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Physical properties of molten oxides such as viscosity and surface tension
are important in various fields. However, it is very difficult to measure the
properties of molten oxides owing to their high melting points, high reac-
tivity, and high vapor pressure. Hence, the physical properties of molten
oxides are scarcely reported. Therefore, we developed a new method,
termed the “impingement method,” for measuring the surface tension of
molten oxides in a very short time, using the aerodynamic levitation tech-
nique. In this work, we developed an apparatus for measuring the surface
tension of molten Al,O; and compared the value with that of other meth-
ods, considered as reference values. Results showed that the surface ten-
sion of molten Al,O; was approximately 0.72 N/m at around 2500 K,
which is close to the reference value; moreover, the measurements could
be obtained in a very short time (approximately 80 ms). Thus, itis expected
that the surface tension of molten materials with high vapor pressures such
as ZrO, and UQ, can be measured using this method.

Keywords: AlO;, liquid phase, surface tension, aerodynamic levitation, molten
oxide

1 INTRODUCTION

Physical properties such as viscosity and surface tension of molten oxides
such as Al,O; and ZrO, have attracted significant attention in various fields
where high-temperature operation is required, such as aerospace engineering
[1], material science [2], and nuclear engineering [3]; as these oxides are
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widely used as refractory materials owing to their high melting point. In addi-
tion, in the nuclear engineering field, much attention has been paid to molten
oxides containing U, Zr, and Fe in the wake of the core-meltdown accident at
Japan’s Fukushima-Daiichi nuclear power plant in 2011 as they are the com-
ponents of the reactor cores. The physical properties of the molten core mate-
rials are expected to allow the prediction of the convection, dropping, and
spreading behavior of the melts. The common property of these oxides is
that they have high melting points, which makes measurement significantly
difficult.

As for the viscosity measurements, Langstaff et al. proposed a new method
to measure the viscosity of oxides based on the aecrodynamic levitation (ADL)
technique, which is one of the contactless methods [4]. In this technique, a
droplet is levitated via ADL and oscillated using speakers. The viscosity is
evaluated from the damping behavior during oscillation. They demonstrated
that the viscosity of Al,O; could be evaluated successfully by this technique.
Very recently, our group showed that this technique can be adapted to an
oxide with a much higher melting point, namely ZrO, [5].

In contrast, the surface tension measurement of oxides had been a difficult
challenge. For the past few decades, surface tension of molten Al,O; has been
evaluated using the sessile drop [6] and maximum bubble pressure methods
[7]. However, these conventional methods are not reliable at extremely high
temperatures because the sample’ surfaces would be contaminated by the
reaction between the samples and the container during the measurements [8].
Recently, Langstaff et al. successfully measured the surface tension of Al,Os
at 2523 K [4]; they used ADL and thus avoided this difficulty. They induced
oscillation using speakers, found five resonance modes by scanning fre-
quency, and evaluated the surface tension from the resonance frequencies
using the sum rule [9]. The resultant surface tension was higher than those
measured by the sessile drop and maximum bubble pressure methods by
more than 20%, suggesting that conventional techniques are not appropriate
for high-temperature melts.

Although the abovementioned ADL-based technique provides reliable
surface tension measurements, it is not realistic to use this technique to mea-
sure temperature-dependent surface tension; moreover, it is not feasible to
adapt this technique to oxide melts other than Al,O; as this technique requires
considerably long measurement times (about few minutes) and much effort
to find all of the five resonance modes by scanning frequency. This is sup-
ported by the fact that Langstaff et al. reported the surface tension of Al,Os at
only one temperature (2523 K) [4]. The long measurement time also causes
difficulties in surface tension measurements of evaporative substances. As
the resonance frequency depends not only on the surface tension but also on
the volume of the droplet, evaporation of the sample will change the reso-
nance frequencies, which makes the measurement significantly difficult. This
means that the technique proposed by Langstaff et al. cannot be adapted to
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evaporative oxides such as ZrO, and UO, (the vapor pressures of Al,Os, ZrO,,
and UO, at each melting temperature are 0.12 Pa, 18 Pa, and 3100 Pa, respec-
tively based on the FACTS3 [10] thermodynamic database). To measure the
surface tension of high-temperature evaporative oxide melts, it is necessary
to develop a new method that facilitates measurement in a short duration.

Therefore, the objective of this study was to develop a new method to
measure the surface tension of molten oxides within one second. We named
this technique as the “impingement method”. A schematic describing the
principle of this method is shown in Fig. 1. In this method, the surface tension
is evaluated from the impingement behavior of a droplet. First, the droplet is
levitated using a levitation technique. The droplet is then dropped onto a
ceramic plate so that it impinges on the plate. Just before impingement, the
droplet has a certain amount of kinetic energy. When the droplet does not wet
the substrate, the droplet keeps deforming during impingement until all of the
initial kinetic energy is transformed into surface energy except for the energy
lost because of viscosity. As the surface energy is a function of the surface
area and surface tension, the surface tension can be calculated from the initial
kinetic energy, surface area, and viscous dissipation. In our study, we demon-
strated that this impingement method enables surface tension measurements
of Al,O; within one second.

Droplet‘ Time >

‘ Impingement .
Q ' Rebound

| Substrate N \
Just before impingement Maximum deformation
Kinetic energy, E, Difference in surface energy,
AE; = y(S4-S)
Surface area, S; Energy lost because of viscosity, E,

Surface area, Sy ‘

Substrate Substrate
FIGURE 1

Concept of the droplet impingement method.
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2 EXPERIMENTAL

Figure 2(a) is the schematic of the measurement system, and figure 2(b)
shows the diagram of the apparatus. The levitation system consists of a sepa-
rable conical converging—diverging nozzle (diameter of the converging part is
1 mm) driven by gas pressure, and a levitation gas supplying system. A gas
mixture comprising approximately 15% O, and 85% Ar gases was supplied
to the nozzle using a mass flow controller at a typical combined flow rate of
400 cm® min'. O, was added to prevent the reduction of samples during the
experiments. First, the sample was levitated using the closed nozzle by
supplying levitation gas; the sample was melted by a 100-W CO, laser
(Coherent, GEM100) emitted at a wavelength of 10.6 um. The nozzle was
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FIGURE 2
(a) Schematic of the impingement analysis system; (b) Diagram of the impingement analysis
system.
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then opened to drop the sample onto the ceramic plate, placed approximately
3.5 cm below the nozzle. It takes approximately 80 ms for the sample to fall
and impinge the plate if air resistance is ignored. The impingement behavior
of the Al,O; sample with respect to the plate was observed using a 2000-fps
high-speed camera (Ditect, HAS-D72M) equipped with a telecentric lens
(Edmund, TS GOLD). We used ultraviolet (UV) light as the back light
(Hamamatsu, L.s9588-02A) with a 370 + 2 nm bandpass filter. The images
were analyzed using the original tool (Ditect, Deep macro II) to determine the
center of gravity of the sample, that of the edge of the sample, and the length
of the edge of the sample. A 2-mm diameter stainless used steel ball was used
for length calibration.

The surface tension was evaluated from the deformation of the droplet
during impingement, as shown in Fig. 1. For simplicity, we assumed the
droplet to be a true sphere before impingement, and that there was no interac-
tion between the droplet and substrate. We focused on two points of time: just
before impingement and the time when the velocity of the droplet became
zero. Just before impingement, the droplet has a certain amount of kinetic
energy, E,. During impingement, the droplet deforms; therefore, part of the
initial kinetic energy is converted to surface energy because of the increasing
surface area and to heat via viscous deformation. When the velocity of the
droplet becomes zero, all of the initial kinetic energy is converted to surface
energy except for the energy lost because of viscosity, implying maximum
deformation. By comparing the energies of these two points of time, the
following relationship was derived using the energy conservation law:

E =AE, +E, (1)

where E is the surface energy and E, is the energy lost via viscous deforma-
tion. AF,is the increased surface energy because of deformation. The
increased surface energy AE;is described elsewhere [11].

AE, =~(S,-S5,) 2

where S; is the surface area before impingement and S, is the surface area of
the deformed sample. These equations indicate that the surface tension can be
calculated by determining E, S, S;, and E,.

The kinetic energy and surface areas, E;, S,, and S, were determined from
the recorded images. Figure 3 (a) shows the images of the ALLO; sample
impinging the substrate. It should be noted that the edge of the sample is
clearly recorded. To derive E;, S,, and S,, the recorded images were binarized,
as shown in Figs. 3 (b). E; was determined from adjacent images taken just
before impingement (in this case, 0 and 0.5 ms). The distance of the center of
the gravity of the sample between these two images (a) was calculated, which
is the distance moved during one frame (0.5 ms) just before the impingement.
Then, E, was calculated as
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FIGURE 3
(a) Images of the sample during impingement; (b) Images of the analyzed sample.

1 a)
E, _zm[o.s] : (3)

where m is the mass of the sample measured after the experiment.
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Time dependence of the center of gravity of the sample.

As S, was determined from the image obtained when the kinetic energy of
the sample became zero, the z position of the center of gravity was plotted as
a function of time, as shown in Fig. 4 (in this case, 5 ms). The image taken at
the time when the center of gravity became minimum was used for deriving
S,. Sq was calculated from the perimeter using the Pappus—Guldinus equation
with the z axis being rotationally symmetric [12]. S; was estimated as the
surface area of a true sphere with the same volume as the deformed sample,
which was calculated from the cross-sectional area of the sample using the
Pappus—Guldinus equation [12].

The energy lost because of viscous deformation of the sample during
impingement, E,, was calculated by assuming the deformation from the
initial spherical shape to the maximum deformation to be equal to that during
1/4 the period of the well-known damped oscillation. The lost energy during
1/4 the period of the damped oscillation is given as [13]

E, =m(CE,, “4)
T =2 and 5)
J1-¢
5

(6)

= ,
R
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where ['is the damping oscillation constant, T, is the time for a period of
oscillation, ( is the energy reduction rate, p is the density of the material [4],
and R is the radius of the sample when it is regarded as the spherical shape. I"
could be calculated from the viscosity of the sample, which was taken from
the literature [4]. The time between the sample contacting the plate and the
maximum deformation was evaluated from the recorded image of the sample
and found to be 2.0 ms for all the cases. Thus, E, was calculated using Egs.
(4), (5), and (6) by considering T, as 8 ms.

The temperature of the sample during impingement was estimated from
the free cooling behavior of the sample measured prior to the dropping
experiment and the free-fall time of the sample. The sample was levitated via
ADL and melted using the heating laser. The temperature was measured
using a single-color (0.9 um) pyrometer (Chino, IR-CAS8CNL). The data
were recorded every 2 ms by a data logger (Graphtec, GL-900). The heating
laser was turned off without opening the nozzle to obtain the cooling curve.
A typical example of the cooling curve obtained from molten AL,Oj; is shown
in Fig. 5. In this case, the laser was turned off at 140 ms, and solidification
started at 890 ms. Once the solidification starts, the temperature remains
constant until the liquid area disappears. The temperature (7) of the samples
was estimated from the temperature measured by the pyrometer (7,) using
Wien’s law as follows [14]:

3500

Cooling start Cooling plot

3250 g X Cooling curve

3000

2750 Soldification

2500

Temperature (K)

B T, ©T =2345K
2250 |- l
2000 + :
1750 | L , . . . . . L
0 200 400 600 800
Time (ms)
FIGURE 5

Cooling curve for the sample.
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rr_r.r (7)
T T, T, T,

where T} is the melting point and 7}, is the melting point measured by the
pyrometer; all temperatures are in Kelvin. The value of T, used for liquid
ALO; was 2345 K [15], and that of T,, was determined based on the cooling
curve. We applied this equation assuming that the emissivity of the sample
does not change in the temperature range of interest.

The cooling curve was fitted using a polynomial formula given by

T = At+Br* +Cr +Dt*, (8

where A, B, C, and D are the fitting parameters, and 7 is the time. Assuming
the cooling rate to be almost identical between the levitated sample and
dropped sample, the sample temperature during impingement was estimated
by including the free-fall time of the sample for ¢ in this equation. The free-
fall time was calculated from the speed of the sample just before impingement.
The calculated free-fall time was approximately 84 ms, which is almost the
same as the theoretical free-fall time calculated based on the distance between
the nozzle and substrate by ignoring the air resistance.

3 RESULTS AND DISCUSSION

3.1 Measurement results

Figure 6 presents the results of the surface tension measurements along with
the reference data. Reference data were recorded via the droplet oscillation
method using ADL [4], droplet rotating method using ADL [16], sessile drop
method [6], and maximum bubble pressure method [7]. The data obtained
using the droplet oscillation method [4] were divided into two groups: the
ones calculated using the sum rule from all of the split resonance frequencies
and those calculated only from the frequency of the mode with / =2 and m =
0. As mentioned in the introduction, the values obtained using the sum rule
were considered to be the most reliable ones, which are roughly 20% higher
than the other reported values. Our results were almost identical to that
obtained through the oscillation droplet method using the sum rule, indicating
that our method could provide reliable surface tension measurements.

Our results show that the surface tension of Al,O; is almost independent of
temperature; this is reasonable as it is known that surface tensions of several
liquids are almost constant or decrease slightly with increasing temperatures
[8]. The temperature dependence of the surface tension measured using our
method was considerably close to that measured using the droplet oscillation
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Surface tension of liquid AL,O;.

(only I =2, m =0) and droplet rotating techniques. Through linear fitting, the
temperature-dependent surface tension of AL,O; is expressed as

7=(0.6941.04)x10° xT +(0.70£0.03) (2393K =T =3147K). (9)

Using Eq. (9), the surface tension of liquid AL,O; at it melting temperature
(2345 K) was calculated to be 0.72 £ 0.05 N/m.

3.2 Uncertainty of measurements
The uncertainty of this technique arises from the process for calculating the
initial kinetic energy E,, temperature 7, surface areas S; and S,, and energy
lost through viscous deformation, E,. E; was determined from two adjacent
images by calculating the distance moved by the center of gravity. The
position of the center of gravity was determined from the sample image;
therefore, ambiguous edges would result in inaccurate positioning of the
center of gravity. The resultant uncertainty is expected to have a random
distribution. As the deviation of our measured data shown in Fig. 6 is not
significant, we inferred that the uncertainty associated with E, was small
owing to the high frame rate of the camera (2000 fps).

The temperature of the sample was estimated from the cooling curve
obtained before the impingement experiment, the falling time of the sample
calculated from the speed of the sample just before impingement, and the



DEVELOPMENT OF A NEW METHOD TO MEASURE SURFACE TENSION OF MOLTEN OXIDES 11

distance between the initial sample position and the plate. The main
uncertainty in this process originated from the assumption that the cooling
rate of the falling sample is identical to that of the levitated sample. The
cooling of the melted Al,O; is influenced by two factors: heat radiation and
heat transfer to the surrounding gas. As the gas flow rate around the sample
was higher for the levitated sample than the dropping one, the levitated
sample lost more heat through heat transfer to the surrounding gas; this means
the cooling curve shown in Fig. 5 underestimates the actual sample
temperature.

The actual temperature of the falling sample is expected to be between that
determined using the cooling curve of the levitated sample and that calculated
considering only the radiation heat loss using the Stefan—-Boltzmann law
[17]. Figure 7 shows the difference in the experimental cooling curve drawn
for the levitated sample and that drawn using the Stefan—Boltzmann law
considering the emissivity of AL,O; to be 0.93 [18]. The time taken by the
sample to fall on the plate was 100 ms at the most. Thus, the difference
between the two cooling curves was approximately 30 K. This result indicates
that our method underestimated the temperature by several tens of Kelvins.
However, this underestimation does not affect the measured surface tension
of AL, O; significantly as the surface tension has a very weak temperature
dependency; it should be noted that the impingement technique requires
attention with respect to temperature estimation.
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FIGURE 7

Cooling curve obtained experimentally and via calculations.
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As for the evaluation of the surface area, several factors could cause
uncertainty. First, we assumed that the shape of the sample before impingement
was a true sphere; however, the actual shape of the sample was slightly
distorted, which resulted in the underestimation of the difference in the
surface area and overestimation of the resultant surface tension. Thus, the
edge of the sample before impingement was fitted using an ellipsoid (Fig. 8);
the ratio of the short axis to the long axis was found to be 0.995, resulting in
a 1 % underestimation of the surface tension. The surface area of the deformed
sample, S,, should be evaluated when the velocity becomes zero. Otherwise,
the initial kinetic energy is not fully converted to the surface energy, which
leads to underestimation of the difference in the surface area and overestimation
of the surface tension.

The other factors that will affect the measurements are the reaction
between the sample and substrate, excessive deformation, and fragmentation
of the sample. Equation (3) holds only when there is no reaction between the
sample and the substrate. If the sample recoils after impingement as shown in
Fig. 3(a), i.e. if it does not wet the substrate, it can be judged that the sample
does not react with the substrate. If the deformation is excessive and the
center of the drop is recessed, the surface tension will be considerably
overestimated because the surface area of the recessed part is ignored.
Fragmentation changes the mass of the sample, leading to underestimation of
the initial kinetic energy and surface tension. These influence of these factors
must be excluded by carefully examining the recorded images.

FIGURE 8
Ellipse fitting of the droplet before impingement.
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4 CONCLUSIONS

In the present work, a new technique to measure the surface tension of liquid
oxide melts from their impingement behavior was developed. The surface
tension of molten Al,O; measured using this method was approximately
0.72 N/m around its melting temperature; this value was close to that
measured via the oscillation droplet method using the sum rule. The droplet
impingement method can effectively measure the surface tension despite
some deviations in this measurement. This method can measure the surface
tension of liquids in shorter durations (approximately 80 ms) than conventional
methods. Thus, it is expected that the surface tension of molten materials with
high vapor pressures such as ZrO, and UO, can be measured using this
method.
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