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Abstract

As materials research advances, methods for materials preparation and analysis
become increasingly important; however, certain fundamental physical proper-
ties constitute the basis for conducting relevant investigations. Due to the high
melting points and refractory nature of some materials, traditional methods
cannot circumvent contamination from container walls, cannot perform experi-
ments under vacuum conditions to avoid gaseous contamination, or are limited
to measuring specific materials due to experimental constraints; these methods
encounter significant difficulties in measuring the thermophysical properties of
materials in the superheated and supercooled regimes at elevated temperatures.
This article systematically introduces electrostatic levitation technology as a
novel method for achieving deep undercooling to enable measurement of ma-
terial thermophysical properties. Electrostatic levitation technology suspends
a sample between two electrode plates, utilizes laser heating of the sample
while levitated to achieve high-temperature melting, and simultaneously per-
forms thermophysical property measurements. This paper compares several
methods for measuring typical thermophysical properties, details the advan-
tages of electrostatic levitation, and provides a comprehensive introduction to
the measurement of melt density, thermal expansion coefficient, surface tension,
viscosity coefficient, and specific heat of materials using electrostatic levitation
technology.
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Thermophysical Property Measurements by Electrostatic Levitation
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Abstract

As materials research advances, methods for material preparation and analysis
have become increasingly important, yet these methods fundamentally rely on
accurate knowledge of key physical properties. Many materials present signif-
icant challenges due to their high melting points and refractory nature, while
conventional techniques suffer from container wall contamination, inability to
operate under vacuum conditions to avoid gas contamination, or limitations to
specific materials. These approaches struggle to measure thermophysical proper-
ties during superheating and undercooling stages at elevated temperatures. This
paper systematically introduces electrostatic levitation as a novel technique for
achieving deep undercooling and measuring material thermophysical properties.
Electrostatic levitation suspends samples between two electrode plates while
employing laser heating to melt materials at high temperatures, enabling simul-
taneous thermophysical property measurements. We compare several typical
methods for measuring thermophysical properties, elucidate the advantages of
electrostatic levitation, and provide a detailed description of how electrostatic
levitation measures melt density, thermal expansion coefficient, surface tension,
viscosity coefficient, and specific heat.

Keywords: electrostatic levitation; thermophysical property measurements;
density; thermal expansion coefficient; surface tension; coefficient of viscosity;
specific heat

0 Introduction

The drop tube represents a free-fall deep undercooling rapid solidification tech-
nique.

1 Development of Classical Containerless Measurement
Methods

The development of novel materials is crucial for national defense, aerospace,
and advanced industrial applications. During materials exploration, measuring
physical properties at high temperatures is essential, yet conventional container-
based methods suffer from sample contamination by container walls, signifi-
cantly affecting measurement accuracy. Containerless techniques suspend sam-
ples, eliminating wall effects during melting and solidification, and enable real-
time measurement of internal structure and physical properties through non-
contact optical methods. Containerless processing represents a key research
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direction in space materials science, with active investigations by NASA, Japan,
and the European Space Agency [1-4].

Containerless methods primarily measure melt density, thermal expansion co-
efficient, surface tension, viscosity coefficient, and specific heat under deep un-
dercooling. Density, a fundamental material property, varies with temperature
and pressure and plays a vital role across numerous applications. The thermal
expansion coeflicient is a basic thermophysical parameter critical for engineering
design, precision instrument manufacturing, welding, and materials processing.
Surface tension governs surface thermodynamics and fluid dynamics, influenc-
ing casting, laser surface remelting, welding, and rotational liquid processing.
Viscosity reflects liquid alloy fluidity and microstructure [5], significantly af-
fecting melting, mold filling, and solidification synthesis [6]. Specific heat, a
thermodynamic property reflecting temperature-energy relationships [7], is es-
sential for thermodynamic calculations of metal solidification and phase trans-
formation studies, and serves as a prerequisite for nucleation rate calculations.
Consequently, specific heat and total hemispherical emissivity are two critical
parameters for studying materials in deeply undercooled states.

Primary containerless techniques include free-fall and levitation methods [8].
Electrostatic levitation represents an advanced measurement approach among
containerless methods. The drop tube, the earliest containerless technique,
dates to 1782 when William Watts patented a free-fall method for improving
lead shot sphericity—the first application of weightlessness for materials process-
ing. In 1956, Turnbull built the world” s first prototype drop tube for Fe-Ni
alloy undercooling studies [9]. After decades of development, drop tubes enable
containerless solidification in microgravity, combining deep undercooling with
rapid quenching [10-12], typically achieving substantial undercooling for study-
ing liquid metal rapid solidification [11,13]. Currently, dozens of drop tubes
operate worldwide. Despite being an excellent microgravity and containerless
method, drop tubes require large facilities, incur high costs, and offer limited
experiment duration, imposing significant constraints.

Electromagnetic levitation originated in 1923 when Mack proposed suspending
metals using high-frequency electromagnetic fields, patenting “electromagnetic
levitation melting” [14]. Okress conducted the first suspension experiments and
preliminary theoretical studies [15]. In the late 1950s, Comenetz successfully
levitated ~10g metal spheres of dozens of types using a 450kHz, 10kW high-
frequency source [16]. In 1971, Lu and colleagues at McMaster University first
applied electromagnetic levitation droplet oscillation for surface tension mea-
surement [17]. Today, electromagnetic levitation primarily suits metals with
high magnetic permeability and semiconductors with high electrical conduc-
tivity [18,19], using alternating magnetic fields for simultaneous levitation and
heating in vacuum or protective atmospheres, with inherent electromagnetic stir-
ring. However, achievable undercooling is limited by sample purity, and melt
vaporization during levitation affects specific heat measurements of undercooled
melts.
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Acoustic levitation, first explained by L.V. King in 1934 [20], uses strong acous-
tic fields to generate radiation pressure balancing gravity. It finds broad ap-
plications in thermophysical property measurement, solidification kinetics, and
liquid motion studies. Compared to other methods, acoustic levitation imposes
no electrical or magnetic property constraints, enabling processing of diverse ma-
terials. However, its levitation capability and stability are significantly affected
by ambient gas temperature, restricting studies primarily to low-melting-point
materials. While acoustic levitation eliminates container wall effects on nucle-
ation and enables nanofluid undercooling experiments [21], it requires gas en-
vironments that cannot prevent external contamination, offers weak levitation
forces, and introduces mechanical interference from acoustic waves, making it
unsuitable for high-temperature liquid thermophysical property measurements.

Aerodynamic levitation achieves stable suspension through controlled gas flow
and optimized nozzle design, offering simple equipment and convenient opera-
tion for various materials. In 1982, spherical solid samples were levitated under
low-pressure free jets and laser-heated [20]. Aerodynamic levitation provides ex-
cellent single-droplet manipulation for studying cooling rate effects. Rapid cool-
ing enables substantial undercooling, altering microstructure formation. How-
ever, latent heat release reduces undercooling at solidification interfaces, causing
transitions from irregular to regular eutectics in both single grains and macro-
scopic samples [22]. While aerodynamic levitation offers superior temperature
control, achieving stable heat balance for temperature regulation, it requires gas
environments that disturb solidification and complicate precise position control.

2 Development of Electrostatic Levitation Measurement
Methods

Electrostatic levitation employs Coulomb forces in an electric field to suspend
samples, providing a clean, interference-free environment without convection
from gas or electromagnetic effects [23]. It suits all materials capable of main-
taining sufficient surface charge, including metals, semiconductors, and insula-
tors. In 1959, Langmuir et al. [24] studied electrostatic levitation of micron-sized
particles without feedback control, establishing the technique’s materials science
foundation. In 1984, Rhim and colleagues at NASA’ s Jet Propulsion Labora-
tory first proposed electrostatic levitation for containerless materials processing
for space experiments, designing three electrode configurations with feedback
control to achieve stable suspension of 5mm silver-coated styrene spheres and
~10mm water droplets in parabolic flight low-gravity environments [25].

Electrostatic levitation matured through the 1990s. In 1993, Rhim et al. de-
veloped ground-based electrostatic levitation equipment for high-temperature
containerless materials processing [26], using position-sensitive detectors (PSD)
for three-dimensional position sensing. In 2000, Nakamura et al. detailed electro-
static levitation furnace control systems [27], employing two vertically-mounted
500Hz high-speed CCD cameras for 3D position detection. In 2001, Meister et
al. investigated gain-scheduled control methods [28]. In 2005, Ishikawa et al. de-
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scribed JAXA’ s electrostatic levitation furnace [29], which suspends 0.9-3mm
samples using PSD with PID control. JAXA has since developed ground-based
and aircraft-mounted electrostatic levitation systems [30-34], targeting space
containerless processing applications. NASA’ s electrostatic levitation capabili-
ties are comparable [1].

Domestic electrostatic levitation research, while nascent, is rapidly advancing.
After over a decade of development, Northwestern Polytechnical University’ s
Space Materials Science and Technology Laboratory has successfully developed
ground-based electrostatic levitation systems. The National Space Science Cen-
ter has achieved suspension, heating control, and classical thermophysical prop-
erty measurements after several years of research. Figure 1
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Figure 1: Figure 1

illustrates the thermophysical property measurement principle: a stainless steel
vacuum chamber sits on a vibration isolation table, with the sample positioned
between two plates and observation, measurement, and heating equipment ar-
ranged around the chamber. Two orthogonal lasers and 2D position detectors
monitor sample position, while three diode laser arrays spaced at 120° intervals
heat the sample. Dual-wavelength pyrometers measure temperature across dif-
ferent ranges, UV sources and density-measurement CCD cameras determine
sample volume for melt density calculations, position lasers and amplitude sen-
sors measure sample oscillations for surface tension and viscosity determination,
and dual-wavelength pyrometry combined with single-wavelength measurements
calculates emissivity for specific heat determination under deep undercooling.
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3 Measurement of Classical Thermophysical Properties Un-
der Electrostatic Levitation

Electrostatic levitation enables effective thermophysical property measurement
for numerous high-melting-point metallic and non-metallic materials. The entire
process occurs under high vacuum, avoiding medium interference. Independent
control of heating and levitation maintains suspension across wide temperature
ranges, while feedback control keeps samples stationary, facilitating heating
and deep undercooling [35]. This contamination-free environment is crucial for
surface tension measurements of high-temperature, highly reactive conductive
materials, as liquid metals readily react with container walls at elevated temper-
atures. Containerless processing eliminates heterogeneous nucleation from walls,
enabling deep undercooling and accurate measurement of high-temperature lig-
uid thermophysical properties.

3.1 Melt Density and Thermal Expansion Coeflicient Measurement

For high-melting-point materials in electrostatic levitation furnaces, density-
measurement CCD cameras capture spherical sample profile areas when heated
to melting. The volume V is calculated from the magnified spherical sample
images. Since levitated melts form perfect spheres, the projected image yields
a circular outline from which radius r is determined and volume V calculated.
Combined with measured mass, the density of molten high-melting-point mate-
rials is obtained. The thermal expansion coefficient is then calculated using:

[FIGURE:2] and [FIGURE:3] show sample volume and thermal expansion co-
efficient versus temperature curves, respectively. Traditional methods struggle
to obtain accurate values without container contact or interference from gases
and other conditions.

3.2 Surface Tension and Viscosity Coefficient Measurement

Under electrostatic levitation, surface tension and viscosity measurements be-
come feasible even for high-melting-point materials where conventional methods
fail. Based on the surface tension calculation formula:

where w is the natural oscillation frequency, o is surface tension, is melt density,
and r is sample radius. With and r obtained from prior density measurements,
determining the natural vibration frequency (resonant frequency) w yields sur-
face tension o:

JAXA has measured extensive surface tension and viscosity data across tem-
perature ranges including deep undercooling. For pure metals, melt surface
tension exhibits a linear temperature relationship, decreasing with increasing
temperature. Viscosity data at melting points remain scarce for many metals,
but electrostatic levitation fills this gap. Data show viscosity also inversely
correlates with temperature in pure molten metals.

The relationship between vibration decay time and viscosity coefficient is:
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where 7 is the free decay time after external vibration excitation removal, is
viscosity coefficient, is melt density, and r is sample radius. With and r known
from density measurements, determining 7 yields viscosity :

Thus, knowing both w and 7 determines surface tension and viscosity. For low-
viscosity liquids, the droplet vibration method [36] is employed. This method,
predicated on spherical test materials, uses controlled DC electrostatic fields
near the droplet’ s resonant frequency to excite oscillations. After excitation
stops, the droplet continues vibrating at its natural frequency (determined by
surface tension) with decay time (determined by viscosity). Electrostatically
levitated melts are nearly spherical with stable position control, enabling sur-
face tension and viscosity determination from vibration decay analysis. Posi-
tion lasers and amplitude sensors measure sample vibrations, producing time-
amplitude curves. A bandpass Fourier filter removes low-frequency vibrations
from sample wobbling, and the filtered data is fitted to damped waveform tem-
plates to calculate surface tension and viscosity.

Figure 6 [FIGURE:6] and Figure 7 [FIGURE:7] show surface tension and viscos-
ity coefficient versus temperature for yttrium samples [37]. These measurements
can span wide temperature ranges including deep undercooling stages.

3.3 Specific Heat Measurement

Specific heat measurement is crucial in materials science, yet conventional meth-
ods suffer from external interference, preventing accurate determination of high-
melting-point material values. Electrostatic levitation fills this gap, enabling
relatively accurate specific heat measurements. The deep undercooling specific
heat calculation principle is:

where m is sample mass, M is molar mass, C_ p is specific heat, (T) is emissiv-
ity at temperature T, A is sample area, o_s is Stefan-Boltzmann constant, T
is sample temperature, T 0 is ambient temperature, and dT/dt is temperature
change rate. Sample area A is obtained from density measurement images, tem-
perature change rate from deep undercooling cooling curves, enabling specific
heat calculation under deep undercooling:

The specific heat measurement system obtains cooling curves and emissivity
parameters from solidifying suspended samples to calculate deep undercooling
stage specific heat. Temperature and emissivity measurement units employ dual-
wavelength pyrometry for temperature, single-wavelength pyrometry combined
with temperature for emissivity, and thermocouples for ambient temperature.
The system controls laser heater output to melt samples, then shuts off the laser
to allow cooling and solidification, obtaining deep undercooling cooling curves
as shown in Figure 9 [FIGURE:9]. Note the two distinct stages in Figure 9 due
to different emissivities for liquid and solid samples—one during heating/melting,
another during cooling. Analyzing only the deep undercooling curve using the
specific heat formula yields the desired values.
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For silicon samples under electrostatic levitation, multiple heating-cooling cy-
cles produce stable time-temperature curves. Analysis can estimate the ratio
of specific heat to hemispherical emissivity. Polynomial fitting further derives
temperature-dependent functions for both specific heat and hemispherical emis-
sivity. Following Y.S. Sung’ s work on measuring Si specific heat and hemi-
spherical emissivity under electrostatic levitation using 99.999% pure spherical
Si samples [38], the values can be determined.

4 Summary and Outlook

Electrostatic levitation enables containerless processing without additional en-
ergy input to samples or interference with solidification processes, facilitating in-
tegration with other non-contact measurement devices for thermophysical prop-
erty determination [39,40]. Compared to other containerless methods, electro-
static levitation is indispensable in materials science. Currently, domestic sys-
tems can measure several typical thermophysical properties of high-temperature
molten samples, establishing parameter variation relationships for different ma-
terials. However, compared to mature US and Japanese technologies, domes-
tic experiments require further research and improvement, including enhancing
suspension success rates through algorithm refinement, improving measurement
precision, and correcting for charge and shape variation interferences. These
challenges warrant continued investigation and breakthrough.
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