotate the levitated sample around the vertical axis [120]. A rotation
control mechanism using the principle of induction motor is applied to some ESLs
to intentionally spin the sample and stabilize its rotation axis [121]. This method is
not applicable for insulators (oxide samples). In the ISS-ELF, any sample rotation
is suppressed by the surrounding pressurized gas. A method to precisely measure
the volume from an ellipsoid with random axis has been reported [122]. However, at
least one additional camera is required to reconstruct the three-dimensional sample
shape.
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The computer-based image analyses detect the edge of the sample. A good contrast
between the sample and the background is important to accurately determine the
volume. At high temperatures, the sample irradiance is very large in the infrared
portion of the spectrum, which blurs the sample contour. The Ultra-Violet (UV)
background (taking images in the 380 nm (UV) to 530 nm (green) wavelength range)
can minimize this error, because the sample irradiance is less pronounced in this part
of the spectrum [123].

In our image analysis with the ESL [105], 400 edge points are detected from a sample
image and converted to polar coordinates (R, 8). Then, these points are fit with the
spherical harmonic functions through sixth order as

6
R(0) =) cyPy(cost) (7.2)
n=0

where P,(cosf) is the n-th order Legendre polynomials and ¢, are the coefficients
which are determined to minimize the following value

400

F=Y {R;—R;®) (7.3)

j=0
Then, the volume is calculated by

2 r 3 .
V= 5 R°(0)sin6do (7.4)
0

Similar image analyses are carried out for all levitation methods (namely ADL,
AAL, and GFL) volume calculations.

The measured density values of molten Al,O3 and their temperature dependence
found in literature are shown in Fig. 7.7 and in Table 7.1. Al,Oj; is a suitable material
to evaluate the measurement methods since a relatively large number of data were
taken on this material.

It is clearly seen that the density data obtained at the melting temperature (ry,) by
containerless methods (ESL, ADL, and GFL), displayed in warm colors (Fig. 7.7),
yielded a better agreement than those of conventional techniques (Sessile drop (SD),
Pendant drop (PD), Maximum bubble pressure (MBP), and Archimedean [128—
137]). Furthermore, the temperature coefficients (dp/dT) obtained with conventional
techniques are greater than those for containerless ones. Contamination from the
crucibles may lead to the smaller density values at high temperature.

For containerless techniques, discrepancies are very little. Data obtained with
non-optimal setups (observation from above for ADL and observing without UV
background) led to smaller density data and steeper temperature gradients. Even
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Fig. 7.7 Measured Density of molten Al,O3 as a function of temperature. Lines in bright color
(red, orange, and pink) are data obtained by containerless methods, while lines in cold (blue, violet,
and purple) are by conventional method

though part of the specimen is hidden in the ADL setups, the errors introduced on
the volume estimation are negligibly small for Al,Os.

Melting temperatures of lanthanoid sesquioxides, ZrO,, and HfO, are above 2400
°C, which is more than 250 K higher than that of Al,O3. Therefore, it is very hard
to melt and measure properties on these specimens with conventional techniques.
Literature values are very rare and most of the reported data have been measured by
containerless methods. Measured density data of these oxides are listed in Table 7.2.
The properties of Ln,O3 (Ln = Gd, Tb, Ho, Er, Tm, Yb, Lu) have been system-
atically determined with the ISS-ELF [138-140] and, using the structural analysis
data obtained with X-ray and neutron facilities, the atomic structure of the molten
phase was revealed for Er, O3 (non-glass forming liquid) [25]. So far, ZrO, and HfO,
compositions were not successfully processed in the ISS-ELF. However, two density
data sets were obtained for ZrO, with aerodynamic levitation and they agree well
within the experimental uncertainty [24, 143]. For HfO,, only one series of experi-
ments was achieved with the aero-acoustic levitator [95]. Because experimental data
are scarce, comparison is done with the estimated values from molecular dynamics
(MD) calculations [142, 144, 145] (see Table 7.2).
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Table 7.1 Density of molten Al,O3

Pm dp/dT Temperature References
(10kgm™3) | (kgm3 K |[(K)

2.93 —0.12 2175-2435 ESL [116]

2.87 —0.064 1913-3139 ESL [117]

2.81 —-0.074 1732-2597 ESL [117]

2.9 —0.09 1900-3240 ADL [73]

2.93 —0.242 2300-3000 ADL [124]

2.79 —0.117 2000-3100 ADL [125]

2.71 —0.0678 2000-3275 ADL [126]

2.80 —0.151 2327-3210 ADL [126]

2.72 —0.28 2323-2965 ADL [127]

2.87 —0.2098 2123-2603 GFL [98]

2.69 -0.79 2320-3100 SD [128]

2.55 2327 PD [129]

3.05 2327 PD [130]

2.97 2327 PD [131]

3.06 2327 MBP [132]

3.06 —0.965 2323-3023 MBP [133]

2.98 —1.15 2325-2775 MBP [134]

3.04 —1.15 2323-2828 Archimedean [135]
3.05 —1.127 2375-2625 Archimedean [136]
3.03 —0.752 2323-2673 Archimedean + X-radiograph [137]

7.3.2 Surface Tension and Viscosity

Drop oscillation method is used to simultaneously measure surface tensions and
viscosities of levitated melts for both ADL and ESL. Detailed measurement proce-
dures are described by Rhim et al. [105] for ESL and by Langstaff et al. [72] for ADL.
This technique initially induces “mode-2" sample oscillations (depicted in Fig. 7.8a)
on a drop. Once there is no more excitation, the deformation of the sample gradually
reduces due to viscosity. The change in the sample oscillation is recorded (Fig. 7.8b)
allowing to find surface tension and viscosity by calculation. The characteristic oscil-
lation frequency f, can be obtained using FFT (Fast Fourier Transform) analysis,
whereas the damping constant 7, can be determined from the time-fluctuation curve.
The surface tension y and viscosity 1 can be found using [144, 145],

L _ propy

T (7.5)

and
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Table 7.2 Density of oxide melts which melting temperatures are above 2400 °C

Samples Tm Pm dp/dT Remarks
(K) (kgm™) (kgm— K™
Y,03 2704 4600 £ 150 AAL [95]
4420 —0.8927 £ 0.222 ADL [138]
Gdy03 2693 7268 + 205 ESL [139, 140]
6947 + 340 —1.048 £0.112 ADL [138]
Tb,03 2683 7451 £ 112 ESL [140]
Ho,03 2685 8035 £+ 108 ESL [140]
Er,O3 2686 8170 £ 245 ESL [140]
7573 + 530 —0.3273 £ 0.179 ADL [138]
Tm;03 2698 8304 + 148 —0.18 £ 0.05 ESL [141]
Yb,03 2708 8425 +£ 217 —0.55 +0.08 ESL [141]
2708 7940 —0.74 £ 0.13 ADL [138]
2708 8400 £+ 200 AAL [95]
2707 8750 (-=3.9) MD [142]
Luy03 2763 8627 £ 240 —0.43 +0.08 ESL [141]
V4(0)) 2983 5048 —0.89 ADL [24]
2983 4690 ADL [143]
2983 4740-4860 (—0.44) MD [144]
HfO, 3073 8200 £ 300 AAL [95]
8530-8730 (=0.7) MD [144]
8160 MD [145]
_ P (7.6)
51’2

where r is the radius of the drop, and p is the density of the sample.

In the case of ESL, an excitation of sample oscillation is done by adding a sinu-
soidal excitation voltage on the levitation electric field. When the frequency of the
sinusoidal input matches the characteristic oscillation frequency ( f»), the sample
exhibits a large deformation due to resonance. A pair of loudspeakers is inserted in
the gas line in the ADL and a forced oscillation is done by pulsing a gas stream by
the speakers [73].

Measurement of the sample oscillation is done by two methods. The first method
utilizes a high-speed camera. It records hundreds of images of sample oscillation
within a second. These images are analyzed in a similar manner as those for density
measurements to obtain the geometries of the sample. By analyzing the fluctuation
of the sample diameters as a function of time, f, and 7, can be obtained. This
method can visually ensure that mode-2 oscillation was excited. However, it requires
to analyze more than 100 still images to get a time-diameter profile and this is very
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Fig. 7.8 a Sketch of mode-2 oscillation, b Sketch of the setup for specimen excitation and oscilla-
tion detection in the ESL and ¢ representative data obtained with the oscillation detector. Reproduced
with permission from Ref. [103]

time consuming. In another method, a power meter is used. A collimated laser beam
projects a sample shadow on the power meter covered with a slit [103, 106] as shown
in Fig. 7.8c. The sample deformation is then detected as a fluctuation of the laser
power onto the power meter. This method is simple and can quickly help estimate f
and 7. Itis hard to tell if mode-2 is properly excited. Driven by cost effectiveness and
stringent limitations on available power, a power meter was chosen for the ISS-ELF.
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The surface tension can be determined from the drop shape in GFL, like that
used for the SD method. In GFL, viscosity can be measured by two different modes,
periodic and aperiodic. The periodic mode method is similar to the oscillation drop
method and suitable for low viscosity melts. In aperiodic mode, the upper diffuser
(shown in Fig. 7.3b), is used to make a large deformation on the highly viscous
materials (over 1 Pa s) to measure the viscosity [96-99]. Two new techniques in ADLs
using splitable nozzles have been developed to measure surface tension. In the first
method, named the drop impingement method, a levitated sample is dropped from the
nozzle and impinges on a plate. The change of the surface energy during impingement
is calculated with the detailed analysis of the sample shapes recorded by a high-speed
camera allowing the surface tension to be evaluated [77]. The second method, called
drop-bounce method, is similar to the drop oscillation method. By dropping and
bouncing the molten sample on a plate, a mode 2 oscillation with a certain amplitude
can be induced to the sample, from which surface tension and viscosity can be
obtained [78]. The main demerit of these methods with the splitable nozzle is the
temperature measurement. Currently it is very hard to accurately measure the sample
temperature when it falls and bounces. However, these methods will be useful for the
samples of molten materials under high vapor pressures with which stable levitation
is very hard due to evaporation.

The surface tension values of molten Al,O3 measured by containerless methods
as well as conventional methods found in the literature are depicted in Fig. 7.9 and
listed in Table 7.3.

For the surface tension determined at the melting temperature (y,), all values
obtained by containerless methods (ESL, ADL, and GFL [73, 77, 78, 98, 148-150])
shown in bright colors (Fig. 7.9), agree well within their experimental uncertainties.
However, some of the data obtained by ADLs show positive temperature dependence.
This could originate from the excitation of non-axisymmetric mode-2 oscillations.
The temperature dependency of GFL also displays a positive dependence [98]. When
measured by conventional techniques (cold colors), surface tension exhibits greater
and steeper temperature dependencies. These results could be attributable to reactions
between the specimens and the containers. Because containers were not utilized with
the PD technique [131, 151, 152], the obtained data agree well. However, only y,
can be determined with this technique.

The measured surface tension data of oxide melts, whose melting temperatures
are above 2400 °C, are listed in Table 7.4. The number of measured data is less than
that of density. It is because a more stable sample position control is required for the
oscillation drop experiment. Up to now, the surface tension of Tb,O3 was measured
with the ISS-ELF [149]. The surface tension of ZrO, was measured by the ADL and
reported in [157].

The viscosity of molten Al,O3 and its temperature dependence found in the liter-
ature are listed in Table 7.5 as well as shown in Fig. 7.10. The measured viscosities
at the melting temperature (1,,) by containerless methods (ESL, GFL, and ADL)
show better agreement than those by conventional methods (rotating cup [158, 159]
and oscillating cup [160, 161]). However, 1y, obtained by ADLs show higher values
than those reported by ESL (higher than the experimental uncertainty of 30%). This
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Fig. 7.9 Measured surface tension of molten Al,O3 as a function of temperature. Lines in bright
colors (red, orange, and pink) are data from containerless methods, including pendant drop (PD),
while lines in cold colors (blue, violet, and purple) are from conventional methods

discrepancy may be caused by the sample internal flow in the ADL. It was reported
that the viscosities measured with an EML in the ISS were up to 2-8 times higher
than the literature values, due to the internal flow [100, 101]. The gas flow around the
sample in ADL may introduce a flow inside the sample and may impact the viscosity
measurements.

In general, the viscosity data of oxide materials are very scarce. The measured
viscosity data of some oxides with which the melting temperatures are above 2400
°C are listed in Table 7.6. So far, the viscosity of Tb,O; was measured with the
ISS-ELF [149]. In addition, the viscosity of ZrO, was measured with ADL [143].

Recently, MD simulations were conducted to estimate the viscosity. Structural
data were obtained using high-energy x-ray diffraction experiments combined with
the ADLs and used for calculations. The calculated viscosity of Er,Os was 3 mPa s,
which is 1/10 of the viscosity of Tb, 3. The viscosity of ZrO, was calculated to be
around 5 mPa s [44] which is 60% smaller than the measured value.

There is a large discrepancy between the experimental and the calculated data.
More efforts are necessary on both sides. On the measurement side, ADLs will be
powerful tools to measure viscosities of high temperature melts if the effects of
the internal flow induced by the gas flow are properly evaluated. For the ISS-ELF,
improvement of the position control is required. For MD calculations, viscosity data
are estimated from diffusivity using Stokes—Einstein relation. The applicability of
this relation should be verified.
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Table 7.3 Surface tension of molten Al,O3
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Ym dy/dT Temperature References

(103N m™) (103N m~' K1) (K)

632 —5.3 x 1072 2193-2653 ESL [148, 149]

650 —3.9 x 1072 2327-3200 ADL [150]

~640 (3.5 x 1072) (1870-3275) ADL [73]

~623 (=5.9 x 1073) (2468-2896) ADL + Drop bounce [78]
~717 ~0 (2393-2872) ADL + Drop impingement [77]
638 * 2123-2603 GFL [98]

690 - 2327 PD [131]

680 - 2327 PD [151]

665 - 2327 PD [152]

551 - 2327 SD [153]

700 —4.8 x 107! 2327-2810 SD [128]

570 - 2327 DW [154]

577 - 2327 DW [129]

550 - 2327 MBP [132]

570 —1.8 x 107! 2327-2620 MBP [155]

670 —-32x 107! 2327-3020 MBP [133]

660 —2.0 x 107! 2327-2995 MBP [134]

570 - 2327 MBP [156]

574 — 2327 PD + X-radiograph [137]
DW Drop weight

*y (T) = 517.286 + 7.658 x 1072 T-8.7 x 107672

Table 7.4 Surface tension of oxide melts which melting temperatures are above 2400 °C

Samples Tm Ym dy/dT Remarks
(K) (103 Nm™h (103N m~' K1)

Tby03 2683 733.4 —0.039 ESL [149]

ZrO, 2988 910 £ 10 —0.133 £ 0.116 ADL [157]

The drop oscillation technique can be used with materials having viscosity ranging
from about 1 to 30 mPa s. For higher viscosity materials, oscillations damp too
quickly and 7, cannot be determined accurately. Furthermore, if the viscosity is near
1 Pa s, the drop oscillation method cannot be implemented because a significant and
periodic oscillation does not occur. Since, the oxide glass research asks for data over
wide viscosity spans (1 mPa s to over 10 Pa s), the development of an aperiodic
mode measurement is desired for both the aerodynamic (nozzle-type and gas-film)
and electrostatic levitators.
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Fig. 7.10 Measured viscosity of molten Al,O3 as a function of temperature. Lines in bright colors

(red, orange, and pink) are data from containerless methods, while lines in cold colors (blue, violet,
and purple) are from conventional methods

Table 7.5 Viscosity of

molten Al,Os3 at its melting (107 Pass) References
temperature 30 ESL [148, 149]
45 ADL [73]
54 ADL [72]
50 ADL [143]
32 GFL [98]
135 Oscillating cup [158]
35 Oscillating cup [159]
~95 Rotating cup [160]
42 Rotating cup [161]
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Table 7.6 Viscosity of oxide melts with melting temperatures above 2400 °C
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Samples Tm Nm Temperature dependence? Remarks
(K) (1073 Pas) - E
(1073 Pass) (10 J/mol)
Tby03 2683 26.3 0.33 97.6 ESL [149]
Er,O3 2693 3 MD [25]
ZrOy 2988 13 0.96 £ 0.69 64 + 20 ADL [143]
2988 5) MD [44]

n(T) noexp(E/RT), where R is the gas constant (8.31 J mol K1

7.3.3 Thermodynamic Properties

Since levitators are apparatuses to maintain molten samples at high temperatures, a
variety of properties other than density, surface tension and viscosity can be obtained
by combining with proper diagnostics methods. Thermodynamic properties such as
constant pressure heat capacity (Cp), heat of fusion(AHy), and enthalpy, can be
determined with the containerless methods.

The heat of fusion of several refractory oxides is listed in Table 7.7. A drop
calorimetry system combined with a splitable ADL (DnC; Drop and Catch method)
has been developed to measure the enthalpy of a levitated sample [161]. This DnC
set up potentially has the capability to measure the Cp.

Heat balance of a levitated sample is governed by

ar
mCp—— = —erospA(T" = T,;) =k A(T = T,)) + Q

- (7.7)

where, Ty, is the temperature of the surrounding wall, et is the total hemispherical
emissivity of the sample, ssg is the Stefan-Boltzmann constant, k is the overall
heat transfer coefficient, A is the sample surface area, and Q is the laser power
input. The first term (on the right side) is the contribution of radiation, and the
second term is that of thermal conduction and convection. The second term can
be zero under high vacuum environment, hence the ratio of the constant pressure
heat capacity and hemispherical total emissivity (Cp/et) can be calculated using
the cooling curve (a time—temperature profile) where O = 0 [106]. However, this
method cannot be used in gaseous environment since the second term becomes too
complicated as it needs to consider natural convection. Sun et al. [171] assumed that
the heat dissipation in ADL is steady and can be calculated using Ranz-Marshall’s
equation [172]. Moreover, using two inert gases with different thermal conductivity
values for levitation experiments, he calculated Cps of several molten metals without
ets. This technique will be used for the C, measurements of refractory oxide melts
with ADLs. Cps of refractory oxide melts can also be estimated by MD calculations.
Estimated values of ZrO, and HfO, are listed in Table 7.8.
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Table 7.7 Measured heat of
fusion of molten refractory Samples | T'm (K) | AH (kKJ/mol) | Remarks

oxides AlL,O3 | 2327 109 ESL [116]

107 Drop calorimetry [162]
120 + 20 DnC [76]

118.4 =2.4 | Drop calorimetry [163]
107.9 £ 5.4 | Drop calorimetry [164]
89.5+ 89 Thermal asset duration [76]
107.5 £4.8 | Drop calorimetry [165]
113.0 = 8.4 | Evaluation [76]

111.1 £4.2 | Evaluation [76]

Y03 2712 119+ 10 DnC [166]

LayO3 [2578 |78 £ 10 DTA [167, 168]
Nd,O03 | 2581 117+ 10 DTA [169]

Yb,03 | 2708 102 + 10 DnC [170]

Lu;O3 | 2763 125+ 10 DnC [170]

Zr0, | 2988 |55+7 DnC [144]
5442 MD [144]
HfO, |3073 | 61+10 DnC [144]
5242 MD [144]

DTA Differential Thermal Analysis

Table 7.8 Calculated heat

capacity of molten refractory Samples | Tm (K) | Cp (J/molK)

oxides AlLO3 2327 153.5 ESL [116]
184 + 15 Drop carolimetry [162]

y4(0)) 2988 116 £25 MD [144]

100 MD [173]

HfO, 3073 109 £ 15 DnC [144]

7.3.4 Temperature Measurement

Temperature measurements with containerless processing are conducted by pyrom-
eters. Therefore, precise values of samples’ emissivity at measured wavelength are
important. However, the emissivity data of refractory oxides are very scarce [95].
The emissivity of opaque sample can be estimated from its refraction index [80,
95]. However, absorption at the window should be considered if the pyrometer
observes the sample through it. If the melting temperatures of a sample are known, the
measured raw temperature values can be corrected to true temperature by matching
the temperature plateau after recalescence to the given melting temperature, with
the assumption that the emissivity of liquid phase is constant. This technique is
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commonly used in containerless experiments with ADLs [174] and ESLs [116, 117,
148, 149]. In most cases, this temperature correction is reasonable. However, the
sample temperatures will be underestimated, if the heat transfer by radiation may
not allow sample reheating to the melting temperature by released heat of fusion,
due to the relatively large surface to volume ratio and high temperatures [95]. More-
over, when the liquid sample vitrifies, there is no suitable landmark to correct the
temperature.

Temperature measurement is a weak point of containerless processing. Many
technical developments have been conducted to accurately measure the temperature
of levitated samples, including in-situ emissivity determination using polarimetry
[175, 176]. Currently, emissivity-free thermometry is under development and this
technique will enable the temperature measurements without knowing the emissivity
of the material [177].

7.4 Conclusions

This chapter described the status of thermophysical property measurements of molten
refractory oxide materials using containerless processing methods. Measurements
in microgravity conditions are ideal the since molten sample is perfectly spherical
and free from internal flow. However, measurements in space are expensive and
occasions are limited. Moreover, it is unclear if the facilities will be available after
the ISS era. On the other hand, measurements with ADLs on the ground are cost-
effective but need to establish the correction terms to cancel the error due to sample
deformation, rotation, and internal flow. Our strategy is (1) to measure accurate
thermophysical properties as much as possible with the ISS-ELF to obtain benchmark
data, and (2) to establish correction terms theoretically using the knowledge of fluid
dynamics, numerical simulations, and (3) to use the ADLs to experimentally confirm
the correction terms on the ground. Since one of the most challenging issues is to
accurately measure sample temperatures during containerless processing, further
researches and developments along this axis are necessary and will be pursued.
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