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Electromagnetic Levitation Part II: Thermophysical Property
Measurements in Terrestrial Conditions

Sayavur 1. Bakhtiyarov' and Dennis A. Siginer”

1 Introduction

Undercooling is a natural extension in a levitation
environment due to the elimination of container
induced nucleation giving access to a metastable
region of the phase diagram. It is important to
solidification processes, and therefore, the knowl-
edge of thermophysical properties in this region
is crucial. The degree of undercooling determines
the growth velocity, and is essential in selecting
the metastable solid phase. The use of hydro-
gen gas reduces and removes heterogeneous nu-
cleation catalysts (oxide and sulfide inclusions),
and facilitates undercooling.

EML has the following advantages compared to
other levitation methods:

e Contactless melting of the sample; elimina-
tion of container walls is important in stud-
ies of flow dynamics, glass formation, prepa-
ration of pure substances, undercooling and
solidification.

e Molten sample can be protected from oxida-
tion by a vacuum or an inert gas.

e It is feasible to solidify the sample in levi-
tated position.

e Electromagnetic stirring occurs during the
melting process.

e Equilibrium in gas-liquid metal systems is
quickly achieved due to efficient stirring and
the relatively large surface exposed to the gas
phase.
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e Alloying additions can be made to the levi-
tated molten sample.

However, broadly speaking the relatively low
electrical heating efficiency of induction coils and
the limited amount of the specimen are discour-
aging factors in the use of EML on a large com-
mercial scale. Another issue is the introduc-
tion of impurities which can occur through reac-
tion with the gaseous environment during melt-
ing. Therefore using very pure gas in the pro-
cess is a strict requirement. The greatest difficulty
in EML is keeping the suspended droplet stable.
There are two kinds of instabilities, global and lo-
cal to the surface. Global instabilities cause the
metal to move as a whole. They can be avoided
by properly choosing the external current distri-
bution that creates the supporting field. That can
be realized by arranging axisymmetric coils with
counter-windings at the top. However, Lorentz
force along the axis of symmetry is zero, and sur-
face tension is the only force to balance the hy-
drostatic pressure. As a result, the droplet has a
conical shape with its apex pointing downwards.
Surface instabilities do not allow levitating sam-
ples of large masses. Another disadvantage re-
sults from difficulties of temperature control and
measurement. Only pyrometric methods can be
used; either the emissivity of the material must
be known or reliance has to be placed on mea-
surements using multicolor pyrometers. In the
past due to difficulties in stabilizing and control-
ling the liquid sample, a number of researchers
considered the levitation melting industrially un-
suitable as a production method and discontin-
ued work on further developing it. However, the
levitation melting method has been recognized
as a useful small-scale laboratory melting tech-
nique. Liquid droplets with a mass of up to 50g
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have been levitated by axisymmetric coil design.
Non-axisymmetric coil design allows levitating
much bigger samples, for example Sagardia and
Segsworth (1977) levitated 1 kg of aluminum us-
ing multi-frequency non-axisymmetric coils.

2 Thermophysical Property Measurements

Accurate and reliable values for the thermophys-
ical properties of molten metals become increas-
ingly significant as new casting techniques are de-
veloped and progress is made in numerical mod-
eling of these processes. At high temperatures
chemical reactions can take place at the interface
between liquid sample and crucible leading to the
contamination of the test sample. EML offers the
following advantages in the study of the thermo-
physical properties of liquid metals:

e Container effect is eliminated.

e High temperatures (up to 2400°C) can be
achieved.

e Undercooled state can be maintained for an
extended period of time.

e Non-contact diagnostic techniques (temper-
ature measurements, imaging analysis, etc.)
can be applied.

However, ground based EML also has some lim-
itations in measuring the thermophysical proper-
ties of molten metals:

e Electromagnetic fields with high flux density
deform the shape of the specimen.

e High frequency electromagnetic fields in-
duce turbulent currents inside the sample.

e Convective cooling by high-purity inert
gases is required.

e Convection is present within the molten
metal.

2.1 Specific Heat

Specific heat is traditionally measured by adia-
batic calorimetry techniques. The calorimeter is
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isolated from the environment and requires long
relaxation times. However, this method cannot be
used for non-contact measurements at high tem-
peratures. Betz and Frohberg (1980) proposed a
method to determine the enthalpy, the heat, and
entropy of fusion for some refractory metals. In
this method, the levitation fields are switched off
when the desired temperature is reached. Then the
sample is dropped into a copper block, and the
temperature rise AT of the copper block is mea-
sured. Given the specific heat C, of the copper
block, the enthalpy loss AH of the liquid speci-
men and the specific heat of the sample can be
determined,

JH
=
Betz and Frohberg (1980) also measured the heat
of mixing by alloying two liquid metals during
levitation and detecting the related change in tem-
perature. The enthalpy of molybdenum was mea-
sured between 2282 and 3383 K by levitation
calorimetry. Special attention was paid to the ac-
curacy of optical temperature measurements (+
1.5%) and to the evaluation of heat losses from
the sample during the fall. But, comparison of ex-
perimental results with data from literature is not
encouraging and shows rather large discrepancies.
Ohsaka et al. (1992) measured the specific heat
of undercooled liquid metals using the same tech-
nique. The sample temperature is monitored by
an optical pyrometer and is varied by controlling
the flow rate of the cooling gas. The measured
enthalpy is translated into the specific heat. The
specific heats of Al and a TiggCryg alloy are de-
termined in this work. Maximum undercooling
levels reached are less than those expected under
microgravity conditions suggesting that measure-
ments can be extended to a deeper undercooling
level if similar experiments were performed in a
microgravity environment.

AH = C,AT, (1)

The AC temperature technique requires shorter
relaxation times and it can be used for non-contact
calorimetry. Fecht and Johnson (1991) applied a
non-contact AC pulse heating method for specific
heat measurements in molten metals and alloys in
an electromagnetic levitation device. The method
is a variant of non-contact modulation calorime-
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try. The power of the heater is modulated sinu-
soidally,

wt
Py (1) = Pyocos® <7> ) (2)
The power modulations result in a modulated
temperature response (AT, ) of the sample,
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in which 77 and 1, are external and internal relax-
ation times, respectively. The choice for the mod-

ulation frequency w should satisfy the inequality,

1
h<6<ﬁ. 4)

Then, the specific heat ¢, is defined by the follow-
ing expression,

Pa)O
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The proposed method has been applied to esti-
mate the specific heat of Zr-alloys. It is shown
that for droplet diameters of the order of 5-10 mm,
the heat capacity data can be obtained with an ac-
curacy of 1%. Near the melting point the value
of the specific heat for most pure metals is around
30 J K~! mol~!, close to the crystal specific heat
value at the melting point,

Cp =2Cy +ca +Ce.p.d.a (6)

where ¢, ¢4, and ¢, p 4. represent the vibrational,
dilatational and the equilibrium point defects con-
tributions, respectively. Above the melting point
specific heat decreases with temperature, reaches
its minimum value, and then increases up to 8-
0.33 ¢,. Temperature dependence of alloys is sim-
ilar to that of pure metals, and Neumann-Kopp
rule can be applied to estimate the additive val-
ues, Herlach et al. (1993).

2.2 Emissivity

The spectral normal emissivity € as a function of
wavelength A and temperature T is determined
from the following expression,

Ir()LaT)ZS()LvT)Ib()LvT)v @)
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where I, and [I;, are the spectral radiance of the
real and blackbody, respectively. Hansen et al.
(1989) combined the electromagnetic levitation
technique with ellipsometry to measure the emis-
sivity in liquid metals. The spectral emissivity is
calculated by Kirchhoft’s law,

r(?L,T)—i—S()L,T) =1,
(n—1)*+x2 ®)

r(A,T)= (n—|—1)2+1<2

where r(A,T) is the spectral reflectivity, and n
and x are the real and imaginary parts of the com-
plex spectral refractive index 77 = n —ix. Using
this method Hansen et al. (1989) measured the
emissivity of liquid Co, Ag, Au, Ni, Pd, and Pt as
a function of temperature and wavelength. Rhim
and Paradis (2001) propose using a high-power
laser beam to apply a torque to electromagneti-
cally levitated samples in a vacuum. The torque
can be used to control the rotation rate of the sam-
ple in measuring its properties. The magnitude
of the torque which depends on the power of the
laser beam, the fraction of incident photons ab-
sorbed, and the size of the moment arm can be es-
timated by applying the laser to a spherical sample
of mass m and radius R. Assuming that absorption
and emission of radiation by the sample is gov-
erned by the Stefan-Boltzman law, the torque is
determined as

L 4R*ceaT?
C

; €)

where o, a, ¢ and T represent the Stefan-
Boltzman constant, the moment arm, the speed of
light and the steady-state temperature of the sam-
ple if the same laser beam is used to heat the sam-
ple. The angular acceleration of the sample is es-
timated by,

_ 50¢eaT*
me

S (10)

2.3 Thermal Expansion and Mass Density

Knowledge of the density of liquid metals is cru-
cial in most theories and in particular for con-
traction simulation during solidification. There
are several methods for measuring the density
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of the high-melting point liquid metals, bal-
anced columns, pyknometer, immersed-sinker,
maximum-bubble among others. However, the
application of all these techniques is limited due
to the reaction between liquid metal sample and
the apparatus. Therefore, any EML technique is
a good alternative for density measurements in
molten metals. Assuming a spherical shape for
the specimen to determine the volume V of the
droplet of mass m and repeating the density mea-
surements at different temperatures the coefficient
of thermal expansion 3 can be obtained

m 10V
P=v P=vor
The determination of thermal expansion coeffi-
cient of these materials requires the measurement
of the linear size of the specimen as a function of
the temperature. There are two optical methods
of length measurements, geometrical and inter-
ferometric. Some dilatometric techniques are de-
scribed in review papers of Ruffino (1984, 1989,
1992) and Kirby (1992). Geometrical dilatome-
ters use light rays, photometry, or optical imaging
systems. The most precise geometrical dilatome-
ter is the optical comparator, in which two mi-
croscopes compare the lengths of the specimen
in a thermo-stated bath and standard conditions
at room temperature. The method is well suited
for thermal expansion coefficient measurements
at low temperatures, up to 100°C. At high tem-
peratures there are problems, such as the distance
between the hot specimen and the microscope
lenses, precise definition of specimen tempera-
ture, and marks on the specimen. The most ad-
vanced geometrical dilatometer for measurements
at high temperatures, up to 1600°C, is described
by Rothrock and Kirby (1967). Interferometric
dilatometers utilize the interference phenomenon
in light waves. The application of laser light
sources in interferometric dilatometers increases
the resolution and accuracy of the measurements.
However, interferometric dilatometry requires the
specimen end faces to be flat and polished which
is difficult to maintain at high temperatures.

El-Mehairy and Ward (1963) developed a tech-

nique to determine the density of liquid metals
from the profile of a levitated drop obtained by

an
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emitted light photography and calibration. The
levitating system consists of a stabilizing ring
used in conjunction with a three-turn levitated coil
energized by a 10 kW Toccotron. The density of
liquid copper was determined in the temperature
range 1370° - 2100°K. Temperature dependence
of the density is expressed by the following equa-
tion:

p(T)=9.370-9.442 x 107*T £0.026,  (12)

where p is the density in g cm™ and 7 is the tem-
perature in °K. Molar volumes and thermal ex-
pansion coefficients were calculated from the data
obtained. It is found that upon melting copper ex-
pands by 3.34%. A satisfactory agreement exists
between the data and those previously obtained
by the maximum-bubble and the immersed-sinker
methods. Density measurements of liquid metals
by the EML technique were reported by Shiraishi
and Ward (1964). The method used is based on
the determination of the volume of a liquid droplet
of known weight (~ 1.5g) levitated in the field of
a high-frequency coil. The method avoids the cor-
rections for the temperature-dependent expansion
of the apparatus. But, the deviation of the droplet
geometry from the spherical shape could increase
measurement errors. The coil-ring levitating sys-
tem was powered by a 10 kW Tocco generator.
The temperature was measured with an accuracy
of £10°C by a two-color pyrometer focused to
the top of the droplet. A carbonyl nickel droplet
sample of 99.9% purity was tested. During the
experiments the specimen lost 10-20 mg. In this
method one camera monitors the sample from the
side and another from the top, so that one camera
can always be used to determine the distance be-
tween the moving sample and the second camera.
The known diameter of the solid sample is used to
calibrate the camera image. Recorded frames are
analyzed with an image-processing system and a
computer to monitor the size of the spherical spec-
imen. The density of the test sample is measured
over a 300°C range below the melting temperature
to determine that density varies linearly with tem-
perature over the whole temperature range stud-
ied. The following relationship summarizes the
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findings,
p (T)=9.966 —12.000 x 107*T +0.055, (13)

where p represents the density in g cm ™3, and T
the temperature in °K.

Racz and Egry (1995) describe the EML appara-
tus, method of image acquisition, digital image
processing, and calculation methods to measure
the density and thermal expansion of undercooled
liquid metals as a function of temperature. Their
analysis shows that the main sources of error are:

e temperature measurement
e image calibration

e image processing steps to determine droplet
size

e Legendre polynomial fit.

Gorges et al. (1996) developed a method for mea-
suring the density of levitated droplets using a
CCD camera and image processing. Results for
undercooled nickel samples are in good agree-
ment with density measurements of previous re-
searchers. An improved algorithm for edge detec-
tion in digital image processing is also described.
Lohofer et al. (2003) conducted density measure-
ments using the experimental setup shown in Fig-
ure 1. A new optical measurement technique is
combined with EML. The sample is levitated and
melted in an argon atmosphere. As electromag-
netic forces lift up the sample induced currents
start heating it up. The sample is carefully cooled
at controlled temperature by exposing it to flow-
ing argon gas. The temperature is measured using
an infrared pyrometer. When measuring the vol-
ume of the sample, it is important that the sam-
ple is fully visible from the side. Lohofer et al.
designed a coil which assured that no part of the
edge of the sample was hidden by the windings.
To measure the sample volume an expanded, par-
allel HeNe laser beam is used to illuminate the
sample from behind, Figure 1. The laser light is
then focused on the small aperture of a pinhole,
which removed all non-parallel parts of the beam
coming from interferences or the hot sample it-
self. It is assumed that a band-pass filter addition-
ally blocks all light not originating from the laser.
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The shadow image of the sample is then captured
by means of a digital CCD camera and fed into a
computer to be analyzed in real time by an edge
detection program. The optical setup is calibrated
using well defined ball-bearing spheres. This op-
tical setup has the advantage to prevent apparent
size changes due to sample movements along the
optical axes, and to guarantee a constant contrast
for the edge detection algorithm independently of
the brightness of the hot sample.

Wang et al. (2003) developed a containerless
and contamination-free measurement method us-
ing EML techniques in order to determine accu-
rately the thermal expansion coefficient and den-
sity of metals in solid and liquid states. A com-
puter model for predicting the levitating force, ab-
sorption power and heating temperature is devel-
oped as well, and the predictions of the numerical
simulations have been experimentally validated.
Wang et al. also discuss a number of design is-
sues with respect to a single levitation and heating
coil. Several challenges related to this technique
are discussed:

e Increasing the magnitude of the levitating
force when the experiment is conducted in
terrestrial conditions.

e Controlling the position of the levitated
droplet and the temperature range by using
a single induction coil to maximize the effi-
ciency of the optical techniques.

e Detecting accurately the edge of the droplet
in the imaging process.

After getting a stable and good position (the sam-
ple image is minimally blocked by the induc-
tive coil) of the sample in the desirable temper-
ature range, two "good" images, a side view and
a top view, are then used to determine the vol-
ume of the sample. A new edge detection method
has been developed, which reduces the error by
about 30% as compared to a conventional edge
detection method often used the maximum inten-
sity gradient method. Optical measurement er-
rors are corrected, and thermal expansion coef-
ficient and density data for representative solid
and liquid metals and alloys are given. Dupac
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Figure 1: Experimental set-up for density measurements; the shadow of the liquid, levitated sample inside
the levitation coil, illuminated from the back by an expanded HeNe laser beam, is recorded by a CCD

camera, Lohofer et al. (2003).

et al. (2003) developed a new image processing
technique to predict the volume of the levitated
aspherical droplet. The technique based on the
cubic-spline convex-hull algorithm allows to re-
store the missing (blocked by the coil) portion of
the frontal image, and to recover the transversal
and frontal surface shapes from image shading.
The normalized volume of the levitated aspherical
droplet was determined by combining the recov-
ered shapes. To validate the results, the algorithm
performance has been tested on the images of the
ductile iron specimens obtained experimentally.

2.4 Thermal Diffusivity

Thermal diffusivity is an important thermophysi-
cal property of materials which controls the tem-
perature distribution in the body of the specimen
during transient heat transfer processes as well as
mass transfer through diffusion in heterogeneous
boundary layers in many metallurgical processes
like melting, solidification, crystal growth, weld-
ing and casting, among others. There are sev-
eral methods to measure thermal diffusivity, such
as transient hot-wire, flash heating, dynamic and
stepwise heating methods. In the popular flash
heating technique, first introduced by Parker et
al. (1961), a small disk-shaped sample receives a
high-energy irradiation burst on one surface. The
increase of temperature on the opposite surface is
recorded as a function of time. Comparison of
the measured temperature with theoretical predic-

tions allows the determination of the thermal dif-
fusivity of the specimen. The technique has sev-
eral advantages:

e Small amount of energy needs to be added to
the specimen.

e The size of the specimen can be small

e The technique can be used by preheating or
cooling the sample.

e Three thermal properties (thermal diffusiv-
ity, thermal conductivity and heat capacity)
can be determined for the same sample.

However, the presence of convective flows and the
container are the main drawbacks of this and other
techniques aimed at measuring thermal diffusiv-
ity. To solve the problem of container contam-
ination, a new measurement technique was pro-
posed by Bayazitoglu et al. (1990). In this tech-
nique two experiments with different droplet sizes
and with Biot numbers less than 0.1 and greater
than (or equal to) 0.1 are conducted to bypass
density. An inverse conduction problem is for-
mulated for the large-droplet case, and Laplace
transform methods are used to solve the problem.
The method is demonstrated for three materials,
Nickel, Niobium and Palladium. Bayazitoglu et
al. use experimental surface temperature data in-
stead of the inhomogeneous boundary condition,
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and they determine thermal diffusivity by mini-
mizing a function that complies with the heat bal-
ance at the surface. The applicability of the pro-
posed method is limited because of large spec-
imen sizes required. Very large samples (~ 20
cm in diameter) must be levitated, which is prac-
tically impossible from an experimental point of
view. The method proposed by Bayazitoglu et al.
(1990) does not account for the two-dimensional
temperature profile. To remedy this short coming
Murphy and Bayazitoglu (1992) developed an-
other two-step computational model of the tran-
sient heat conduction in the spherical specimen
to account for the two-dimensional cooling pro-
file. They consider a finite flash time which causes
non-uniform temperature fluctuations in the ab-
sorption layer. Thermal diffusivity is estimated by
minimizing the difference between the predicted
and experimentally measured temperatures. The
technique is demonstrated for Nickel, Iron and
Copper using analytical data. However, param-
eters such as density, specific heat, incident heat
flux, radiative emissivity must be known to esti-
mate thermal diffusivity via this technique.

Shen and Khodadadi (1993) proposed an ex-
tended single-step containerless flash technique
suitable to measure thermal diffusivity of levi-
tated spherical specimens. Radiation and con-
vection heat losses from the surface were taken
into account to predict the temperature at any
point analytically. Thermal diffusivity is deter-
mined from simultaneous temperature measure-
ments at least at two different points on the sur-
face. The method presents some advantages be-
cause it bypasses the need to know some parame-
ters like incident energy flux intensity, absorption
layer thickness and also heat loss. The diameter
of the sample and the temperature rise history at
two different points on the surface are the only
two parameters needed to estimate thermal dif-
fusivity. Shen et al. (1997) also proposed two
extended containerless flash techniques to levitate
spherical specimens. The process is modeled as
an axisymmetric transient conduction heat trans-
fer problem within the sphere. To validate the ad-
vantages of the techniques ground based experi-
ments are conducted with high-temperature solid
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samples of pure Nickel and Inconel 718 super-
alloy near their melting temperatures. Compari-
son of the experimentally determined thermal dif-
fusivity values to data available in the literature
show that the proposed techniques are potentially
promising.

2.5 Electrical Resistivity

Information on the electrical resistivity of molten
metals and alloys is especially important in
many metallurgical processes such as electroslug
remelting, electromagnetic stirring in continuous
casting, electrolysis, and induction melting in
foundries. Due to the disordered arrangement of
ions in the liquid state, molten metals and alloys
exhibit higher (~ 1.5-2.3 times) electrical resis-
tivity than those in solid state. However, rela-
tively few studies have been reported on the elec-
trical resistivity of molten metals and alloys, par-
ticularly at elevated temperatures, since measure-
ments are extremely difficult. Methods to mea-
sure electrical resistivity can be categorized into
three groups:

e direct resistance measurements using contact
probes,

e contactless inductive measurements,

e non-contact containerless measurement
techniques.

The technique of choice for solid materials is
the direct resistance four-probe method based on
Ohm’s law. Although this direct method can be
applied to low melting point, non-reactive lig-
uid materials, reactions between the probes and
the molten sample preclude using the four-probe
method with high-melting point materials. Volt-
age drop along a sample in a capillary tube of
known cross-section and length is measured at
constant current density. The probe cell has to be
calibrated using a liquid metal (usually mercury)
of known resistivity. Selection of proper materials
for the capillary cell and the electrodes remains
the primary difficulty with this method. The tech-
nique is also limited to materials with very narrow
freezing ranges.
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Inductive techniques for measuring electrical re-
sistivity are contactless and thus prevent chem-
ical reactions between molten samples and con-
tacting probes as in the direct method. There are
two different types of contactless methods. The
rotating field method is based on the phenomena
that when a metal sample rotates in a magnetic
field or when the magnetic field rotates around
a stationary sample circulating eddy currents are
induced in the sample generating an opposing
torque proportional to the electrical conductivity
of the sample. In liquid metals and alloys applied
magnetic field also causes significant rotation of
the liquid in the crucible decreasing the angular
velocity between the field and the sample. Re-
cently, Bakhtiyarov and Overfelt (1999a,b) devel-
oped a rotational contactless inductive measure-
ment technique to measure both the viscosity and
the electrical conductivity of liquid metals. Pre-
liminary tests conducted with low melting point
metals (lead and tin) and alloys (LMA-158 and
Pb/Sn binary systems) agree well with data from
the literature. But, it must be pointed out that this
method leads to difficulties caused by convection.

In both direct resistance and contactless induc-
tive techniques chemically reactive components
contained in the crucible may easily contaminate
the molten sample altering its electrical proper-
ties. The container may provide heterogeneous
nucleants that generate early solid-phase nucle-
ation. Electromagnetic levitation is very useful
technique for the containerless measurement of
electrical conductivity of liquid metals. Electri-
cally conducting samples represent an additional,
inductively coupled electric circuit that changes
the impedance Z(o,) of the coil, Lohofer et al.
(1991). It increases the resistance and decreases
the inductance depending on the electrical con-
ductivity of the sample. Since the molten sam-
ple in this method is isolated from container walls
the sample will maintain its intrinsic properties
allowing the study of the structures and proper-
ties of the material in deeply undercooled states.
Impedance affects the alternating current in the
coil causing changes in the power loss of the coil
current at fixed voltage across the coil, in the
phase difference between coil current and volt-
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age and the resonance frequency of the alternating
coil current, Herlach et al. (1993). Nyberg and
Burgess (1962) developed electrodless methods
for determining the electrical conductivity, the
Hall mobility, and the magnetoresistance effect
of semiconductors. Conductivity measurements
were made by placing the sample into the core
of a sinusoidally excited solenoid and by relating
the impedance changes reflected into the solenoid
to the conductivity of the sample. Tomlinson and
Lichter (1969) and Lee and Lichter (1972) ap-
plied the inductive coupling method to measure
the change of the coil resistance after having in-
serted a cylindrical sample into a solenoid. This
electrodless technique is used to measure the elec-
trical resistivity of liquid Cd-Bi, Cd-Sn, Cd-Pb,
In-Bi, and Sn-Bi alloys. Positive temperature co-
efficients of electrical resistivity were obtained in
all samples except CdjgBigg alloy. Zhuravlev et
al. (1982) measured the inductance change us-
ing an Owen bridge circuit. The electrical con-
ductivity of liquid Fe, Co, and Ni is measured
by this method. The data agrees well with those
obtained by the rotational magnetic field method.
The uncertainty of the method is = 4%. How-
ever, the method has some shortcomings like the
small quality factor of the measuring coil, signif-
icant variation of the coil impedance itself with
temperature, thermal deformation of the coil, and
recrystallization of the winding wire among oth-
ers.

The change in both the resistance and the in-
ductance was simultaneously measured by Del-
ley et al. (1980). In this work the electrical re-
sistivity of the specimen is determined from the
impedance change of the coil when the specimen
is inserted. The system automatically adjusts the
measuring frequency for a constant loss angle of
the impedance change corresponding to a con-
stant skin depth in the sample. The sample electri-
cal resistivity is directly proportional to the mea-
suring frequency, and the empty coil impedance
is automatically compensated for. Electrical re-
sistivity measurements of liquid tin, copper, man-
ganese, nickel and iron are reported. Data from
other sources agrees well with the results of the
study.
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Garnier and Moreau (1983) investigate the stabil-
ity of the interface between a liquid metal and an
insulating atmosphere, in which an inductor gen-
erates a uniform alternating magnetic field. In
particular the influence of the electrical conduc-
tivity of the liquid sample was studied. Linear
stability analysis shows that the influence of the
alternating magnetic field on the perturbed inter-
face is neutral for wave-vectors perpendicular to
the magnetic field. The stabilizing effect is largest
when the angle between the wave-vector and the
magnetic field is zero. It increases with increas-
ing wave-number, is maximum for an infinitely
conducting medium decreasing with the electri-
cal conductivity. Kraftmakher (1991) proposed
a method for contactless electrical conductivity
measurements based on the determination of the
phase angle of the effective magnetic susceptibil-
ity of cylindrical samples in an axial AC mag-
netic field. The output voltage of a differential
transformer is compensated by a voltage with a
phase shift which depends on the sample size,
so that compensation becomes possible only at
the magnetic-field frequency numerically equal to
the electrical conductivity of the specimen. Lo-
hofer (1994) analytically calculated the magneti-
zation and the impedance of an electrically con-
ducting sphere inductively coupled with an exter-
nal, sinusoidally alternating current density distri-
bution. The general results are applied to the spe-
cial case, where the external current density distri-
bution is concentrated on thin, toroidal rings sur-
rounding the spherical specimen. It is shown that
impedance measurements can be used for the con-
tactless determination of the electrical conductiv-
ity. When the skin depth is much less than the
sample radius (0 <R), the changes in resistance
and inductance are determined as

AR &AL (8 1Y) .
wly 2R Ly 2R 3

Ly represents the inductance of the solenoid with-
out the sample. These changes are related to the
phase shift between current and voltage, which
can be measured experimentally. The relation be-
tween the phase shift and the skin depth allows an
estimate of the electrical conductivity.
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Enderby et al. (1997) describe the combined
application of aerodynamic levitation and elec-
trodless conductivity techniques to determine the
high-temperature electrical conductivities of lig-
uid metals. The hybrid method allows the de-
termination of the electrical conductivity at tem-
peratures as high as 2500°C. Rhim and Ishikawa
(1998) report a non-contact technique to measure
the electrical resistivity of liquid metals based
on a conducting drop that is levitated by a high-
temperature electrostatic levitator in a high vac-
uum. The relative changes in torque are mea-
sured as a function of temperature when a rotat-
ing magnetic field is applied to the sample. The
technique was tested for pure aluminum at solid
and liquid states. Richardsen and Lohofer (1999)
describe a facility for non-destructive measure-
ment of the electrical conductivity of liquid met-
als above and below the melting temperature. A
new technique combines the containerless posi-
tioning method of electromagnetic levitation with
the contactless method of inductive conductivity
measurements. Earlier, this technique was applied
only to low-melting point liquid metals contained
in an ampoule, which gives the sample a well-
defined cylindrical shape. In the modified method
advocated by Richardsen and Lohofer the sam-
pleis freely suspended within the measuring field,
and it does not have a predefined (nearly spheri-
cal) shape. Lohofer et al. (2003) conducted elec-
trical resistivity measurements using the experi-
mental set-up in Figure 2, which shows the ar-
rangement of the measuring transformer between
the levitation coils. The alternating current in the
primary coil of the transformer generates a high
frequency magnetic field that induces a voltage in
the secondary coil, which depends on the electri-
cal resistivity of the sample, its radius, and the
deviation of its shape from spherical symmetry.
Through the measurement of the absolute values
of the current in the primary coil and the voltage
in the secondary coil as well as the phase differ-
ence between both, the (complex) impedance is
determined. Next electrical resistivity of the lig-
uid droplet is calculated from the theoretical re-
lationship between impedance and electrical re-
sistivity, which is well known except for cali-
bration constants that depend on the radius and
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Figure 2: Electrical resistivity measurements; primary and secondary measurement coils are integrated with
the surrounding levitation coil in an UHV chamber, Lohéfer et al. (2003).

the shape factor. To determine these constants,
measurements were performed at different cur-
rent frequencies in the range between 10 kHz and
1 MHz. Further, a containerless calibration ex-
periment with a spherical sample of well-defined
resistivity and radius was carried out. The sam-
ple was positioned by the levitation field in the
center of the measurement transformer. To pre-
vent inductive interactions between the high fre-
quency magnetic levitation field and the measur-
ing coils, the measurement itself was performed
only in short time intervals of about 1 ms du-
ration during which the levitation field is com-
pletely switched off.

2.6 Thermal Conductivity

Accurate measurement of thermal conductivity of
liquid metals and alloys is usually more difficult
than the measurement of electrical conductivity
and thermal diffusivity. The difficulties concern
accurate heat flow measurements. Thermal con-
ductivity is directly related to the change in the
atomic vibrational frequency. A number of non-
metallic substances abide by

A =24x1077, (15)

VM

where A and M are the thermal conductivity and
M the molecular weight, respectively. Since
free electrons are responsible for the electrical
and thermal conductivities of conductors in both
solid and liquid states many researchers use the

Wiedemann-Franz-Lorenz law to relate thermal
conductivity to electrical resistivity,

Ap, w2
]’? =2 = Lo, (16)

where x and e represent the Boltzman constant
and the charge of the electron, respectively. The
constant

mK?

Lo= = =245x 107 8WQK 2,

is the Lorenz number. The validity of this rela-
tionship was confirmed experimentally with high
accuracy by many researchers.

Haller et al. (1977) developed a new technique
to determine the Lorenz ratio directly for temper-
atures up to 500°C. The Kohlrausch method is
applied to a spherical specimen with a constric-
tion. The measurements on liquid tin are in a
good agreement with the Wiedemann-Franz law.
Fecht and Johnson (1991) applied the AC tem-
perature technique to the problem of non-contact
calorimetry. The proposed method allows an ac-
curate determination of the thermal conductivity
of metastable undercooled liquid metal droplets
of spherical shape using an electromagnetic levi-
tator. It is shown that the external (7; ) and internal
(12) relaxation time constants are the most critical
parameters in achieving high accuracy in the mea-
surements. An accuracy of better than 1% can be
achieved if w7 >10 and w1, <0.1.
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2.7 Surface Tension

Surface tension is determined by the microscopic
structure of the liquid near the surface. At a
liquid-vapor interface density undergoes a steep
change from a high value in the liquid state to a
very low value in the gas phase. Therefore, sur-
face atoms experience an attraction toward the lig-
uid phase, which is the cause of the surface ten-
sion. Due to its energetic and entropic origin, it is
necessary to calculate the free energy of the sys-
tem to determine the surface tension. Thus sur-
face tension is determined as the additional free
energy required to generate a unit surface area
separating the liquid from its vapor phase.

There are many techniques for surface tension
measurements: sessile drop, pendant drop, max-
imum bubble pressure, maximum pressure in a
drop, detachment or maximum pull, capillary-
rise, drop weight, and oscillating drop methods.
The sessile-drop technique has been widely used
due to its many advantages. The method utilizes
a molten drop resting on a horizontal ceramic
substrate, and allows measurements over a wide
range of temperatures. However, the surface ten-
sion data may be affected by contaminants. The
surface tension of a liquid droplet can be mea-
sured by exciting surface oscillations. The fre-
quency of the oscillations is related to the surface
tension. The radius of the viscous sphere under-
goes oscillations of the form, Egry and Szekely
(1991)

R ~ Rgcos (2mvit)e TP (cos ), (17)

where [ denotes the normal modes, P, represents
the Legendre polynomials, and v; and I'; are the
frequency and damping of the oscillations. The
oscillating drop technique which uses electro-
magnetic levitation prevents surface contamina-
tion and provides deep undercooling of the molten
metal. The sessile-drop and the oscillating drop
techniques have been used for surface tension
measurements on superalloy 718 Overfelt et al.
(2000). Due to chemical reactions between the
specimen and the substrate the temperature de-
pendence of the surface tension obtained by the
sessile-drop method is higher than expected. A
significant sample “shaking” was observed during

173

the heat-up in sessile-drop experiments. Keene
(1993) presents a literature survey of the exper-
imentally determined values for the surface ten-
sion of molten pure metals which shows signif-
icant discrepancies between published values of
surface tension and its temperature coefficient.
The discrepancies are attributed to:

e experimental errors during measurements
due to both the characteristics of the appa-
ratus and the competence of the operator,

e incorrect density data used for surface ten-
sion calculations,

o effect of impurities namely surfactants,

e surface tension data at various temperatures
may not be enough to obtain reliable values
for the slope of the y(T) curve.

Surface tension is the only restoring force for
surface oscillations, and consequently it deter-
mines the oscillation frequency. In the EML tech-
nique surface tension can be calculated from the
frequency of the surface oscillation of the non-
rotating spherical sample utilizing the following
equation, Lamb (1945),
, LI-1)(I+2)y 1(I-1)(I+2)y

= = 1
v 3nm 4m2pR3 (18)

where ¥, p, m, R, v and [ represent the surface
tension, the density, the sample mass, the un-
perturbed radius of the droplet, the frequency of
the surface oscillation, and an integer denoting
the normal modes, respectively. In (18) it is as-
sumed that the amplitude of deviations from the
spherical shape is small, the liquid viscosity is
low, the damping effects on the natural oscilla-
tions of the liquid droplet are negligible, and the
liquid is incompressible. The lowest two modes
are excluded by the requirements of conservation
of mass (/ = 0) and fixing the center of mass of
the drop at the origin of the coordinate system (/
= 1). The Rayleigh frequency is the frequency of
the fundamental mode, which corresponds to [ =
2in (18),

3 2
Tk = STMV. 19)
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For non-spherical rotating droplets the fundamen-
tal mode is shifted and split into five peaks,
whereas for non-rotating droplets only three
peaks exist, Busse (1984). Experimental observa-
tions show that two pairs of oscillation frequen-
cies are related, Natarajan and Brown (1986)

Vg = £2Vvs5 Vg = £2Vp. (20)

This means that quadratic nonlinearities in equa-
tion (18) will create internal resonances between
these two pairs of modes. A resonance between
two modes causes secular terms to appear in
(18) for higher-order corrections. Natarajan and
Brown (1986) derive the interaction equations that
describe the quadratic internal resonance between
two oscillating modes of an inviscid droplet. Spe-
cific oscillation modes are coupled by quadratic
nonlinearities caused by inertia, capillarity, and
drop deformation. The equations describing the
interactions of these modes were derived from
the variational principle for the appropriate La-
grangian. It is shown that axisymmetric drop mo-
tions due to the internal resonance are unstable to
non-axisymmetric perturbations.

The oscillations can be identified as changes in
the shape of the droplet. Frequency of the oscilla-
tions can be defined from the Fourier transforma-
tion of the time signals. The position of the peaks
is related to the frequency. To obtain surface ten-
sion values from measured frequency spectra, the
correct labels (I,m) need to be assigned to each
peak in the spectrum. As is clear from (18) the
mass of the sample is required to estimate the sur-
face tension, but that can be easily measured with
high accuracy. Consequently this technique has
higher accuracy than the methods which require
knowledge of the density. However, (18) is valid
only for free linear oscillations of inviscid, non-
gravitating spherical drops.

Prosperetti (1980) formulated the problem as an
initial-value problem, and determined that the
motion consists of modulated damped oscillations
with the damping parameters and frequency ap-
proaching only asymptotically the results of the
normal-mode analysis. An estimate of the order
of magnitude of the convective term in the mo-
mentum equation shows that it is negligible com-
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pared with the inertial term. Marston (1980) con-
sidered the forced oscillation case. Using spher-
ical harmonic expansions for the radial and tan-
gential stresses droplet deformations opposed by
surface tension and driven by radiation stresses at
the interface were calculated. The decay time of
free oscillations is also computed, where a new
term is found which is small but significant for
liquid surrounded droplets. Reid (1960) introduc-
ing the viscosity of the liquid droplet obtained the
relationship between the oscillation frequencies
of inviscid (070 ) and viscous (0}, ) liquid droplets
of radius R and kinematic viscosity v,

v o g

G. = — - = —_—. 21
=R oo @ (21)

And calculated for the principal mode [ = 2, o?

= 3.69, & = 0.968. Myshkis et al. (1987) solve
the problem of free oscillations of liquid droplets
by introducing a self-gravity factor. Asymptotic
formula for free oscillating and self-gravitating
liquid globe with low and high viscosity are de-
rived. Pozrikidis (2001) developed a numerical
method for simulating the surface tension induced
three-dimensional oscillations of inviscid liquid
droplets. The numerical procedure is based on
a generalized vortex formulation, which employs
the double-layer representation for the harmonic
potential. Results of simulations are presented
to illustrate the performance of the numerical
method for axisymmetric and non-axisymmetric
oscillations.

Temperature dependence of surface tension is re-
lated to surface entropy and surface excesses.
Thus, the changes in the structure of the liquid
specimen with temperature are reflected in the
temperature coefficients of the surface tension.
The temperature coefficient of surface tension of
a liquid can be thermodynamically expressed by
the following equation, McLean (1957)

dy . du;
s E‘r 22
dT S0 'dT @2)

i
where ) is the surface entropy, I'; is the surface
excess concentration of the i’ species in the lig-

uid, and L; is the corresponding chemical poten-
tial. The variation of surface tension with temper-
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ature for most liquid metals can be expressed by a
linear relationship,
dy

= ——T_
Yr =Y dT( Tn) (23)

where Yy and 7, are the surface tension values at
temperature 7" and at the melting point 7}, respec-
tively.

The first technique to determine the surface ten-
sion of molten metals through the measurement
of the natural oscillation frequency of levitated
droplets (~0.5g) was developed by Lu and his
coworkers, Fraser et al. (1971), Murarka et al.
(1971, 1975). A high-speed video camera has
been used to record the surface oscillations. A
systematic analysis of the effect of impurity level,
drop size, viscosity, inertia, electromagnetic field,
electrostatic charge, and amplitude of vibration on
surface tension measurements is conducted using
the electromagnetic levitation method. The sur-
face tension of pure liquid iron and nickel was
measured in a 6% H;-He gas mixture in the tem-
perature ranges 1550-1780°C and 1475-1650°C,
respectively. A linear relationship was found be-
tween surface tension and temperature for both
test samples. Surface tension of pure iron does not
strongly depend on temperature in the range from
its melting point to 1700°C. Supercooled iron at
1480°C has a higher surface tension than its cor-
responding liquid at temperatures above its melt-
ing point. A good agreement is found between
the surface tension values obtained for iron and
nickel at 1550°C using the electromagnetic levi-
tation technique and the sessile drop method fa-
vored by previous researchers. However, some
surface tension values were ~10% higher than
those measured by static methods, and the tem-
perature dependence of surface tension was found
to be positive. The effect of trace amounts of oxy-
gen on the surface tension of liquid iron is studied
by Murarka et al. (1975). The oscillating drop
technique was used to measure the surface ten-
sion of liquid iron-oxygen alloys in the tempera-
ture range 1560°-1645°C. It is shown that surface
tension does not change significantly with temper-
ature, and the surface activity of oxygen in iron is
2.1x10% dynes/cm.

To evaluate both the applicability of the levitation
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technique and the validity of Rayleigh’s equation
for determining the surface tension of liquid met-
als, Soda et al. (1977) developed a new melting
technique. The surface tension of liquid copper is
evaluated in an atmosphere of hydrogen at 1000°-
1330°C, including an 80°C incursion into the su-
percooled temperature range. The surface tension
of copper is found to vary linearly with tempera-
ture as,

vy =1.390—0.00043 (T —1356), (24)

and the applicability of Rayleigh’s equation in
calculating the surface tension of the levitated
metallic droplets is demonstrated. It is shown that
oscillation frequency, and hence the simulated
surface tension value strongly depends on oscil-
lation amplitude, and that reliable surface tension
values can be achieved at low amplitude oscilla-
tions. The surface tension of liquid iron and iron-
oxygen alloys has been measured by Kasama et
al. (1983) via EML. They found that the surface
tension of liquid iron varies linearly with temper-
ature over the range 1781°K to 2015°K. These re-
sults are 50 mN m~! higher than those obtained
by the sessile drop method. The discrepancy is
attributed to sample contamination in the sessile
drop technique. It is shown that the levitation
technique eliminates container contamination and
produces an extraordinarily clean droplet surface.
Surface tension data were used to analyze the oxy-
gen adsorption layer.

Nogi et al. (1986) measured the surface tension
of liquid Fe, Co, Ni, Cu, Ag, Zn, Pb, Cd, and
Sn by the sessile droplet method and/or the levi-
tation droplet method over wide range of temper-
atures. The values of surface tension measured by
the levitated droplet method are higher than those
obtained by the sessile droplet method. The dis-
crepancy is explained by decreased droplet con-
tamination in the containerless levitation method.
Negative temperature coefficients of surface ten-
sion were obtained for all test samples. The posi-
tive values of the temperature coefficients of sur-
face tension for liquid Zn and Cd found in litera-
ture are attributed to impurity effects. Surface ten-
sion measurements for Zn in a purified hydrogen
atmosphere and in hydrogen saturated with water
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vapor at 273°K lead to the conclusion that surface
tension decreases linearly with increasing temper-
ature in the former and that it increases with in-
creasing temperature near the melting point in the
latter. Schade et al. (1986) use the electromag-
netic levitation technique to measure the surface
tension of undercooled pure liquid metals (Fe,
Ni, Cr and Co) and binary alloys (Fe-Si and Co-
Si). The natural frequency of oscillations is deter-
mined using a Fourier wave analyzer, and surface
tension is then calculated from Rayleigh’s equa-
tion. The technique allows reaching quite large
undercoolings for test samples (~0.37,,). Exper-
imental observations show that surface tension of
all test specimens varies linearly with tempera-
ture.

Two independent laboratories conducted mea-
surements of the surface tension of some metals
by the levitating drop technique to establish con-
fidence levels, Keene et al. (1986). Results agree
reasonably well for pure iron, cobalt, gold and
copper. However, significant differences were ob-
served in the data for stainless steel, which is at-
tributed to the different hydrogen concentrations
in the respective environmental gases. These ex-
periments and others similar in nature by Schade
et al. (1986) and Nogi et al. (1986) use photo-
diodes to record the incoming light intensity as
an integrated signal; therefore to define the actual
type of oscillations becomes an impossible task.

Equation (8) in Part I of this series of papers
Bakhtiyarov and Siginer (2008) is based on an
unconstrained droplet of spherical geometry, and
surface restoring forces depend only on surface
tension. In terrestrial conditions oscillation spec-
tra may deviate (splitting and/or shifting) from
those predicted by Rayleigh’s equation due to fac-
tors such as droplet rotation, asphericity of the
droplet, effect of the electromagnetic field on the
surface restoring forces, stirring, etc. Therefore
corrections are needed to surface tension values
calculated via Rayleigh’s equation. There are two
approaches to make corrections:

e application of the Lagrange equations based
on kinetic and potential energy considera-
tions
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e derivation of the equations of motion from
consideration of applied forces

Gagnoud and Garnier (1985) analyzed the interac-
tion between the equilibrium shape of the molten
droplet and the magnetic field distribution. Two
models are used and coupled to simulate the sur-
face tension, frequency and inducting current in-
tensity, the electromagnetic model and the free
boundary model. To ensure an electromagnetic
skin depth smaller than the size of the levitated
droplet a high frequency is assumed. Therefore
the magnetostatic problem was solved, and the
influence of the internal fluid motion on the free
surface shape was ignored. It is shown that the
intensity of inducting current significantly affects
the shape and the position of the molten sample.
However, surface tension does not significantly
affect the equilibrium of a levitated charge.

The inclusion of asphericity in the analysis is a
very inexpensive alternative to maintaining the
sphericity of the droplet by means of complex
instrumentation, Suryanarayana and Bayazitoglu
(1991a). The effect of the asphericity and addi-
tional restoring forces introduced by the levitating
field on the vibrations of a non-rotating inviscid
liquid droplet using the linear perturbation theory
is studied by Cummings and Blackburn (1991).
The following equation, which takes into account
both magnetic and gravitational forces, is derived,

I < 2 20\?
ve=2 > Vi, —vi 1.9+1.2<—) ,
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Vo m and vy, are the frequencies of surface os-
cillation for the / = 2 mode and the frequencies
of translational oscillation of the droplet’s cen-
ter of mass, respectively, and R is the radius of
the droplet. The simulations show that the ex-
pected single frequency is split into three or five
unequally spaced bands. Frequencies are higher
than those of a spherical droplet, and the surface
tension is higher than its normal value. A fre-
quency sum rule to predict Rayleigh frequency



Electromagnetic Levitation Part 11

from the observed frequencies is derived. Un-
fortunately, the parameters that describe the as-
phericity of the sample depend on gravity and the
surface tension of the sample and are actually un-
known.

Equation (25) has been used by Przyborowski
et al. (1995) to measure the surface tension of
molten silicon by an oscillating drop method us-
ing the EML technique over a wide range of
temperatures (1100°-1500°C) including the un-
dercooling condition. Corrected surface tension
of the specimens is determined with an accu-
racy of 3-4%. Similar measurements carried out
in microgravity would lead to a significant im-
provement in accuracy. Equation (25) derived by
Cummings and Blackburn (1991) is also used by
Eckler et al. (1991) to evaluate the oscillation
spectra in their experimental studies. They per-
form the experiments in an electromagnetic lev-
itation facility, which allows containerless mea-
surements of surface tension of electrically con-
ducting bulk samples in a vacuum or inert gas at-
mosphere. Nickel-iron alloys of various concen-
trations were used as the test samples. The ap-
proximate sample diameter and mass were 6 mm
and 1 g, respectively. The experiments with pure
nickel demonstrate the linear temperature depen-
dence of the surface tension of pure nickel with
decreasing temperature. Iron additives to nickel
reduce the surface tension. The fundamental / =
2 mode was split into three peaks due to the as-
phericity of the droplet.

Another theory for the dynamics of aspherical
droplets subjected to external forces is developed
by Suryanarayana and Bayazitoglu (1991a,b) who
show that for an arbitrary shape deformation the
frequency spectrum splits into 2/ — 1 peaks for a
mode [ oscillation. The splitting of the frequency
spectrum for mode 2, 3 and 4 oscillations is calcu-
lated, and the frequency split is expressed in terms
of external forces. It is shown that the effects of
asphericity sufficiently explain the splitting of the
frequency spectrum observed in the experiments.
The results were applied to some previous experi-
mental results related to surface tension measure-
ments, and it is shown that the accuracy of surface
tension measurements can be improved if correc-
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tions are made for the asphericity of the droplet.
However, difficulties persist in their analysis in in-
terpreting the electromagnetic spectra more accu-
rately as compared to acoustic levitation. Later,
Bayazitoglu et al. (1996) calculated the magnetic
pressure distribution on the surface of the droplet
as a function of the parameters that govern the ex-
ternal magnetic field. They assume that the pres-
sure distribution on the surface of the spherical
droplet can be used even when the droplet be-
comes aspherical because the static deformation
is smaller than the droplet radius. They determine
that for small droplet deformations the order of
the peaks in the frequency spectrum is a function
of the position of the droplet in the magnetic field,
and the variation of the magnetic pressure distri-
bution is not important in determining the surface
tension.

A new method of oscillation detection based on
the inspection of certain geometrical parameters
by digital image processing is presented by Sauer-
land et al. (1992). The method has been used to
measure the surface tension of pure nickel in the
temperature range 1300-1620°C and in He-H, at-
mosphere to reduce oxidation. Equation (22) is
used to calculate the surface tension. It is shown
that the experimental data can be described by
the linear relationship (23). The data are slightly
higher than those in the literature, but the temper-
ature dependence is the same. This is attributed to
the elimination of systematic errors in the assign-
ment of the modes to the frequency peaks in the
spectra and by the lower oxygen content of their
samples.

An improved method for measuring the surface
tension of molten metals has been proposed by
Egry (1991). The spectrum of surface oscillations
of an electromagnetically levitated liquid droplet
is evaluated by digital image processing. Prelim-
inary results for FeNi samples are presented. In
a follow-up work Egry et al. (1992) conducted
terrestrial measurements in a conventional elec-
tromagnetic facility, where a generator operating
at 330 kHz was connected to a conical coil pro-
viding levitation and heating. A two-color ratio
pyrometer was used to measure temperature. The
facility was capable of processing samples up to
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1 g mass with oscillations in the 40 Hz range. A
modified standard video camera with 150 Hz sam-
pling rate has been used to obtain images of the
oscillating droplet. The frequency spectrum for
m=0.71 g 90%Fe-10%Ni alloy sample at 1520°C
had two low-lying peaks and triply split /=2 mode.
The individual m-labels could not be clearly iden-
tified, and therefore the surface tension was es-
timated by Rayleigh’s equation (19). The com-
puted surface tension value (1.76 + 0.06 N m~!)
is in the range reported by Keene (1988). Egry
et al. (1994) also measured the surface tension
of noble metals (copper, silver and gold) by the
EML technique. Noble metals were chosen due
to their high resistance to surface oxidation. It is
shown that surface tension changes linearly with
temperature in the undercooled regime. Experi-
mental data is in good agreement with the results
obtained with conventional techniques leading to
the conclusion of negligible contamination of the
noble metal samples in ceramic crucibles and that
the levitated-drop technique is capable of obtain-
ing accurate surface-tension values for liquid met-
als.

Lohofer et al. (2003) conducted surface ten-
sion measurements using the experimental setup
shown in Figure 3. The levitated Cu-Ni sample
melts in a quartz-glass tube filled with a mixture
of helium and hydrogen. The magnetic levita-
tion coils are located outside the glass tube. The
temperature is measured by a pyrometer and con-
trolled by the gas flow. The turbulent fluid flow of
the Cu-Ni melt, excited by the strong rf magnetic
levitation field, caused oscillations of the droplet
surface recorded by a camera. As a containerless
technique EML eliminates perturbations and dis-
tortions from outside sources and allows the ob-
servation of the unperturbed oscillations of the
liquid droplet. Surface oscillation frequencies of
the sample around its equilibrium shape can be
computed by the ‘oscillating drop method’ via
Fourier analysis using the recorded image.

2.8 Viscosity

Viscosity is one of the most important transport
properties of molten metals. It is related to the in-
ternal friction within the liquid and provides some
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information about the structure of the material.
Viscosity which relates the shear stress 7 to the
shear rate y

T="nY, (26)

enters the definition of some of the most crucial
hydrodynamic criteria such as the Reynolds num-
ber, the Rayleigh number, the Hartmann number,
and the Marangoni number. The viscosity of the
material in the glass forming process changes by
14 orders of magnitude in a temperature range of
approximately 500 °K between melting and glass
temperature, Egry and Szekely (1991). An early
review of experimental methods for liquid metal
viscometry was done by Beyer and Ring (1972).
There are a number of theories, such as Arrhe-
nius, Vogel-Fulcher, power law, Vogel-Fulcher-
Tammann for the temperature dependence of the
viscosity. However, the temperature dependence
of the viscosity of undercooled liquid metals is not
well understood. The relationship (27) between
viscosity and surface tension which is based on
the analogy with the Wiedemann-Franz-Lorenz
law and the Stokes-Einstein relation is widely
used. xp and m are the Boltzmann constant and
the atomic mass, respectively.

15 /xgT
R

Since viscosity measurements are not affected by
convection as diffusion measurements, the diffu-
sivity D may be estimated from the viscosity data
using Stokes-Einstein theory,

. KgT
~ 67RN

(28)

Viscosity can be measured by exciting and detect-
ing surface oscillations of a levitated specimen us-
ing EML techniques. The damping of the oscil-
lations (T7) is related to the viscosity (1) of the
liquid specimen as given by Lamb (1945),

4 (l1-1)(2I1+1)nR

I = . 29
] i (29)

The frequency does not change with viscosity in
the weak damping limit according to Reid (1960).



Electromagnetic Levitation Part 11

535 Nkl I

Ar

- P8

179

PyTomeater

poon

Wieo camara

Widao recordar

RF-current generalor
P o= 20 kWY

Sample
magazne

1~ 300 kHz

Sampk
rranipuator

WVaclum
‘umps [ Gas oulket

Figure 3: Experimental set-up for surface tension measurements; the sample is levitated in a quartz tube.
The temperature and surface oscillations of the droplet are alternatively observed from the top over a mirror

by a pyrometer or a video camera, Lohéfer et al. (2003)

Under 1 g conditions the electromagnetically in-
duced flow in the droplet may be turbulent, and
the prevailing magnetic field can generate an ad-
ditional damping, which can lead to systematic
errors, Herlach et al. (1993). Damping of the os-
cillations can be determined from the half width
of the peaks in the Fourier transformation of the
time signals. The damping effects are closely re-
lated to a decay factor (7) defined as the time that
must elapse for the amplitude of the vibration to
decay to e~! of its original value,

R*p
n{—1)2i+1)
Chandrasekhar (1961) derived the following tran-

scendental equation for the viscous damping of a
free oscillating droplet,

T= (30)

[Ié—yp(l+2)(l—l)+f2] -
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where J; represent the Bessel functions of order i.
Simulations were performed for low and for high
Reynolds numbers. The intermediate regimes
were investigated by Suryanarayana and Bayaz-
itoglu (1991b). They developed a method to de-
termine both surface tension and viscosity from
a single experiment in which the damping rate
and frequency of oscillations are measured. For
high Reynolds numbers equation (25) flows out
equation (31). Bratz and Egry (1995) investigated
the influence of gravity and Lorentz force on the
damping of surface waves on electromagnetically
levitated liquid-metal droplets. The case of high
Reynolds numbers and a linear magnetic field was
simulated. They found a correction of the damp-
ing due to the static deformation. The correction
disappears for fixed /-values if the average over
different m-values is considered. However, the in-
fluence of external forces on the frequencies does
not disappear on average.

2.9 Determination of Gas Content in Metals

Mechanical properties of metals, such as tensile
strength, yield stress, elongation, age hardening,
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and drawing properties are strongly dependent
on gas content. The gas content in metals is
conventionally determined by the inert gas car-
rier fusion/thermoconductometric method which
is based on melting the specimen in a graphite
crucible in an inert gas medium, and detecting
the released gas (hydrogen, nitrogen, carbon, oxy-
gen, etc.) quantitatively with a thermal conductiv-
ity detector. The melted specimen reacts with the
crucible causing the latter to release contaminants
not easy to eliminate from the crucible. The EML
technique sidesteps this difficulty as metals melt
without crucibles.

A new technique for quantitative determination
of hydrogen in steels using electromagnetic lev-
itation was developed by Nishifuji et al. (1996).
Melting is induced in steel specimens levitated in
a nitrogen gas flow. Hydrogen is completely ex-
tracted within 1 min after melting. The released
hydrogen gas is detected and measured quanti-
tatively with a thermal conductivity detector. A
cylindrical sample of 6 mm diameter, 6 mm length
and 1.5 g mass was melted using an electromag-
netic levitator with the levitation coil of 1.5 kW
power and 200 kHz frequency. The calibration
of the technique showed an excellent linearity in
the range of 0.4-6.7 ug/g, with a relative standard
deviation of 13% at the 1 ug/g level. A levitation
melting/thermoconductometric technique also has
been applied to measure the nitrogen gas level in
steel, Nishifuji et al. (1998). About 5 min was re-
quired to extract nitrogen from the steel specimen.
The calibration curve for nitrogen was linear up
to 156 um/g, with a relative standard deviation of
6.5% at the 20 pg/g level. The technique was ap-
plied to determine nitrogen content in a certified
reference material. The result (17.5 £+ 1.1 ug/g)
is in good agreement with the certified value (17.0
ug/g) obtained by alkalimetric method after dis-
tillation. They conclude that the levitation melt-
ing/thermoconductometric technique could be ap-
plied to determine other gaseous elements, such
as oxygen and carbon in all kinds of conductive
metal.

FDMP, vol.4, no.3, pp.163-184, 2008

3 Conclusions

The advantages of the EML as a technique in
the study of the thermophysical properties of lig-
uid metals are many, elimination of container ef-
fect, attainment of high temperatures, possibility
to maintain undercooled state for an extended pe-
riod of time and application of non-contact diag-
nostic techniques among others. However, the
EML as a technique to measure thermophysical
properties of molten metals in terrestrial condi-
tions is plagued with substantial problems such
as instabilities (global and local to the surface)
of the suspended droplet, shape deformations of
the specimen, requirement of high purity inert gas
for convective cooling, and convection inside the
sample to name some. Researchers try to avoid
these difficulties by properly arranging the coils
with counter-windings and by choosing the exter-
nal current distribution that creates the supporting
field. Using the EML technique, a certain suc-
cess was achieved in measuring some of the prop-
erties of molten metals such as surface tension,
viscosity, thermal diffusivity, density and thermal
expansion.
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