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Emissivity Measurements of Molten Metals with an Electrostatic Levitator
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Abstract

Spectral emissivity and constant heat capacities of molten metals (nickel, zirconium, rhodium, and niobium) at their melting temperatures were
measured using containerless techniques. Samples were levitated in an electrostatic levitator and the radiation intensities from the molten samples
were measured with spectrometers over a wide wavelength range. The spectrometers were calibrated with a blackbody radiation furnace and the
spectral hemispherical emissivity was calculated. Then, the total hemispherical emissivity (&r) was obtained by integrating the spectral emissivity
over wavelength. Finally, constant pressure heat capacity was calculated using the data obtained from the cooling curve and é&r.
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1. Introduction

To improve the accuracy of computer simulations for material
processing such as casting and crystal growth, the knowledge of
thermophysical properties of high temperature metals and alloys
is paramount . Due to their high melting temperature and the
risk of chemical reactions between samples and crucibles,
property measurements of high temperature melts are very
difficult with conventional methods.

In the recent decade, the electrostatic levitation method (ESL) 2
has demonstrated a great potential to determine thermophysical
properties of high temperature melts. In this method, the sample
levitated by electrostatic forces under vacuum is isolated from
any contact with a crucible or a substrate and from the
contamination from a surrounding gas. Coupled with laser
ESL has enabled
measurements of such thermophysical properties as density ),

heating, the accurate non-contact
surface tension, and viscosity ¥ for several refractory metals.
Knowledge of the constant pressure heat capacity (Cp) and
the emissivity (&) is also important from both fundamental and
industrial research standpoints. Cp is needed to calculate
thermodynamic state functions such as enthalpy, entropy, and
Gibbs free energy. ¢ is related to the index of refraction and
extinction coefficient, and gives some insights about the
structural properties. It is also important for accurate pyrometric
temperature measurements. The total hemispherical emissivity
(er), which is the average value of emissivity in wavelength and
in direction, is commonly used to calculate radiative heat

transfer. Since these properties are difficult to measure for high
temperature melts by conventional methods, levitation and pulse
heating techniques were implemented and are now commonly
used. Wunderlich 9 and Kobatake ® used AC calorimetry methods
combined with the electromagnetic levitator to measure the Cp
of molten zirconium alloys and silicon.

The ESL was also used and the ratios of constant pressure
heat capacity over the total hemispherical emissivity (Cp/er) for
several refractory metals were obtained 719, However, independent
measurements or knowledge of e&r is necessary to get Cp.
Therefore, all the Cp or &r values obtained with electrostatic
levitators were found by borrowing some of the literature values,
either &r, Cp, or heat of fusion.

In this study, two spectrometers were combined with an
electrostatic levitator to measure the spectral hemispherical
emissivity of the levitated molten sample over a wide spectral
range. Then, er was calculated by integrating the spectral
hemispherical emissivity so that the Cp of the molten sample
could be obtained independently, without borrowing er from the
literature. This paper details the experimental setup, explains the
measurement method, and briefly summarizes the results for
molten nickel, zirconium, niobium, and rhodium.

2. Experimental Setup

2.1 Electrostatic Levitator

The electrostatic levitation system used in our laboratory is
similar to the one developed by Rhim et al. ? but includes
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several modifications. A detailed description of the facility is
given elsewhere 19, It consisted of a stainless-steel chamber that
was evacuated to a pressure of around 5 x 107 Pa. The chamber
housed a pair of parallel disk electrodes, typically 10 mm apart
between which a positively charged sample was levitated. These
electrodes were utilized to control the vertical position (z) of the
specimen, which has a typical diameter of about 2 mm. In order
to levitate the sample against gravity, a huge electric field of
around 10 to 20 kV/cm was applied between the top and the
bottom electrode. In addition, four spherical electrodes
distributed around the bottom electrode were used for horizontal
control (x and y). The lower electrode was surrounded by four
coils that generated a rotating magnetic field which was used to
control sample rotation 'V. The levitated sample was illuminated
by red (645 nm) and green (532 nm) lasers for position sensing
so that the high speed feedback control scheme could maintain
the sample at a fixed and stable position.

Sample heating was achieved using CO: lasers (10.6 um
wavelength, total of 200 W), whose beams hit the sample from
three directions separated by 120 degrees from each other in a
horizontal plane. This multiple beam configuration minimized
the laser induced disturbances (200 um along the vertical axis
and 100 pm along the horizontal axis) and increased the
temperature homogeneity of the sample. The sample
temperature data were obtained using a single-color pyrometer
whose observation wavelength was 900 nm (with 200 nm full
width at half maximum).

An observation camera, equipped with a telephoto objective
in conjunction with a background UV (385 nm) lamp, provided
a magnified view of the sample allowing the measurement of its
radius.

2.2 Emissivity Measurement System

Figure 1 illustrates the emissivity measurement system. The
setup consisted of a multichannel photo spectrometer (Otsuka
Electronics Co. Ltd. MCPD-3000), which covered the
wavelengths ranging from 700 nm to 1000 nm, a FTIR
(Newport Co. 80251) that covered a spectral interval from 1.1 to
6 um, and a blackbody furnace (BBF) (MIKRON M335) which
can reach a temperature as high as 1773 K. The measurement
concept is to measure the spectral intensity of the radiation from
the levitated sample and compare it with that of a blackbody to
calculate the spectral emissivity. This technique is widely used
and was recently implemented in conjunction with other
containerless method that includes cold crucible '?, electromagnetic
levitation ', and electrostatic levitation 4.

Since the electrostatically levitated sample was smaller than
that used with either the electromagnetic or the cold crucible,
the radiation intensity from the sample was also smaller. In
order to get a good signal to noise ratio, the measurement

system should be as simple as possible to eliminate error
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Fig.1 Spectral emissivity measurement system combined

with an electrostatic levitator; a) setup configuration
during levitation experiment, b) calibration of the
FTIR, and c) calibration of the MCPD.

sources. It was decided to place the FTIR on a round table, so
that the FTIR can observe the light source (levitated sample or
blackbody) without any mirrors. A camera with a telephoto lens
was placed along the optical path of the FTIR to observe the
sample position and to ensure that the optical alignment
between the sample and the detector was maintained. Once the
sample position was confirmed, the beam splitter in front of the
camera was removed to maximize the light intensity to the FTIR.
As for the MCPD, a glass fiber was used to introduce the light
to the spectrometer.

Baffles were inserted in the chamber to eliminate the internal
reflection within the tubes holding the optical windows. CaF2
windows were used because of their good transmission
characteristics over the observed wavelength range.

The blackbody furnace was equipped with a simulated
chamber wall with a tubular port and an observation window. A
pinhole was set in front of the blackbody to simulate a levitated
sample. The geometrical arrangement of the simulated sample,
the chamber wall, the tubular port, and the window is identical
to that of the ESL. Furthermore, the blackbody furnace was set
so that the distance from the pinhole to the FTIR was the same
as that from levitated sample in the ESL to the FTIR.
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2.3 Measurement Procedure

For these experiments, ~2 mm diameter spheroid samples
were prepared by arc-melting pieces of metal wires of 99.9 wt%
purity. Before the levitation experiment, the FTIR and the
MCPD were checked with the BBF. Then, both instruments
were set to face the electrostatic levitation chamber. Once a
sample was levitated in the chamber, it was heated by the CO2
lasers and fully melted. Then, all CO: lasers were turned off to
let the sample cool by radiation. A typical cooling curve (sample
temperature vs time) is shown in Fig. 2. Since there was no
crucible around the sample, it could reach undercooled
temperatures. After the recalescence (release of latent heat at
solidification from undercooled phase), the sample temperature
exhibited a plateau which corresponds to its melting temperature
(point ¢ to d in Fig. 2). Following this, the power of the CO2
lasers was adjusted so that the sample temperature matched that
of the temperature plateau (melting temperature) and maintained
for a few minutes, during which time measurements of the light
intensity from the sample were made with the FTIR and the
MCPD. The sample position was monitored with the telephoto
camera coupled to the FTIR and kept at a fixed position.
Throughout the experiment, the magnified sample image was
recorded for later analysis.

Three detectors were used with the FTIR over a wide spectral
range: an InGaAs detector (Newport 80020) (1.2 to 1.5 pum), an
extended InGaAs detector (Newport 80014) (2.0 to 2.5 um), and
a HgZnCdTe detector (Newport 77258) (3.1 to 5.5 um). Since
only one detector could be equipped with the FTIR, experiments
had to be conducted three times. As for the MCPD, the
measurement range (700 to 1000 nm) was selected to avoid the
detrimental effects of other light sources used in the system, in
particular the position sensing lasers (532 nm and 645 nm) and
the UV background illumination light (385 nm).

After the experiments, the recorded images were analyzed to
get the sample radius. Also, the FTIR and the MCPD were faced
to the BBF for calibration (Figs. 1b and ¢). The diameters of
pinholes could be varied from 1.0 to 2.5 mm with 0.1 mm
intervals. Since these spectrometers were sensitive to the size of
the radiation source, two pinholes whose diameters were close
to that of the sample were used for the calibration. These
pinholes were set one by one and the radiation intensities
passing through them were measured. The temperatures of the
BBF were changed from 1273 K to 1773 K with 100 K intervals
to get the intensity as a function of temperature.

The converting functions from the spectrometer signals (Vs)
to the radiation intensities were calculated using the calibration
data with the BBF (V). Preliminary experiments proved that the
spectrometer signal was proportional to the square of the sample
or pinhole radii. Two calibration data with different pinholes
were interpolated to make the converting functions for the
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Fig.2  Typical cooling curve of molten nickel.

actual sample size. Then, the measured signals from the
detectors obtained during the levitation experiment were
converted to the radiation intensities of the sample (Is).

The emissivity is the ratio of energy radiated by a particular
material to the energy radiated by a blackbody at the same
temperature'®. The radiation intensity from a blackbody Is
depends on wavelength A and temperature T whereas Is depends
on A, T, and on the direction of the radiation. The directional
spectral emissivity is defined as'®:

_ IS(Z,H,T)
g(ﬂ,&,T)—W 1)
where @ is the polar angle measured from the normal to the
surface of a sample. The directional emissivity with 6 = 0 is
called the normal spectral emissivity, which is commonly
measured with a variety of methods.

The radiation intensity from a blackbody Is is given by
Planck’s law of radiation as follows:

_6 1
® 2 exp(C,/AT)-1 @)

where C1 and Cz are Planck’s first and second constants, being
respectively 5.96 x 1017 W-m?-srt and 1.44 x 102 mK.

Integration of equation (1) over all directions gives the
hemispherical spectral emissivity £(1) *5). A merit of ESL is that
the levitated molten sample is spherical. When the shape of the
emission source is spherical, the radiation becomes isotropic.
Therefore, the measured spectral emissivity from the spherical
sample is homogeneous in any direction, which means that the
measured emissivity with ESL is equal to the hemispherical
spectral emissivity.
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The total hemispherical emissivity er can be calculated by
integrating the hemispherical spectral emissivity over all
wavelengths:

[e(2)15(2,T)d2 ;[g(’i)hz(l,T)dl

T = [15(2.T)d2 TIB(M)M
. § @3
[15(AT)da

:TIB(A,T)dA

In this research, A1 and A2 are 0.7 um and 55 um,
respectively, and T is the melting temperature.

Once ¢t is obtained, Cp is calculated from the cooling curve.
Since a heated sample cooled purely via radiation in the high
vacuum environment of the electrostatic levitator, the energy
equation describing the cooling process is given by 7):

—C,——=—5 Ao (T*-T.') (4)

where m is the sample mass, M is the atomic weight, Taand T
are respectively the ambient and sample temperatures, A is the
surface area of the sample, and oss is the Stefan-Boltzmann
constant.

3. Experimental Results

3.1 Emissivity

Figure 3 shows the measured radiation intensity of the
molten nickel at its melting temperature as a function of
wavelength. Radiation intensity of the blackbody calculated by
eq. (2) is also plotted in the figure. Spectral emissivity g(1) can
be obtained by dividing the radiation intensity of nickel by that
of the blackbody at each wavelength. Spectral emissivity of
nickel as a function of wavelength is shown in the Figs. 4 and 5
together with the literature values. Figures 6, 7, 8 show the &(1)
of zirconium, rhodium, and niobium, respectively.

All g4) of these metals showed a negative wavelength
dependence (Table 1). This tendency can be roughly explained
by classical Drude model 2. In the Drude model, the emissivity
of opaque materials is expressed using the refractive index n and
the extinction coefficient k& as

o 4n
T K )

These optical constants are given using the real and imaginary
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Fig.3 Radiation intensity of molten nickel as a function of
wavelength.

Table 1 Wavelength dependence spectral emissivity of &) of
molten metals at their melting temperature.

&) Ref
Ni &(A) = 0.312 x 1050 16
Zr €(4) = 0.386 - 0.246 x log(4) 26
Rh &) =0.28 x 1030 16
Nb &(4) = 0.3899-0.0691.1+0.005048 42 34

parts €1(w) and e2(w) of the dielectric function as

) 22_2
gl(w):nz—k2=1—1+’;)272 (6)
and
(@) =20k =— 2" ™)
g a) = = —
2 o+ o°t?)

where @ denotes the angular frequency of the electric field,
represents the relaxation time, and @ is the plasma frequency.

ap and 7 can be calculated using the following equations:

e N -e? ®
' mg,
and
1 Ner
o m )
el
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where N, m, e, &, and pe are the number of free electrons per
unit volume, the effective mass of the electron, the charge of the
electron, the permittivity of the vacuum, and the electrical
resistivity, respectively. Parameters used for the calculation were
listed in Table 2, and estimated emissivity values by the Drude
model are plotted in Figs. 4 to 8.

Drude model can produce the negative wavelength dependence
of & but quantative agreements are poor. It is well known that
Drude model (the nealy free electron model) may not
adequately describe the behavior of transition metals because
the d electron bands cross the Fermi surface.?® A new
theoretical model is needed to reproduce the wavelength
dependence of emissivity more quantitatively.
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Fig. 4  Spectral hemispherical emissivity of molten nickel
at its melting temperature over the 0.5 to 1 pm
range.
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Fig.5 Spectral hemispherical emissivity of molten nickel at its

melting temperature over the 1 to 6 um range.

The value of the total hemispherical emissivity (er) for each
metal was calculated with eq. (3). In order to fulfill the gap
between detectors, the fitting equations shown in Table 1 was
used. The obtained &r were shown in Table 3 with the literature
values.

3.2 Heat capacity

Finally, the Cp of each metal at its melting temperature was
calculated using eqg. (4), the cooling curve data, and the obtained
er. The measured Cp values and the literature values are listed in
Table 4. Generally, our measured values agreed very well with
the literature values, indicating that our measurements were
adequate.
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Fig.6 Spectral hemispherical emissivity of molten
zirconium at its melting temperature over the 1 to 6
pum range.
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Fig. 7 Spectral hemispherical emissivity of molten rhodium

at its melting temperature over the 1 to 6 um range.
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Fig.8 Spectral hemispherical emissivity of molten rhodium

at its melting temperature over the 1 to 6 um range.

Cp of liquid refractory metals has been measured mainly by
two methods, levitation calorimetry and pulse heating. In the
levitation calorimetry, samples were electromagnetically
levitated and melted, then their enthalpy were measured by drop
calorimetry. The Cp could be obtained from the temperature —
enthalpy plot. This method needs many samples to be levitated,
molten and dropped to get a temperature dependence of
enthalpy. This time-consuming way of doing things probably
explains why the values reported by this method are limited.
The pulse heating method also measures the enthalpy as a
function of temperature to get Cp. The experimental procedure is
simple (only one sample is needed) but the measurement must
be done in a sub-second time of frame. The reported values in
1970s show a large scatter, maybe due to the technical
limitations for rapid measurements at that time. As fast
measurement techniques have been developed, the reported
values by the pulse heating method began to converge towards
those obtained by levitation calorimetry. Compared with these
two methods, our new method by ESL uses medium number of
samples and medium measurement time.

4, Conclusions

The spectral hemispherical emissivity of molten metals over
wide wavelength range was measured by spectrometers
combined with an ESL. The &r and the Cp that were calculated
from the data agreed very well with the literature data, which
proved the validity of the measurement scheme. Moreover, this
shows that the ESL has the capability to measure the Cp and &r
without borrowing any literature data, which enables the
measurements of these properties for refractory metals such as
tungsten, tantalum, or rhenium in their molten state.

Table 2 Parameters used for Drude model calcuration.

Parameters
Ni 1728
Temperature Zr 2128
/K Rh 2236
Nb 2742
Ni 7.85x 103
Density Zr 6.21x103
p/kg: m? Rh 1.08 x 10*
Nb 7.73%103
Ni 9.3x107
Electrical Zr 13810
resistivity
£ /Qm Rh 8.9x 107
Nb 1.09x10°¢
Ni 6.44 x 10%°
numberof - 7 1.64 x 102
N /m Rh 5.07 x 10%°
Nb 2.58 x 10%
Ni 5.87 x 102
Atomic Zr 9.12x102
weight i
/kg-mol! Rh 1.03 x 107!
Nb 9.29x107?
m /kg 9.019 x 103!
e/C 1.602 x 107
g /F-m’! 8.854 x 10712
Avogadro’s constant 6.022 x 10?3

Table 3 Total hemispherical emissivity of molten metals at
their melting temperatures.

£r Reference Remarks
Ni 0.21 Present study!'® ESL
Zr 0.32 Present study?® ESL
ESL (borrowing heat
0.29 Rulison ® of fusion 14.652 x
103 J/mol)
ESL (borrowing Cp
9)
0.308 sung from JANAF®))
Rh 0.23 Present study'® ESL
Nb 0.29 Present study>¥ ESL
. ESL (borrowing Cp
37)
0.25 Paradis 40.6 Jmol'K)
025 Sung®® ESL (borrowing Cp

41.78 Jmol 'K
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Table 4  Constant pressure heat capacity of metals at their melting temperatures.
Cp(J-molt-K?1) Reference Remarks
Ni 39.9 Present work !9 ESL
38.49 Kubaschewski 40
40.819 Pottlacher*) Pulse heating
36.2 Ishikawa*? ESL
43.1 Barin®® Calculated
38911 JANAF 39
Zr 40.9+1.6 Present work2® ESL
40.7+0.7 Bonnell?) Drop calorimetry with EML
40.8 £0.9 Rulison ® ESL (borrowing heat of fusion 14.652 x 103 J/mol)
39.72 Paradis*¥ ESL (borrowing &r from Bonnell?®)
41.84 Sung? ESL (borrowing Cp from JANAF3)
41.84 JANAF3®)
385 Korobenko*® Pulse heating
32.8-44.7 Kats*) Levitation calorimetry
42.4 Fink*)
45.274 Brunner*®) Pulse heating
33.47 Barin*? Calculated
Rh 41.8 Present work '© ESL
46.102 Hiipf 4" Pulse heating
322 Paradis 9 ESL (er=0.18)
41.8 Jaeger *9
41.84 Barin ¥ Calculated
Nb 41.9 Present study *¥ ESL
43.294 Pottlacher 4D Pulse-heating measurements
41.78 Kubaschewski 3
33.472 JANAF 30
40.60 Bonnel 2 Drop calorimetry with EML
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