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Thermophysical Property Measurements of Liquid
and Supercooled Iridium by Containerless Methods
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Thermophysical properties of equilibrium and supercooled liquid iridium were
measured using noncontact diagnostic techniques in an electrostatic levita-
tor. Over the 2300-3000 K temperature range, the density can be expressed
as p(T)=19.5x 103 — 0.85(T — Tp,) (kgm™3) with T, =2719K. The vol-
ume expansion coefficient is given by 4.4 x 107> K~!. In addition, the sur-
face tension can be expressed as y(7)=2.23 x 103 —0.17(T — Ty)(103N-m ™)
over the 2373-2833K span and the viscosity as n(7T) = 1.85exp[3.0 x
10*/(RT))(1073Pa-s) over the same temperature range.
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1. INTRODUCTION

Iridium is known to be the most corrosion-resistant metal, and due to
its refractory nature, it has been used for crucibles and apparatus for
high temperature applications. Also, it has been used to harden platinum
and osmium alloys to make electrical contacts, tipping pens, and compass
bearings [1]. In particular, it was used to make the standard meter bar of
Paris (90% platinum- 10% iridium alloy). Research on new iridium-based
superalloys has recently been conducted to allow operation of gas turbines
(jet engine, power plant generator) at higher temperatures [2]. However,
because of its high melting point (2719K) [1] and its reactivity at high
temperatures, it is challenging to perform the measurement of thermophys-
ical properties in its liquid state using conventional methods.
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A knowledge of its thermophysical properties and their temperature
dependence in the liquid state is important for studies on phase transfor-
mations, nucleation, atomic dynamics, and surface physics, as well as for
industrial processes (e.g., refining, casting, and welding). These properties
are also useful when designing alloys because the properties of component
elements in the liquid state are required to estimate those of the final alloy
(e.g., binary, ternary systems).

In this study, electrostatic levitation in vacuum is used to overcome
the contamination problems associated with the conventional high tem-
perature processing and to allow accurate determination of the density,
surface tension, and viscosity [3, 4]. This paper first briefly describes the
experimental facility and the measurement methods, and then presents the
experimental results.

2. EXPERIMENTAL SETUP AND PROCEDURES
2.1. Electrostatic Levitation Furnace

The measurements were made using an electrostatic levitator (Fig. 1)
[3, 4] that consisted of a chamber evacuated to a ~107>Pa vacuum level
before processing was initiated. The chamber housed a sample charged by
electronic emission and levitated between electrodes via a feedback loop
(the two disk electrodes are for the vertical position control and the four
spherical electrodes are for the horizontal control) [5]. The positioning
control relied on two sets of orthogonally arranged He—Ne lasers and the
associated position detectors. The three-dimensional sample position infor-
mation was fed to a computer that produces position (x, y, and z) con-
trol voltages to high voltage amplifiers so that a prefixed sample position
can be maintained. The lower electrode was surrounded by four coils that
generated a rotating magnetic field that was used for rotation control [6].
Specimens were prepared by arc melting 99.9 mass% purity iridium pow-
der (Nilaco Corp., Japan) into spheroids with diameters of ca. 2 mm.

Three laser beams were used for sample heating (Fig. 1). The beam of
one CO; laser (10.6 um emission) was sent directly to the sample whereas
that from another CO, laser was divided into two beams such that the
three focused beams in a same plane, separated by 120 degrees, hit the
specimen. This configuration provided temperature homogeneity, sample
position stability, and helped to control sample rotation.

The radiance temperature was measured with a single-color pyrometer
(0.90 um, 120 Hz acquisition rate) covering a 1200-3800 K interval. Cal-
ibration to true temperature was obtained with the help of Planck’s law
and performed using custom-made Code Warrior™ software. A typical



Thermophysical Property Measurements of Liquid and Supercooled Iridium 895

Pyrometer
He-Ne Top Pyrometer
Laser electrode @/ He-Ne
Rotation laser
detector /
CO, laser
N— beams
Sample
- Side
Telephoto electrodes (4)
camera-1 -

- Oscillation Position
Position detector sensor
sensor Beam Telephoto

. Bottom )
splitter lectrod ceflmera
electrode Rotation
coils (4)

Fig. 1. Schematic view of the electrostatic levitation furnace.

temperature profile for a cooling iridium sample exhibiting 420 K super-
cooling and recalescence (sudden temperature rise due to the release of
the latent heat of fusion of an undercooled sample upon solidification) is
shown in Fig. 2.

The sample was observed by three charge-coupled-device (CCD) cam-
eras. One color camera offered a view of both the electrodes and the sam-
ple. In addition, two black and white high-resolution cameras (camera-1
and camera-2), located at right angles from each other and equipped with
telephoto objectives, provided magnified views of the sample for density
measurements. This also helped to monitor the sample position in the hor-
izontal plane and to align the heating laser beams to minimize photon-
induced horizontal sample movement and sample rotation [7].

2.2. Thermophysical Properties Determination

Density measurements were carried out using a UV imaging tech-
nique described in detail elsewhere [8, 9]. First, a solid sample was
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Fig. 2. Radiative temperature profile for a iridium sample showing
supercooling and recalescence.

levitated and vertical-axis rotation was induced by a rotating magnetic
field. The rotation rate of the solid sample can be measured by a rota-
tion detector, which monitors the intensity of He—Ne lasers reflected from
the uneven sample surface [6]. When the rotation rate reached 10 Hz, the
rotating magnetic field was turned off. All CO, laser beams were directed
in such a way to minimize photon-induced rotation during the sample
heating. Once a levitated sample was melted (ca.2mm diameter, nearly
50 mg), it became spherical due to surface tension and the distribution of
surface charge. If the shape of a molten sample departed from that of a
sphere (due to excessive rotation), a counter torque was applied by the
magnetic field [6] to restore the spherical shape. Moreover, the controlled
sample rotation not only improved the temperature homogeneity of the
sample [10] but also prevented precession and ensured the axi-symmetry
of the sample along the vertical axis.

Images at the rate of 30 frames/s and temperature data were simulta-
neously recorded as a function of time. All laser beams were then blocked
with mechanical shutters allowing the sample to cool radiatively. After
the experiment, the video images from one high-resolution camera were
digitized. Since the sample was axi-symmetric, the sample volume could
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be calculated from each image. The recorded images were calibrated by
levitating a brass sphere with a precisely known radius under identical
experimental conditions. The images were then matched with the thermal
history of the sample (Fig. 2). Because its mass was known, the density
could be determined as a function of temperature. Although the sample
evaporated as evidenced by a change in radius during long levitation peri-
ods (hours), the density experiments lasted a few minutes, for which the
melting temperature was exceeded for only a few seconds (Fig. 2). There-
fore, the effect on density was negligible.

The surface tension and viscosity were determined by studying the
behavior of the sample oscillation about its equilibrium shape [11]. In this
method, a solid sample was first levitated, rotated around 10 Hz, heated,
melted, and brought to a selected temperature. Then, a P,cos(6)-mode
drop oscillation was induced to the sample by superimposing a small sinu-
soidal electric field on the levitation field. The transient signal that fol-
lowed the termination of the excitation field was detected and analyzed
using a custom-made program. This was done several times at a given
temperature and repeated for several temperatures. Using the characteris-
tic oscillation frequency w of the signal, which was calculated by a fast
Fourier transform (FFT) analysis and then corrected for nonuniform sur-
face charge distribution, the surface tension y can be determined from [12]

w?= (8_V3> y M
Pry

where ry is the radius of the sample, p is the density, and Y is the cor-
rection factor that depends on the drop charge, the permittivity of vac-
uum, and the applied electric field [13, 14]. Similarly, using the decay time
T given by the same signal, the viscosity n can be determined [15] by

2

Pry
n=<_ 2)
During the experiments, the video images from a high-resolution cam-

era were recorded. After the experiment, each value of the radius at each
oscillation was obtained by image analysis. This procedure eliminated the
measurement error due to sample evaporation. Moreover, the aspect ratio
of the sample (ratio between the horizontal and vertical radii) was also
calculated to evaluate the experimental error induced by sample rotation.
While measuring surface tension and viscosity, liquid samples were
intentionally rotated to suppress the excitation of oscillation modes other
than the P cos(6)-mode. On the other hand, the characteristic oscillation
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frequency w; and the decay time t were dependent on the rotation rate of
the liquid sample £2, by the following equations [16, 17];

2
Awe 19(9) 3)

w21\

1 1 2/ 2\
f+m=;[1‘§<a” N

where Aw. and At are deviations of the characteristic oscillation fre-
quency and decay time due to the rotation, respectively. Unfortunately,
rotation rate measurements used for the solid sample were not applicable
for the liquid sample because of its shiny surface and sphericity. Instead,
the rotation rates of the liquid sample were estimated by monitoring the
aspect ratio of the sample. Theoretical predictions of the liquid drop shape
of rotating drops have been advanced to a high degree of accuracy by
Brown and Scriven [18], and Rhim and Ishikawa [19] have confirmed that
the liquid drops which are levitated and rotated in electrostatic levitators
followed the predictions. Based on the predictions, relations between the
aspect ratios of rotating liquid drops and both rotation rates and oscilla-
tion frequency can be expressed by

Rhori 2 2\’ 2y
horizontal 1+1.476 x 1072 <_) +1.2532 (—) —1.7877 <—)

Ryertical We

4

+3.7385 (2) . (5)
We

Using Egs. (3) to (5), relations between the aspect ratio and Aw, or At

can be estimated as shown in Fig. 3.

As shown by the dashed line in Fig. 3, if the aspect ratio of a rotat-
ing sample is less than 1.02, the reduced sample rotation rate (£2/wc) is
less than 0.13 and effects of the sample rotation to both the characteristic
oscillation frequency and the decay time should be no greater than 1.5%.
In our experiment, the aspect ratio of the levitated sample was always
monitored and did not exceed 1.02. Moreover, if the aspect ratios obtained
by the image analysis were greater than 1.02, the oscillation data were
discarded.

2.3. Experimental Uncertainties

The experimental uncertainty for density measurements is derived
from the respective uncertainty measurements for the mass and volume of
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Fig. 3. Relations between the aspect ratio of a rotating liq-
uid drop and the characteristic oscillation frequency, and the
decay time.

the samples. Because the uncertainty in the mass is 0.1 mg while a typi-
cal iridium sample mass is 50 mg, the uncertainty can be estimated to be
approximately 0.2%. As described in Ref. 9, the uncertainty in the volume
(AV/V) can be calculated by

AV 3Arg
v ro

where Arg is the uncertainty in the radius measurement by image analy-
sis. In our experiment, the average value of Ary is around 1 pixel, while
ro is 160 pixels. Therefore, AV/V can be estimated to be approximately
1.9%, and the overall uncertainty in the density measurement (Ap/p) is
estimated to be about 2%.

According to Eq. (1), the uncertainty in the surface tension measure-
ment is mainly determined by those in p, rg, and w.. As described earlier,
the uncertainty in p and rg are 2% and 0.65%, respectively. The uncer-
tainty in w. induced by the FFT analysis is negligibly small (0.4%) by
considering the transformation error (less than 1 Hz) and the typical char-
acteristic oscillation frequency (around 240 Hz). On the other hand, the

(6)
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1.5% uncertainty on «, is induced by the sample rotation, as described in
Section 2.2. As a result, the uncertainty in surface tension measurements
(Ay/y) can be estimated to be approximately 3.2% by the following equa-

tion:
A Ao\?  [34Ar0\? [ Awe\?
2 () e () (22 g
14 P ro we

Similarly, using Eq. (2), the uncertainty in the viscosity measurement
can be estimated from the uncertainties in p,ry, and t. The uncertainty
in the decay time At is estimated to be about 10%, which is mainly due
to the sample motion with respect to the oscillation detector during drop
oscillation. This determines the overall uncertainty in the viscosity.

3. EXPERIMENTAL RESULTS
3.1. Density

The density measurements of liquid iridium, taken over the 2300—
3000 K temperature range and extending into the supercooled region by
nearly 420 K, are shown in Fig. 4. Several data points in Fig. 4 are shown
with 2% experimental error bars. The density, like that of other pure
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Fig. 4. Density of liquid iridium vs. temperature.
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metals, exhibits a linear behavior as a function of temperature and can be
fitted by the following relationship with a confidence interval of 95%:

p(T) = (19.5+0.2) x 10> — (0.85+0.09)(T — Tpn) (kg-m ™)
(2300 — 3000 K) 3

where Ty, is the melting temperature (2719 K). To our knowledge, these
data were the first to be reported that included such a large temperature
excursion into the supercooled region. Around the melting temperature,
our value was 2.6% lower than that calculated by Allen [20] and that mea-
sured by Gathers et al. [21] with the isobaric expansion method, 0.6%
higher than that obtained by Martensyuk and Ivaschenko [22] with the
pendent drop method, and 1.4% higher than that measured by Apollova
et al. [23] with the sessile drop method.

The volume variation V(7T) of the molten state, normalized with the
volume at the melting temperature Vi, (9.9 x 10~°m3.mol~!) is derived
from Eq. (8), and can be expressed by

V(T)/Vn=14+44x1075(T = Ty) (2300 — 3000 K) ©9)

where 4.4 x107> (K~!) represents the volume expansion coefficient.

The relatively large deviation from the linear fit above the melting
temperature was caused by the movement of the sample. Even though
the heating lasers were controlled so that horizontal motion of the sam-
ple caused by the photon pressure was minimized, a small amount of
unbalance remained, and the effect became larger at higher temperatures.
Re-design of the electrodes is being conducted to strengthen the horizontal
position control to solve this problem.

3.2. Surface Tension

Figure 5 depicts the results for the surface tension of iridium. Several
data points in Fig. 5 are accompanied with 3.2% error bars to indicate
the experimental uncertainty described in 2.3. Data available from the lit-
erature were superimposed on the same figure for comparison. The sur-
face tension data, measured over the 2373-2833 K temperature range and
extending into the undercooled region by 346 K, can be expressed with a
confidence interval of 95% by

y(T) = (2.23£0.06) x 10* — (0.17£0.02)(T — Trn) (10 >N -m ™)
(2373 — 2833 K). (10)
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Fig. 5. Surface tension of iridium vs. temperature.

These measurements are the first to cover a large temperature interval over
the supercooled as well as equilibrium liquid regions. At the melting tem-
perature, our result was 1% lower than that obtained by Allen [20] and
around 2% lower than the value reported by Appollova et al. [23], both
of which are within the experimental error. On the other hand, our result
was 4.3% higher than that measured by Martsenyuk [24].

3.3. Viscosity

By extracting decay times from the drop oscillation signals, it was
possible to determine the viscosities of the liquid iridium over the 2373—
2773 K range. Figure 6 illustrates our data with 10 % error bars that can
be fitted by the following Arrhenius function:

n(T)=1.85exp[3.0 x 10*/(RT)](103Pa-s)  (2373—2773K), (11)

where R, the gas constant, is equal to 8.31 J-mol~!.K~!. The scatter
observed in the data is also due to the motion of the sample with respect
to the oscillation detector. No other values were found in the literature for
comparison.
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Fig. 6. Viscosity of iridium vs. temperature.

4. CONCLUSIONS

Thermophysical properties of liquid iridium were measured with an
electrostatic levitator. For the first time, the viscosity of liquid iridium was
reported. Also given in this paper were the density, the thermal expansion
coefficient, and the surface tension over wide temperature ranges covering
both the supercooled liquid and equilibrium liquid states.
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