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Non—contact Thermophysical Property

Measurements of Liquid and Supercooled Platinum

By

Takehiko Ishikawa, Paul-Francois Paradis,’ and Noriyuki Koike®

Abstract : Thermophysical properties of equilibrium and supercooled liquid platinum were measured
using non—contact diagnostic techniques with an electrostatic levitator. Over the 1691 to 2216 K tem-
perature range, the density can be expressed as 0(T) = 19.2 x 10° — 0.96 (T - T.) (kg m™) with 7, =
2041 K, yielding a volume expansion coefficient of 5.0 x 107 K" In addition, the surface tension can
be expressed as ¥(T) = 1.80 x 10°-0.14 (T - T») (107N m™) and the viscosity as 7(7) = 0.25exp

[4.99x 10Y(RT)] (107°Pas) over the 1743 to 2313 K temperature range.
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1. Imtroduction

Platinum is a silver—white, malleable, and ductile metal. Because it does not oxidize in air at any temperature, plati-
num is widely used in jewelry, wire, and vessels for laboratory use, and in many valuable instruments including thermo-
couple elements. There is also much current interest in the use of platinum as a catalyst in fuel cells and in antipollution
devices for automobiles.”

Knowledge of its thermophysical properties and their temperature dependence in the liquid state is important for
studies on phase transformations, 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 com-
ponent elements in the liquid state are required to estimate those of the final alloy (e.g., binary, ternary systems). How-
ever, because of its high melting point (2041 K),” and risk of contamination from the container wall, it is challenging to
perform the measurement of thermophysical properties in its liquid state using conventional methods.

In this study, electrostatic levitation in vacuum overcame the contamination problems associated with the conven-
tional high temperature processing and aliowed accurate determination of the density, surface tension, and viscosity.™”

This paper first briefly describes the experimental facility and the measurement methods, and then presents the experi-

mental results.
2. Experimental Setup and Procedures

2. 1, Electrosiatic Levitation Furnace

The measurements were made using an electrostatic levitator (Fig. 1), which consisted of a chamber evacuated to a
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~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 were used for the vertical position control
whereas four spherical electrodes were dedicated to horizontal control.” The positioning control relied on two sets of or-
thogonally arranged He~Ne lasers and the associated position detectors. The three dimensional sample position informa-
tion was fed to a computer that generated and sent appropriate x, y, and z position control signals to high voltage ampli-
fiers so that a prefixed sample position can be maintained. The lower electrode was surrounded by four coils that gener-
ated a rotating magnetic field that was used for rotation control.” Specimens were prepared by arc meliing 99.8% mass
purity platinum wire (Nilaco Corp., Japan) into spheroids with diameters of ca. 1.5 mm.

Three laser beams were used for sample heating (Fig. 1). The beam of one CO: laser (10.6 pm 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, sam-
ple 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
900 to 3800 K interval. The temperature was calibrated to true temperature using the melting plateau of the sample (Tn =
2041 X).

The sample was observed by three charge—coupled—device (CCD) cameras. One color camera offered a view of both
the electrodes and the sample whereas two black and white high-tesolution 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 horizontal plane and to align the heating laser

beams to minimize photon—induced horizontal sample movement and sample rotation.”.
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Fig. 1 Schematic view of the electrostatic levitation furnace and its diagnostic apparatus :
(1) sample, (2) top electrode, (3) botiom electrade, (4) side electrode, (5) He—Ne laser, () position detector, (7) COz laser
beam, (8) pyrometer, (9) CCD camera, (10) CCD camera with telephoto objective lens, (11) oscillation detector with a beam
splitter.
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2.2, Thermophysical Properties Defermination

Density measurements were carried out using a UV imaging technique described in detail elsewhere.®” First, a solid
sample was levitated and rotation about the vertical—axis was induced by a rotating magnetic field. The rotation rate of
the solid sample was measured by a rotation detector, which monitors the intensity of He—Ne lasers reflected from the
uneven sample surface.” When the rotation rate reached 10 Hz, the rotating magnetic field was turned off. All CG; laser
beams were directed in such a way to minimize photon—induced rotation during the sample heating. Once a levitated
sample was melted (ca. 1.5 mm diameter, nearly 30 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 to restore the spherical shape. The controlled sample rotation not only improved
the temperature homogeneity of the sample,'” but also prevented precession and ensured the axi—symmetry of the sample

along the vertical axis.
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Fig. 2 Radiative temperature profile for a platinum sample showing supercooling and recalescence.

Images at the rate of 30 frames/s and temperature data were simultaneously 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—symmeitric, the sample volume
could be calculated from each image. The recorded images were calibrated by levitating a stainless sphere with a pre-
cisely known radius under identical experimental conditions. The images were then matched with the thermal history of
the sample (Fig. 2). Because the mass of the sample was known, the density could be determined as a function of tem-
perature. Although the sample evaporated as evidenced by a change in radius during long levitation periods (hours), the
density experiments lasted only a few minutes, for which the melting temperature was exceeded for only a few seconds
(Fig. 2). Therefore, the effect on density was negligible.

The surface tension and viscosity were determined by the osciliating drop method.'? In this method, a solid sample
was first levitated, rotated around 10 Hz, heated, melted, and brought to a selected temperature. Then, a Py(costl )—mode

drop oscillation was induced to the sample by superimposing a small sinusoidal electric field on the levitation field. One
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of the positioning He—Ne laser beams was divided by a beam splitter and lead to a oscillation detector, which consisted
of a power detector and a vertical slit. The shadow of the levitated sample was projected on this oscillation detector and
fluctuation of the vertical diameter of the sample was translated to an electrical signal.'” 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 characteristic oscillation frequency
o of the signal, which was calculated by a fast Fourier transform (FFT) analysis and then corrected for non uniform sur-

face charge distribution, the surface tension 7 can be determined from :'?

w?:=

2y, 1)

ors
where ro is the radius of the sample, ¢ is the density, and ¥ is the correction factor that depends on the drop charge, the
permittivity of vacuum, and the applied electric field.'*'® Similarly, using the decay time ¢ given by the same signal, the
viscosity 7 can be determined by
er 02 15 ~
7= ) 2)
During the experiments, the video images from a high—resolution camera 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.
2. 3. Experimental Uncertainties
The experimental uncertainty for density measurements was derived from the respective uncertainty measurements
for the mass and volume of samples. Because the uncertainty in mass was 0.1 mg while a typical platinum sample mass

was 30 mg, the uncertainty can be estimated to be around 0.3 %. The uncertainty of volume (AV/V) can be calculated by

AV_3An ,
Vo R (3)

where Aro is the uncertainty in radius measurement by the image analysis”. In our experiment, the average value of Aro
was around 1 pixel, while ro was 160 pixels. Therefore, AV/V can be estimated to be around 1.9 %, and the overall un-
certainty of density measurement (A0/0) was estimated to be about 2 %.

Based on equation (1), the uncertainty in surface tension measurement was mainly determined by those of 0, ro, and
@ .. As described earlier, the uncertainty of © and r were 2 % and 0.65 %, respectively. The uncertainty of @. induced by
the FFT analysis was negligibly smalil (0.4 %) by considering the transformation error (less than 1 Hz) and the typical
characteristic oscillation frequency (around 250 Hz). As a result, the uncertainty of surface tension measurements (AY/7)

can be estimated to be arcund 3 % by the following equation

/5T

Similarly, the uncertainty of viscosity measurement can be estimated by the uncertainties of ©,r, and 7. The uncer-
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tainty of the decay time Ar was estimated to be about 15 %, which was due mainly to the sample motion with respect to

the oscillation detector during drop oscillation. This determined the overall uncertainty of viscosity.
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3. Results and Discussions

3. 1. Density
The density measurements of Hquid platinum, taken over the 1691 to 2216 K temperature range and extending into
the supercooled region by 350 K, are shown in Fig. 3. Several data points in Fig. 3 are shown with 2 % experimental er-
ror bars. The density, like that of other pure metals, exhibits a linear behavior as a function of temperature and can be fit-

ted by the following relationship with a confidence interval of 95 % :
o(T) =(19.22 £ 0.38) x 10° = (0.96 = 0.01) (T - T,) (kg m™) (1691 to 2216 K) &)

where T, is the melting temperature (2041 K). The volume variation V(7') of the molten state, normalized with the vol-

ume at the melting temperature V., was derived from Eq. (5), and can be expressed by
V(T)IVa=1+50x10° (T - T, )

where 5.0 x 107 (K™!) represents the volume expansion coefficient.

Density data taken by other researchers are depicted in Fig.3 and listed in Table—1. As for the density at the melting
temperature (0m), our value agreed well with other reported values.”*™®

The measured data for the temperature dependence of density were split to two groups. The first group, which con-
tained the datum measured by Been et al. (~2.88 kg m™ K™') with the maximum bubble pressure method and that ob-
tained by Dubinin et al. (-2.4 kg m™ K™!) with the sessile drop method'® showed very large values. On the other hand,
the second group, which consisted of our result (~=0.96 kg m™ K™') and those of Hixson (—1.7 kg m™ K™') and Gathers
(-1.3 kg m™ K™) determined with the pulse heating methods'™'®, exhibited measured values that were relatively small.

According to Morita and Guthrie,” the temperature dependence of density on transition metals (Fe, Co, Ni, and Pd)

ranged from —0.9 to —1.2 kg m™ K. Our result was within this range, while the data of the first group were about 2.5

times larger. Table—II shows the temperature coefficients of density and thermal expansion coefficients of liquid transition

Table-1 Literature values for the density of platinum.

Density @ T, Temperature Temperature Reference Technique
(10°kg m™) coefficient. X
(kg m™ K™
19.2 -0.96 1691-2216 Present work Levitation
19.7 2041 Eremenko'® Drop volume
18.82 2073 Kozakevitch'® Sessile drop
18.91 —2.882 2041-2148 Been'® Bubble pressure
18.81 Martsenyuk'®
19.77 2.4 2041-2473 Dubinin'® Sessile drop
19.3 -1.7% 2041-5100 Hixson'” Pulse heating
19.1 —1.3%* 2095-4500 Gathers'® Pulse heating

Result of linear fitting between 2041 and 2750K
™ Result of linear fitting between 2095 and 2690K
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TableII Thermal expansion coefficients of liquid metals measured by the electrostatic levitator.

Elements Zr Nb Mo Ru Rh Hf Ta W Re Ir Pt
Density @ T.
, . 6211773 | 911 | 10.8 | 108 | 11.8 | 148 | 164 | 184 | 199 | 192
(10kg m™)
—de /dT
0.27 | 039 | 060 | 0.56 | 0.76 | 0.55 | 6.82 | 1.08 A 091 | 0.71 | 0.96
(kg m™ K
Thermal expansion
. s 4.3 5.0 6.6 5.1 7.0 | 4.6 5.5 6.6 49 3.6 5.0
coefficient (107K™)
Data (except for Ta, W, and Re) were taken from Ref. 20.
Data of Ta were from Ref. 21.
Data of W were from Ref 22.
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Fig. 3. Density of liquid platinum versus temperature.
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metals measured by the electrostatic levitator. The thermal expansion coefficient of platinum was similar to those of other
transition metals. In case of Been ¢t al. and Dubinin et al., thermal expansion coefficients are 15.2 x 107 K and 12.1 x
107° K~! respectively, which are extremely large when compared with other transition metals.
Since the data of the first group were obtained with container techniques (whereas the second group used container-
less techniques), it was suspected that the contamination from the crucibles could have affected the density measurements.
A simple relationship between the termnperature dependence of the density of liquid metals and their boiling tempera-
tures (T»)was proposed by Steinberg?. He collecied liquid density data at the melting point and the temperature depend-

ence of liguid density for 44 elements and found the following empirical relations

dar T, i
where 0o was the virtual density of the liquid at 0 K determined by extrapolation from 0 and 7w with :
de
pOO - pm— - En {8)

ar

Poo/Tp(kgm3K-1)

Fig. 4. Correlation of dp/dT with poo/ Tb for elements. Open and black circles represent data from Ref. 19 and refractory metals
measured by electrostatic levitator, respectively. Pt points in Ref. 23 fall outside the range of figure {its ordinate is 28.8 and
its abscissas is 6.05). Pt data in present work is plotted with biack square. The solid line is the best fit to data and the

dashed lines represent the 20% error cone from Ref.23.
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Figure 4 illustrates the correlation of ~d0/dT with 0/Ts. In his study, Most of metal elements followed the correla-
tion except for mercury and platinum. In Fig.4, our measured data of refractory metals including that of platinum were
also plotted. Our platinum data (—0.96 kg m™ K™), as well as those for other refractory metals, showed a good agreement
with the Steinberg’s relation.

3. 2. Surface Teusion

Figure 5 depicts the results for the surface tension of platinum. Several data points in Fig. 5 are accompanied with
3 % error bars to indicate the experimental uncertainty described in 2.3. Data available from the literature were superim-
posed on the same figure for comparison and listed in Table~IIL. The surface tension data, measured over the 1743 to
2313 K temperature range and extending into the supercooled region by 298 K, can be expressed with a confidence infer-

val of 95 % by
7(T) =(1.80 £ 0.05) x 10° - (0.14 £ 0.01) (T - T.) (10°N m™) (1743 to 2313 K). )

Around the melting temperature, except for the value measured by Quincke with the capillary rise method,” the dis-
crepancy between the datum of the present work and those in the literature was within +5%, which constitutes a good
agreement considering the experimental uncertainty of each measurement. However, the data measured by the capillary
rise method and the sessile drop method, both of which used a container or substrates, tended to show lower values. The
cause could be sample contamination from the walls.

Our measured value of the temperature dependence of the surface tension (—0.14 x 107 N m™ K™') was 2.2 times
smaller than that reported by Dubinin (=0.307 x 102 N m™ K7).*® This discrepancy could be explained by the foﬂowing
two reasons. At first, just like equation (1), every formula for each surface tension measurement method used the density
data. Usually the surface tension is proportional to the density. Dubinin et al. have most likely used the density value of
their own measurement, whose temperature coefficient was 2.5 times larger than that of present work, as shown in Table—
1. The second reason was the difference in temperature range. Our measurement covered an interval of 570 K, while Du-
binin el al. obtained data only over a 107 K temperature range. Data with a wider temperature range offered a more accu-
rate temperature dependence. Our value was very close to that estimated by Allen (—0.17 x 107 N m™ K7')* with the
following equation ; ‘

dy vy [ 2c-T) do 1}
dr- T-T 30 4T

(10)

where 7. is the critical temperature.
Kasama et al.” proposed an empirical equation based on a physical model. Based on this model, surface tension and

its temperature dependence can be expressed as

E 72.2C262Tm p 273 R
Y= N M {*] {(a+1) 0"=0,0}° (11)

lom

E;:-Z__ ; 71.2c2 Tm Aaz
ar- 3 N, M™

(2 (@+1) 00,7 + 073 (1+a) 0,7}

where Na was Avogadro’s number, M was atomic number, /4 was the temperature dependence of density (-d0o/dT), re-
spectively. A constant C was derived from Lindemann’s theory of melting and ranged from 2.8 x 10”10 3.1 x 10", 4
was a ratio between the characteristic vibration frequency in the liquid phase and solid phase and estimated around 0.5,
and @ was a constant to determine the distance where an attractive force by an atom was effective and ranged 0.45 to

0.65, respectively.
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Table-¥II Literature values for the surface tension of platinum.

Surface Tension | Temperature Temperature Reference Technique
@ T coefficient. (K)
(I10°N m™) (10°N m™ X
1800 -0.14 1743-2313 Present work Levitation
1869 2041 Quincke® Drop weight
1673 2053 Quincke® Capillary
1740 2041 Eremenko® Drop weight
1699 2073 Kozakevitch® Sessile drop
1800 2041 Allen™ Pendant drop
1746 ~0.307 2041-2148 Dubinin® Sessile drop
1865 2041 Kingery™ Pendant drop
1707 2043 Martsenyuk®”
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Fig. 5. Surface tension of platinum versus temperature.
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At the melting temperature, the temperature coefficient of the surface tension could be calculated by

dr __17C* T,Ad°

- s il A "W a2
2 s 523
47 3 Ny M

O (207+0) 12

In this formula, uncertainty of those constants (C, @, and d) seriously affected the temperature dependence of sur-
face tension. Two of those constants could be eliminated by combining the equations (11) and (12), and the temperature

coefficient of the surface tension could be determined as

dy 2 Avy 204l A7.
=73 0, @ "o, =Kl (13)
x=—20a+D)

3a

and this equation suggested that the temperature dependence of surface tension was proportional to the multiple of sur-
face tension at melting temperature and thermal expansion coefficient.

Validity of this formula for liquid metals was checked by using literature datum®***" and our measurements with the
electrostatic levitator (ESLY?. Results are shown in figure 6.

Literature data of alkaline metals showed good agreements with the equation (13), while those of transition metals
scattered and some of them were far from the relation. On the other hand, measured data of refractory metals with ESL
showed same tendency as the alkaline metals. Particularly, platinum and nickel data by our measurement followed the re-
lation, while those of reference didn’t. Based on the results with the ESL, temperature dependence of surface tension of

metal elements could be estimated if surface tension at their melting temperature and thermal expansion coefficient were
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known.

Temperature dependence of surface tension is an important parameter to evaluate the magnitude of the thermo—capil-
lary flow when the floating zone method or Czochralski method are used for single crystal growth of semiconductors.
Rased on our result, particular attention should be paid to the temperature dependence of density when the temperature
dependence of surface tension are discussed.

3. 3. Viscosity

Figure 7 illustrates our data that can be fitted by the following Arrhenius function :
7(T) = 0.25exp [4.99 x 10" /(RT)] (107Pa s) (1743 to 2313 K), (14)

where R, the gas constant, is equal to 8,31 J mol™ K. The scatter observed in the data is mainly due to the motion of

the sample with respect to the oscillation detector. Literature values are also listed in Table~IV and plotted in Fig.7. Our

Table-IV Literature values for the viscosity of platinum.

Viscosity @ 7(T) = 170exp (Bo/RT) Temperature Reference Technique
T 7o E ®
(107Pa s) (107Pa s) (kJ mol™)
4.82 0.25 49.9 1743-2313 Present work | Levitation
6.74 1.53 25.263 20412273 Zhuchenko™

ty (10°Pas)

B
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Fig. 7. Viscosity of platinum versus temperature.
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measured viscosity at the melting temperature (4.8 x 107 Pa s) was 30% smaller than that of Zhuchenko®. Compared
with density or surface tension, the measured data for viscosity are very scarce. Additional data are necessary to deter-

mine the recommended value for the viscosity of platinum.
4. Conclusions

The density, the surface tension, and the viscosity of liquid platinum were measured with an electrostatic levitator
and the data were reported. The containerless processing and non—contact measurement techniques eliminated contamina-
tion from the crucibles as well as suppressed nucleation at the melting temperature. Those effect enabled the measure-
ment of thermophysical properties over wide temperature ranges, including the supercooled state. Measurements with
wider temperature range could determine the temperature dependence of each properties with higher accuracies. Our re-
sults of the temperature dependence of density and surface tension agreed well with the empirical equations provided by

Steinberg and Allen.
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