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a b s t r a c t

Spectral emissivity and constant heat capacities of molten nickel and rhodium at their melting temper-
atures 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 spec-
tral hemispherical emissivity was calculated. The total hemispherical emissivity of nickel at the melting
temperature calculated by integrating the spectral hemispherical emissivity was found to be 0.21, and
the constant pressure heat capacity of molten nickel at the melting temperature was calculated to be
39.9 J�mol�1�K�1. The total hemispherical emissivity and the constant pressure heat capacity of rhodium
at the melting temperature were measured to be 0.23 and 41.8 J�mol�1�K�1, respectively.

� 2016 Elsevier Ltd.

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 [1]. 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.

Knowledge of the constant pressure heat capacity (Cp) and the
emissivity (e) is also important from both fundamental and indus-
trial research standpoints. Cp is needed to calculate thermody-
namic state functions such as enthalpy, entropy, and Gibbs free
energy. e is related to the index of refraction and extinction coeffi-
cient, and gives some insights about the structural properties. It is
also important for accurate pyrometric temperature measure-
ments. The total hemispherical emissivity (eT), which is the aver-
age 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 [2] and pulse heating techniques
[3] have been commonly used.

In the recent decade, the electrostatic levitation method (ESL)
[4] has demonstrated a great potential to determine thermophysi-
cal properties of high temperature melts. In this method, the sam-
ple levitated by electrostatic forces under vacuum is isolated from
any contact with a crucible or a substrate and from the contamina-
tion from a surrounding gas. Coupled with laser heating, the ESL
has enabled accurate non-contact measurements of such thermo-
physical properties as density [5], surface tension, and viscosity
[6] for several refractory metals.

In our previous study, spectrometers were combined with an
electrostatic levitator to measure eT and Cp [7]. The system mea-
sured radiation intensity of the molten sample over a wide wave-
length range and the spectral hemispherical emissivity (e(k)) of the
sample was calculated. Then, eT was calculated by integrating e(k).
Cp could be obtained using eT and the time-temperature curve
obtained during radiative cooling of the sample. Using this system,
emissivity values and heat capacities of molten zirconium [7] and
niobium [8] have been reported.

In this study, eT and Cp of two refractory metals, rhodium (Rh)
and nickel (Ni), are reported. Although Rh has an important role
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in many industrial applications, its thermophysical properties,
especially in its liquid phase, have only been scarcely measured
[9]. Before measuring eT and Cp of Rh, the measurement system
was evaluated using molten Ni, which has been studied by many
researchers and whose literature values were easily found. This
paper details the experimental setup, explains the measurement
method, and presents the results for molten Ni and Rh at their
melting temperatures.

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. [4] but includes several
modifications. A detailed description of the facility is given else-
where [10]. It consisted of a stainless steel chamber that was evac-
uated to a pressure of around 5 � 10�5 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 large electric field of around
10–20 kV�cm�1 is applied between the top and the bottom elec-
trodes. 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 rota-
tion. 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 CO2 lasers (10.6 lm wave-
length, total of 200 W), which beams hit the sample from three
directions separated by 120 degrees from each other in a horizon-
tal plane. This multiple beam configuration minimized the laser
induced disturbances (200 lm along the vertical axis and 100 lm
along the horizontal axis) and increased the temperature homo-
geneity 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 lamp (385 nm), provided a
magnified view of the sample allowing the measurement of its
radius.

2.2. Emissivity measurement system

The emissivity measurement system was also reported in an
earlier publication [7] but is briefly described here for complete-
ness. Fig. 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 Fourier Transform Infrared
spectrometer (FTIR) (Newport Co. 80251) that covered a spectral
interval from 1.2 to 5.5 lm, and a blackbody furnace (BBF) (MIK-
RON M335) which could reach a temperature as high as 1773 K.
The measurement concept was to measure the spectral intensity
of the radiation from the levitated sample, compare it with that
of a blackbody, and to calculate the spectral emissivity. This tech-
nique is widely used and was recently implemented in conjunction
with other containerless method that includes cold crucible [11],
electromagnetic levitation [12], and electrostatic levitation [13].

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 sources. It was decided
to place the FTIR on a round table, so that the FTIR can observe the
light source (levitated sample or BBF) without any mirrors. A cam-
era with a telephoto lens was placed with 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 spec-
trometer. 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 char-
acteristics over the observed wavelength range.

The BBF was equipped with a simulated chamber wall complete
with a tubular port and an observationwindow. A pinholewas set in
front of the BBF to simulate a levitated sample. The geometrical
arrangement of the simulated sample, the chamberwall, the tubular
port, and the windowwas identical to that of the ESL. Furthermore,
the BBFwas set so that the distance from the pinhole to the FTIRwas
the same as that from levitated sample in the ESL to the FTIR.

2.3. Measurement procedure

For these experiments, �2 mm diameter spheroid samples were
prepared by arc-melting pieces of Ni and Rh wires of 99.9 wt%
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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.
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