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tension and viscosity measurements of molten xMgO-(99 — .

X)Si02-1Fe20s samples (x = 30, 40, 50, 60, 67, and 70 mol%) by 100
drop oscillation method using an electrostatic levitation

furnace onboard the International Space Station (ISS). Due to \

their high viscosities and low electric charge on their surface, it “

was very difficult to excite a sufficient amount of oscillations MgO-SiO, .
for samples with x = 30, 40, and 50. However, surface tension 20 at 23000 °

and viscosity data were successfully obtained for x = 60, 67, and °s 415 550 5 o0 o5 70 75
70. No literature values were found for the surface tension of at % MgO

these compositions, while obtained viscosity values are

consistent with the literature data. Limitations of drop oscillation method for surface tension and viscosity
measurements are discussed.
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1. Introduction

The MgO-SiO2 system is very important in both geoscience and glass science?. MgSiOs (50MgO-505i0z)
and Mg>SiO4 (67MgO-335i02) are Mg-end members of the main components of the Earth’s mantle?. Mg:SiOs
polymorphs are considered to be the most abundant materials of Earth’s upper mantle® and are likely a
major component of an early magma ocean, present magma, and partial melts. MgSiOs and Mg:SiOs exhibit
quite different glass forming ability (GFA). Liquid of MgSiOs composition can be easily vitrified even with
crucibles, while glassy Mg25iO4 can only be obtained by levitation techniques®. Due to these scientific interests,
structural data on the molten MgO-5iO:z system have been measured using X-ray and neutron diffraction,
NMR, and Raman spectroscopy>?. Based on the obtained data, atomic structure has been studied and
discussed through numerical simulations.

However, the measurements of thermophysical properties of molten MgO-5iO: are very limited because
of their high melting temperatures. Based on the phase diagram of MgO-5iO2 shown in Fig. 1'%, the lowest
eutectic temperature of this system is 1560 °C, and thermophysical properties (density'V, surface tension!213),
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Figure 1. MgO-5iO: phase diagram!.

viscosity'419) have been measured mainly around this eutectic composition. Since the melting temperature of
Mg25i0s4 (1890 °C) is more than 300 K higher, only a few data are available.

Viscous flow of silicate liquids is one of the primary agents of chemical and thermal evolution of the Earth,
and viscosity data as a function of temperature and pressure are essential. The viscosity of Mg2:SiOs was
measured by Urbain et al. using a rotating cup method'®). Recently, Xie et al. measured the viscosities at high
pressure by falling sphere method combined with synchrotron X-ray source??). No other experimental data
could be found. Karki et al. calculated the viscosity of seven MgO-5iO2 melts using first-principles molecular
dynamics simulations?V.

The electrostatic levitation method (ESL)*» can levitate samples using Coulomb force and allows heating
them to extremely high temperature. Density?), surface tension, and viscosity?¥ can be measured from the
spherical sample melted in ESL facilities. Due to insufficient surface charges, oxide samples are difficult to
levitate on the ground. Therefore, an electrostatic levitation furnace onboard the ISS (ISS-ELF) has been
developed and is operational for handling oxide samples in microgravity environments?).

Samples of MgO-S5iOz system in six (6) different compositions, namely xMgO—(99 — x)SiO2-1Fe20s (x = 30,
40, 50, 60, 67, and 70 mol%) have been successfully levitated and melted in this facility. Results of density
measurements were reported in an earlier publication?. This paper focuses on surface tension and viscosity
measurement using the drop oscillation method. Moreover, the limitation of drop oscillation method on highly
viscous samples is discussed.

2. Experimental method

High-purity powders of MgO, SiOz, and Fe:0s were stoichiometrically mixed to achieve compositions of
xMgO—(99 — x)SiO2-1Fe20:s (x = 30, 40, 50, 60, 67, and 70 mol%). To improve the absorption of the heating laser
(980 nm in wavelength), 1 mol% Fe2Os was added to the samples. (Hereinafter, the samples are referred to as
“xMgQ”.) The mixtures were pressed into pellets and sintered at 1000 °C for 12 h in air. Then, they were
crushed into small pieces and melted in an aerodynamic levitation (ADL) furnace to be spherical around
2 mm in diameter. After measuring their masses, samples were put in sample holders and sent to the ISS.

Detailed descriptions on the ISS-ELF and experimental procedures for thermophysical property
measurements are available elsewhere?>?”) but a concise overview is provided here for completeness. Samples
are injected one at a time from the sample holder into the levitation field by a pushing rod. A sample is
levitated by Coulomb force generated by three pairs of electrodes. The sample position is monitored in thre
dimensions by two position-sensing systems and controlled using a high-speed feedback control scheme.
Experiments are conducted in a gaseous environment at 0.2 MPa. Four semiconductor lasers heat the sample,
and the sample temperature is monitored by a pyrometer. Magnified sample images are captured by a black-
and-white camera from which the sample size is determined. The deformation of the sample during drop
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oscillation is monitored with a power-meter onto which the sample’s shadow is projected by a collimated red
laser.

Once the sample is successfully molten, its temperature is maintained at a constant level by adjusting
heating power of the laser. For the drop oscillation, a sinusoidal voltage is superimposed on a pair of electrodes
for around 1 second, inducing oscillatory deformation of the sample (forced oscillation period). The sample
deformation is detected as a fluctuation of the laser power on the power meter. If the frequency of excitation
signal closely matches the mode-2 oscillation frequency of the sample, oscillation can be successfully initiated.
When the excitation voltage is turned off, the sample oscillation gradually ceases due to its viscosity (natural
decay period). The signal from the power meter is recorded for 5 seconds, starting from the onset of excitation,
at a sampling rate of 5000 Hz. Figure 2 depicts typical signals of natural decay obtained by the power meter,
while Fig. 3 presents the Fast Fourier Transform (FFT) results of the recorded signals. From these data, the
decay time of the oscillation ( ) and resonance frequency (f2) can be determined, allowing the calculation of
surface tension ( ) and viscosity ( 7) using the following equations?2,

y= Py (2”1[2) ) (1)
8
p=Li. @

where p is the sample density and ro is the equilibrium sample radius. This drop oscillation experiment is
performed several times by varying the excitation frequency. This procedure is repeated at different
temperatures. Once the drop oscillation experiment is finished, the heating lasers are turned off to allow the
sample to cool. The magnified sample images are used to calculate the density of the sample. Afterwards, the
sample is returned to the sample holder, and another sample is injected to proceed with the next experiment.
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Figure 2. Typical oscillation signals during natural decay: (a) 70MgQO, (b) Au.
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Figure 3. Results of FFT analysis on the oscillation signals in Fig. 2: (a) 70MgO, (b) Au.
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Figure 4. Lorentzian fitting on the FFT results in Fig. 3: (a) 70MgQO, (b) Au. FWHM is 10.6 Hz
(7.1%f2) for 70MgO and 0.80 Hz (0.6%f2) for Au, respectively.

Following the completion of the experiments, the recorded oscillation signals are downloaded from the
ISS to the ground for detailed data analysis. The data are screened based on predefined quality metrics to
ensure a sufficient signal-to-noise ratio and accurate measurements. First, the oscillation frequency during free
decay must match (within +1 Hz) the excitation frequency. This ensures that the forced oscillation indeed
excited the mode-2 oscillation and that the accuracy of viscosity is increased. Detailed explanation is written
in Appendix-A. Second, the power spectrum of the FFT result is fitted with a Lorentzian distribution as shown
in Fig. 4. If the full width at half maximum (FWHM) of this Lorentzian function exceeds a threshold (usually
set to 15% of f2), the data are omitted. This process suppresses the uncertainty of surface tension less than
around 30%. After this screening process, less than 10% of signals remain. The surface tension and viscosity
are then calculated from Egs. (1) and (2), after confirming the density by measuring the mass of the returned
sample.

3. Results and discussion

The experiments on MgO-S5iO2 samples were conducted over four (4) campaigns, as summarized in
Table 1. The first campaign, conducted in 2021, resulted in no usable oscillation data due to instability in
sample positions in the liquid state, and only density data were obtained. This issue persisted during the

Table 1. Status of MgO-SiO:z experiments in the ISS-ELF.

Campaign Sample Number of samples Atmosphere

Levitated Density measured  Oscillation*

1 (Mar. 2021) 50MgO 6 4 01 Air
60MgO 7 2 0/4
67MgO 5 1 0/2
2 (Jun. 2021) 30MgO 3 1 0 Air
40MgO 6 2 0
67MgO 5 0 1/2
70MgO 3 3 0/2
3 (Sep. 2022) 70MgO 3 2 1/2 Air
4 (Jul. 2024) 30MgO 3 1 0/2 Ar
40MgO 5 2 0/2
50MgO 5 0 0
60MgO 5 2 3/5

* Data obtained/Attempt
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second campaign, although oscillation data of 67MgO were fortunately obtained. During the third campaign,
improvements in the sample position control led to the successful measurement of oscillation data for 70MgO.
The fourth campaign was conducted in the argon gaseous environment to improve sample stability at high
temperature. Oscillation data for 60MgO were successfully obtained. Throughout these campaigns, no reliable
oscillation data were observed for 30MgO, 40MgO, and 50MgO, primarily due to their high viscosity. Typical
oscillation signals and FFT results are shown in Appendix-B.

The drop oscillation experiments lasted more than 30 minutes, making mass loss due to evaporation a
critical issue. Table 2 shows the sample mass values measured before and after experiments.

Evidently, the mass loss of 60MgO samples was larger than that of 67MgO and 70MgQO, as the experiments
were conducted over a higher temperature range. Concerns were raised regarding whether the stoichiometry
of the sample was maintained. Figure 5 illustrates the measured liquidus density of 60MgO samples. The
density of 60MgO measured after the drop oscillation experiments and the density measured without drop
oscillation (cooled down immediately after melting) agreed within experimental uncertainty (2.3%). Judging
from those density data, compositional change can be considered negligible.

Table 2. Mass reduction during drop oscillation experiment.

Sample Mass (mg) Mass loss Temperature Range Remarks
Before After (%) Q)
60MgO-1 9.60 9.15 4.7 2128-2200 one sample (60MgO-3)
was lost during
60MgO-2 9.06 8.29 8.5 2200-2269 experiment
67MgO 11.1 10.8 27 2030-2180
70MgO 8.69 8.63 0.7 1966-2031
2850 A B S S N
1 i e 60MgO-1
o 60MgO-2
2800 o B60MgO without oscillatiop.....__|
& om0l Lo
€ i i i % i
~
o : : : :
S ‘ : i i |
FOEL B B <117 T B R
(2]
S ? i
O 2650 e I e
2600 - VY
9550 A S N

1000 1200 1400 1600 1800 2000 2200 2400
Temperature (°C)

Figure 5. Density of molten 60MgO as a function of temperature. Error bars indicate 2.3% experimental
uncertainties.

3.1. Surface tension

The measured surface tensions as a function of temperature, together with literature data, are shown in
Fig. 6. Only two sets of literature data have been found. King et al. measured the magnesium-silicate samples
with compositions ranging from 45.2 to 51 mol%MgO and temperature between 1550 and 1650 °C using the
ring method'?. Tokunaga et al. used the same method to measure a sample with 45.2 mol%MgO®. Both
studies reported that surface tensions exhibited a positive temperature dependence. This temperature
dependence was also observed in molten Si02%3) and is believed to reflect the changes in the liquid structure
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Figure 6. Measured surface tension of molten MgO-S5iO2 as a function of temperature.

of silicate'213%), Judging from the result of our literature search, surface tensions have been meaured for the
first time for these compositions. While our results are valuable, it remains challenging to confirm whether the
surface tensions of 60MgO, 67MgO, and 70MgO samples exhibit a positive temperature dependence.
Moreover, our surface tension data show a negative compositional dependence on MgO which appears
unusual given that the surface tension of MgO%) is much higher than that of SiO:. It is very hard to
quantitatively determine the surface tensions and their temperature/compositon dependences with such huge
experimental uncertainties shown in Fig. 6. This concern will be discussed in Sec. 3.3.

3.2. Viscosity

The measured values of viscosity along with literature data as a function of temperature are shown in
Fig. 7. Like the data for surface tension, almost all literature data'>-1?) for viscosity were measured around the
eutectic composition ranging between 40 and 50 mol%MgO. The only data close to our results in both
composition and temperature were taken by Urbain et al. using rotating cup method'®, as shown in Fig. 7 (b).
Our results show good agreement with those of Urbain. Viscosity exhibits a negative MgO composition
dependence. It is well known that the viscosity of liquids exhibits Arrhenius-type temperature dependence.
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Figure 7. Measured viscosity of molten MgO-SiO2 system vs temperature. (a) Overall; and (b) a closer view
around present works.
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Figure 8. (a) measured viscosity of MgO-SiO2 vs reciprocal temperature. (b) Calculated viscosity value at
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As shown in Fig. 8 (a), viscosity of MgO-SiO: fits Arrhenius equation well. By extrapolating and interpolating
the measured data, viscosities at 2000 °C are calculated and their composition dependence is shown in
Fig. 8(b). Overall, viscosity of MgO-5iO: decreases almost linearly with increasing MgO concentration.

3.3. Experimental uncertainty

The experimental uncertainties of surface tension and viscosity can be calculated from the Egs. (1) and (2).
The relative uncertainty of surface tension (Ay/y) and that of viscosity ( A n/n) can be expressed by the
following equations;

SRR ®
2 B e BT g

The relative uncertainty of sample radius measurement (Aro/ro) is 0.8%, and thus that of density (A 0 /p) is 2.4%.
The uncertainty of mode 2 resonance frequency (Af2/f2) can be estimated from the FWHM shown in Fig. 4. In
the present work, (Af2/f2) is set equal to FWHM, and calculated uncertainty values are plotted as error bars in
Fig. 6. Due to their high viscosities, the durations of free decay for these samples are much shorter than those
of metallic samples, with typical examples shown in Fig. 2. The duration of natural decay (t) for 70MgO (Fig.
2(a)) is 0.07 seconds, which is approximately 28 times shorter than that of Au (around 2.0 s, in Fig. 2(b)). Since
the frequency resolution of FFT analysis is inversely proportional to ¢, Af2 for 70MgO is 28 times larger than
that of Au, leading to a significantly higher uncertainty. This also affects the uncertainties of the damping
constant (At/7) and viscosity (An/n).

The duration t is closely related to the relaxation time 7. From Fig. 2, the free decay can be observed in the
ISS-ELF from the end of excitation to when the oscillation amplitude decays to 1/10 of its initial value.
Therefore, ¢ is roughly determined as follows.

2

t =23t =046 /ey %)

Based on Eq. (5), when the sample size is constant, f is inversely proportional to the kinematic viscosity ( »
= 1/p). Therefore, t and the uncertainty of surface tension (Ay/y) are directly determined by the kinematic
viscosity of the sample. Also, when the desired uncertainty of the surface tension is determined, the maximum
kinematic viscosity of the sample is determined. Figure 9 depicts the result of a case study. In this study, the
maximum Ay/y is set to be 0.3, and Af2is determined to be 1/t. The maximum kinematic viscosities are plotted
as a function of mode-2 oscillation frequency of the sample (f2), and sample radius. The maximum sample
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viscosity can be slightly expanded by using bigger samples. The measurements are easier if the sample has
relatively high surface tension.

The ISS-ELF has been operational for 10 years, during which numerous oxide samples?”3-%) as well as
metal®)/alloy®-4#) samples have been processed. Drop oscillation experiments have been conducted mainly for
oxide samples as summarized in Table 3 and Fig. 10.

For samples containing heavy rare-earth elements, their large densities result in low kinematic viscosity,
allowing relatively good oscillation signals to be obtained even when their dynamic viscosities are very high.
Conversely, for oxides composed of light elements such as Al2Os, CaAl:0s, Al2Os-SiO2, and MgO-5iO,
measurements are extremely difficult due to their high kinematic viscosity. Judging from Fig. 9, the maximum
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Figure 9. Maximum kinematic viscosity of the sample measurable in the ISS-ELF, with experimental
uncertainty of surface tension below 0.3.
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Figure 10. Kinematic viscosities of molten samples measured in the ISS-ELF.
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Table 3. Density, viscosity, and kinematic viscosity of molten samples measured with the ISS-ELF.

Sample Temperature Density Viscosity Kinematic REF
(°C) (kg/m3) (mPa:-s) Viscosity
(cSt)
60MgO-39S5i02-1Fe203 2128-2269 2532-2584 19.9-30.3 7.8-11.8 Present work
67MgO-325i02-1Fe203 2030-2180 2629-2648 13.3-30.5 5.0-11.5 Present work
70MgO-29SiO2-1Fe20s 1966-2031 2649-2658 10.8-16.3 4.1-6.1 Present work
AlOs 2284-2384 2788-2796 14.1-33.3 5.1-11.9 27
Tb203 2472-2986 7338-7483 9.4-23.2 1.3-3.1 27
99Nb205-1Fe20s 1255-1712 4186-4417 8.0-28.9 1.9-6.6 34
10La203-89Nb20s5— 1207-1578 4450-4678 10.1-29.6 2.3-6.3 34
1Fe20s
20La203-79Nb20s— 1382-1818 4638-4875 10.5-29.3 2.3-6.0 34
1Fe203
30La203-69Nb20s— 1251-1806 4751-5125 8.6-47.8 1.8-9.3 34
1Fe20s
40La203-59Nb20s5— 1665-2049 5026-5256 7.9-23.8 1.6-4.5 34
1Fe20s
50La203—49Nb20s5— 1711-2022 5022-5359 8.8-29.2 1.7-5.5 34
1Fe20s
60La203-39Nb20s5— 1596-1899 5309-5467 10.8-33.4 2.0-6.1 34
1Fe20s
70La203-29Nb20s5— 1490-1818 5435-5628 13.1-29.9 24-53 34
1Fe203
62A1203-385102 2215-2302 2759-2762 10.0-23.1 3.6-8.3 35
68A120:-32Si02 2226-2429 2792-2803 16.3-27.5 5.8-9.8 35
CaAlOs 2010-2168 2755-2772 12.3-25.4 4492 35
YbAIOs 2012-2347 6007-6113 14.1-36.5 2.3-6.0 35
YbLa2Als012 1736-2011 4611-4659 12.7-34.3 2.8-7.4 35
YbosLaosAlOs 2211-2340 5292-5320 27.6-30.7 5.2-5.8 35
YbsAlsOr2 1975-2134 5461-5489 14.5-33.1 2.7-6.0 35
YbY2Als012 2205-2431 4480-4515 20.2-43.6 4.5-9.7 35
17La203-83TiOz 1564-1989 4386-4540 8.7-41.3 1.9-9.1 36
17Nd205-83TiO2 1521-1911 4494-4697 9.9-41.6 2.2-89 36
BaTi20s5 1414-1619 3978-4025 8.4-20.3 2.1-5.0 36
BaTi4Oo 1477-1912 3812-3948 5.4-45 1.4-11.5 36
Au 1129-1434 16086-17679 4.3-6.8 0.25-0.40 37
50MgO-50Si0O: 2000 2530 62 245 Estimated
40MgO-60Si02 2000 2464 131 53.2 Estimated

measurable kinematic viscosity in the ISS-ELF is 12 ¢St (10-¢ m?/s). This result agrees with the case study shown
in Fig. 9. The estimated kinematic viscosities of 50MgO and 40MgO are listed in Table 3. Because their
kinematic viscosities are far above the threshold, it is understandable that oscillation data could not be
obtained for these samples with the ISS-ELF.

This limitation heavily depends on the instruments and will drastically expand if ¢ increases. Work is
currently underway to improve the oscillation system of the ISS-ELF to generate larger sample deformations.

It is important to have long observation time to accurately measure the mode-2 oscillation frequency. It is
reported that 16-s observation time is required in the surface tension measurement with an electromagnetic
levitator®). Surface tension measurement using the data of forced oscillation period, which is much longer
than that of free decay, is also under consideration.

Nonetheless, the surface tension and the viscosity of MgO-5iO2samples with a high MgO concentration
(x>60) have been measured.

4. Conclusions

Using the ISS-ELF, surface tension and viscosity values of xMgO—-(99 — x)SiO2-1Fe20s (x = 60, 67, and 70)
have been obtained. In addition, over 10 years of experiments in the ISS, the limitations of drop oscillation
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method, as it has been implemented, have been revealed in this study and the need for new methods is
highlighted for very viscous melts.
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Appendix-A

The effect of the frequency offset (defined as a difference of forced oscillation frequency and mode-2
oscillation frequency) on the surface tension and viscosity measurements was experimentally verified in the
ISS-ELF using an Au sample whose mass was 59 mg. The sample was levitated, melted and kept at 1400 °C.
The sample was oscillated with 11 different forced oscillation frequencies, ranging from 116 to 136 Hz with 2
Hz intervals.

Some of the obtained oscillation signals are shown in Fig. Al. Profile of the oscillation signal during free
decay differed with different frequency offsets. Figure A1(d) shows the peak power of the oscillation
calculated in the FFT analysis. From this figure, it is obvious that the mode-2 oscillation frequency of this
sample was around 124 Hz.

The peak frequencies (f2) from the FFT analysis and the calculated surface tensions are plotted as a
function of forced oscillation frequency in Fig.A2(a). The measured f2 is almost constant (ranging from 124.5
to 125.1 Hz), thus surface tension values are independent from the frequency offset.

The measured decay constant (t) and the viscosity are plotted in Fig. A2(b). The f is strongly affected by
the frequency offset as shown in Fig.A2(b). The larger the frequency offset is, the smaller is t and the larger is
the viscosity.

The measured viscosities with forced oscillation frequencies 124 and 126 Hz (whose frequency offset is
within 2 Hz) are around 3.8 mPa-s. These viscosity values agree well with the literature data (3.56 mPas by
Ofte"), while the obtained viscosity values with bigger frequency offset (more than 2 Hz) are at least 25%
larger than the literature ones.

The same results have also been confirmed in the experiments with Pt and Nb20Os samples. Moreover, the
sample deformation of these samples was observed through the images recorded by a high speed camera?.

It is important to minimize the frequency offset as much as possible to obtain precise viscosity values.
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Figure Al. Filtered oscillation signal of Au with 3 different forced oscillation frequencies (a)116 Hz,
(b) 124 Hz, and (c) 130 Hz. Raw signals were filtered with a 100-200 band pass filter.
Peak power obtained from FFT analysis is shown in (d).
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Figure A2. (a) Measured f2 and calculated surface tension vs forced oscillation frequency. (b)
measured t and calculated viscosity vs forced oscillation frequency.
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Appendix-B
Figure B1 shows a typical oscillation signal and FFT results obtained for an Au sample.

The peak indicated in a thin arrow corresponds to the lateral sample movement due to the input forced
oscillation (61 Hz), and the largest peak in a bold arrow (122 Hz) is derived from the sample surface
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deformation. This second peak indicates that the sample is molten and its viscosity is low enough to show the
observable deformation.

A typical oscillation signal and the FFT result obtained for 50MgO are shown in Fig. B2.

Focusing on the FFT result of 50MgO, no second peak can be observed, which indicates that the sample
viscosity is very high and observable deformation cannot be made by current ISS-ELF system.
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Figure B1. Oscillation signal of Au (a) and its FFT result (b). Raw signal was filtered with a 40-500
Hz band pass filter.
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Figure B2. Oscillation signal of 50MgO (a) and its FFT result (b). Raw signal was filtered with a 40-500
Hz band pass filter.
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