
Abstract. Electromagnetic levitation is a method for contain-
erless high-temperature treatment of metal, semiconductor, and
alloy samples. This method is widely used to investigate the
thermophysical and thermochemical properties of liquid melts,
as well as their crystallization kinetics. An alternating electro-
magnetic field induces an induction current inside a sample,
resulting in a Lorentz force opposing the gravitational force.
The Lorentz force lifts the sample, which is heated and melts in
a levitation chamber due to the current flowing through it. In
this paper, we present an analytical model of the sample levita-
tion process, considering the structure of the electromagnetic
levitator coil and options for its optimization for experiments.
The kinetics of high-speed solidification of undercooled droplets
in the chamber of the electromagnetic levitator is analyzed.

Keywords: electromagnetic levitation, heat-mass transfer, convec-
tion, solidification, dendrite, microstructure, levitator

1. Introduction

Since the middle of the 20th century, containerless methods
for preparing samples with a predictable structure and
properties have been developed and introduced into labora-
tory practice. Containerless methods for processing liquid
melts include spray atomization, drop tubes,melt fluxing, and
levitation [1±3]. These methods allow obtaining samples
without the external walls of a vessel (crucible, container) to
avoid the wall effect on the process of structure formation.
The levitationmethods of sample processing have become the
most widely used.

The basic principle of levitation is to use atmospheric or
acoustic pressure or magnetic, electromagnetic, and electro-
static forces acting on an experimental sample (a drop with a
diameter of a few millimeters) in order to compensate for the
gravity force. Under such compensation, the sample is freely
suspended without contact with a liquid or solid medium. In
this case, the levitation of macroscopic samples offers a
unique possibility of undercooling them and externally
controlled stimulation of nucleation.

Achievements in levitation methods became possible
mainly due to classical schemes and techniques formulated
earlier. One of the deep undercooling methods based on the
electromagnetic method of suspending a melt drop has been
proposed by Fogel' [4]. The method is based on the relation
between the capillary constant and the parameters of the
electromagnetic field keeping the sample in a suspended state.
This makes it possible to study the behavior of a metal in an
electromagnetic field and to determine the acceptable sample
size and weight as well as possible temperatures of metals
melted using this method. Considering both pioneering and
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up-to-date results, we present a review of the main levitation
techniques used in experimental setups for obtaining samples
with predetermined structure and properties.

2. Methods of levitation

2.1 Acoustic levitation
The operation of an acoustic levitator is based on generating a
constant force arising from a high-intensity acoustic field and
sufficient to compensate for gravity. When using this
approach, the levitation occurs at the positions of acoustic
pressure nodes that correspond to the minimum energy.

Such experiments were performed for the first time in the
1930s, when a small sphere levitated under the action of the
force that arose due to the acoustic pressure from the standing
wave radiation [5]. In this case, according to the nonlinear
acoustic theory [6], experimental samples with a mass density
greater than that of the surrounding gas must levitate in a
high-intensity standing wave of acoustic fields. For position
stability, the sample size (from a few submillimeters to a few
millimeters) must bemuch smaller than the sound wavelength
(the frequency of the interfering acoustic field varies from 1 to
100 kHz).

For the levitation of metallic systems, i.e., samples with
high specific density, the fulfilment of a number of technical
requirements is necessary, e.g., an increase in the gas pressure,
since the acoustic radiation force linearly grows with pressure
[7]. An additional approach to improving the acoustic
levitation conditions is to optimize the geometry of the
acoustic generator and reflector, since the use of concave
surface reflectors can significantly increase the levitation
force [8±10].

2.2 Levitation in a DC magnetic field
Levitation in a DCmagnetic field implies a stable hovering of
a body in spite of gravity. In this case, attraction or repulsion
forces arise because of interaction of bodies with magnetic
fields. However, according to the Earnshaw theorem [11],
there is no stable position for the levitation of a body if the
forces acting between the body and the external field are
forces of attraction, like those for electrically charged samples
in an electric field or for paramagnetic and ferromagnetic
materials in a DCmagnetic field. The situation changes when
considering diamagnetic substances. A diamagnetic sample
experiences a repulsive force in a magnetic field, which gives
rise to a local minimum of energy in space and, therefore, to a
stable position of a suspended drop. This is due to the absence
of zero-field magnetization in diamagnetics and the depen-
dence of their state on the magnetic field strength. An
advantage of the levitation of diamagnetic materials is the
levitation of each individual atom and molecule, since the
lifting force is uniformly distributed over the entire sample
volume. For melts and liquids, a uniform structure of the
sample is typical. In this case, the steady-state levitation
reproduces the reduced gravity conditions when there is no
convection in the melted sample. This levitation technique
allows controlling the levitation force and the sample heating
independently, which is a rather complex problem for other
types of levitation. Thus, the levitation in static magnetic
fields, as a rule, is applied to diamagnetic substances.
Nevertheless, experiments with other materials are also
known, including water and a number of organic compounds
[12±14].

2.3 Electrostatic levitation
The electrostatic levitation (ESL) method is based on
Coulomb forces acting on charged particles a few millimeters
in diameter under superhigh vacuum conditions (Fig. 1). The
experiment is possible with samples that both conduct and do
not conduct electric current, placed in an electrostatic field. In
this case, various configurations of electrodes are used (e.g.,
quadrupole or tetrahedral geometry).

The experimental sample is positioned by means of a
feedback control system tracing the object location. The
feedback control is implemented by either observing the
sample optically in combination with computer-aided con-
trol of the positioning system or determining the sample
position from capacitance measurements and readjusting
the voltage applied to the electrodes [15]. During levitation,
the sample is heated by a high-power device, consisting of an
optical system for focusing laser beams. The sample tempera-
ture is measured without contact using pyrometric means
[16].

2.4 Electromagnetic levitation
Electromagnetic levitation (EML) is a method of contactless
melting and crystallization of metallic, metalloid (with
properties intermediate between metals and nonmetals),
semiconductor, and alloy samples (of two or more compo-
nents).

In the containerless method, there is no influence of the
walls of the levitation chamber (crucible) on the heteroge-
neous nucleation of the new phase. After melting, the cyclic
processing of the liquid phase in the heating±cooling mode
allows purifying the samples of impurities (dust particles,
inoculators, cluster formations) that can activate heteroge-
neous nucleation of crystals. Therefore, with EML, the
possibility of uncontrolled heterogeneous nucleation of
crystals is maximally eliminated, which allows undercooling
samples by a few hundred kelvin [1, 3], thus initiating high-
speed crystallization [17].

The principle of EML is based on inducing eddy currents
in an electrically conducting sample up to 1 cm in diameter,
which is subjected to the action of a time-dependent
electromagnetic field (Fig. 2). The method is used to study
the properties of melts [18±21], as well as the influence of

Figure 1. Levitation of a sample in a chamber of an electromagnetic

levitator in a superhigh vacuum atmosphere.
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undercooling on the nucleation, growth, and transformation
of primary crystals [1, 3].

The distinctive feature of the EML method is the
simultaneous presence of two processes: levitation and
sample heating. On the one hand, this is an advantage, since
no additional source of energy is required for sample melting.
On the other hand, the processes of levitation and heating are
independently controlled during a very limited time. As a
result, EML is widely used in experiments on undercooling
macroscopic volumes of melts under the condition that the
heterogeneous nucleation caused by the crucible walls be
completely eliminated. In this case, surface-initiated nuclea-
tion is significantly reduced, because the sample is in a
superpure environment. EML is considered in more detail in
Section 3.

Concluding the description of the above containerless
methods, we note the preference for using the EMS method.
This is due to the easy achievement of temperatures above the
liquidus, cyclic processing of the liquid phase to deactivate
foreign particles or large cluster formations that can serve as
centers of spontaneous crystallization, the possibility of
dynamic measurements of the thermodynamic and kinetic
properties of melts, and the quantitative analysis of the fast
crystallization kinetics and phase transformations in the solid
state.

2.5 Containerless technique under conditions
of reduced gravity and microgravity
The conditions of reduced gravity for conducting experiments
with macroscopic metallic samples are created in TEXUS
sound rockets or during parabolic flights of European Space
Agency airbuses. In both cases, the rocket or airbus begins to
dive with its engines turned off from a predetermined height,
thereby creating free-fall conditions.Microgravity conditions
are present aboard the International Space Station (ISS).

To apply electromagnetic levitation under the conditions
of reduced gravity and microgravity, a special facility,
TEMPUS (Tiegelfreies Elektro-Magnetisches Prozessieren

Unter Schwerlosigkeit, which in German means Crucible-
Free Electromagnetic Processing in the Absence of Gravity
Force), has been developed. The facility is installed on an
airbus performing parabolic flights (Fig. 3) and in Europe's
Columbus module of the ISS. TEMPUS is an instrument for
measuring thermodynamic and kinetic properties of melts,
such as surface tension, viscosity, and electric conductivity
[22±24]. The measurements are carried out both at tempera-
tures above the melting point and in a metastable liquid1

undercooled below the melting point [22]. These parameters
of the material are necessary for quantitative modeling of
solidification using the theoretical models presently being
developed [17].

A specific feature of using the containerless technique in
space is the possibility of using a special medium in which the
positioning forces aimed to compensate for perturbing
accelerations are approximately three orders of magnitude
smaller than the levitation force. As a result, the sample is
heated less than when using electromagnetic levitation for the
normal gravity force under terrestrial conditions. It is also
worth mentioning that, under the conditions of microgravity,
the shape of the samples in the course of experiments is close
to spherical, which is necessary tomeasure themass density of
liquid metals with high accuracy. Such experiments become
difficult in the gravitational field of Earth, since the levitation
forces lead to the deformation of a liquid drop, as well as to
dynamic motion of the liquid phase and the appearance of
convection in the sample.

Since the transfer processes are strongly affected by
Earth's gravitational field, experiments at reduced gravity
and microgravity provide high-precision measurements of
thermodynamic and kinetic properties of the samples studied
in themolten state. In this case, TEMPUS allows studying the
kinetics of solidification of undercooled melts. Experiments
on undercooling and measuring the velocities of the recales-

Figure 2. Levitation of a sample in the chamber of an electromagnetic

levitator with application of an AC electromagnetic field.

Figure 3. Airbus for parabolic flights within the joint programs of the

European Space Agency and the German Aerospace Center. On board,

there is a scientific laboratory and the TEMPUS facility aimed to measure

thermophysical and kinetic properties of liquid metals, as well as crystal-

lization kinetics of metallic, semiconductor, and alloy samples.

1 A metastable state has higher free energy than that of a stable state. The

system can be in a metastable state for an arbitrarily long time without

external action and in the absence of internal particles that could nucleate

a new, more energy profitable stable state. Such temporal stability of a

metastable state exists because of the energy barrier that separates it from

the stable state. Long-lived metastable systems include metallic liquids.

Thanks to this property, they can be highly undercooled.
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cence 2 front motion provide information on the primary
crystallization of metastable phases and even on secondary
recrystallization into stable phases [25]. The changes in the
growth rate as a function of undercooling are important
for finding a criterion of microstructure formation, e.g.,
dendritic and eutectic growth, which are controlled by
conductive and convective transfer of heat and mass [26±
28]. Let us recall that the term dendrite means a treelike
crystalline structure with a main trunk and side branches,
growing in the directions of the principal crystallographic
axes of the crystal lattice [29, 30]. Dendrite growth, as a
rule, is determined by the single-phase mechanism, whereas
eutectic growth is determined by nucleation and the joint
growth of two or more solid phases.

3. Method of electromagnetic levitation

3.1 Analytical model
EML originates from the induction of eddy currents in a
current-conducting material. An experimental sample placed
in a levitation coil is subject to the action of a time-dependent
magnetic field in accordance with the Lenz rule

H� E � ÿ qB
qt

; �1�

where E is the electric field strength, B is the magnetic field
induction field, t is the time. The eddy currents produce a
magnetic moment m directed oppositely to the main field,
which gives rise to diamagnetic repulsion force FR between
the sample and the primary field:

FR � HH�mB� : �2�

If the repulsion forceFR is equal inmagnitude and opposite in
direction to the gravity force FG, then the sample levitates.

Figure 4 schematically shows a levitation coil of conical
shape, consisting of five turns from below and two turns
from above to stabilize the sample position with the loop
radius bn and height zn above the reference level. When an
alternating current is passed through the coil, the arising
electromagnetic field induces eddy currents in the current-
conducting system, which gives rise to a repulsive force in
the sample and heat release. The levitation process is
determined by the Lorentz force FL and the absorption of
power P, which are defined as

jFLj
jFGj �

3G�x�
2grm0

���HHH�H�� ; �3�

P�x; z� � 3prL�x�
selm 2

0

H2�z� ; �4�

where the following functions are introduced:

G�x� � 1ÿ 3 sinh �2x� ÿ sin �2x�
2x cosh �2x� ÿ cos �2x� ; �5�

L�x� � x
�
sinh �2x� � sin �2x��
cosh �2x� ÿ cos �2x� ÿ 1 : �6�

Here,H is the magnetic field strength, r is the mass density of
the sample, m0 is the free space permeability, r is the sample
radius, sel is the electrical conduction, g is the free fall
acceleration, x � r

��������������
poselg
p

, and o is the magnetic field
frequency [31]. Considering the material parameters and
applying Eqns (3)±(6), it is possible to calculate the minimum
absorption of energy necessary to compensate for the gravity
force FG. The radius of the coil turns is assumed to be much
smaller than the sample radius and the loops are assumed to
be symmetric.

The force acting on the sample directed oppositely to the
gravity force can be expressed as [32, 33]

F z
L�x; z� � 1:5pmI 2r 3G�x�

X
n

b 2
n�

b 2
n � �zÿ zn�2

�3=2
�
X
n

b 2
n �zÿ zn��

b 2
n � �zÿ zn�2

�5=2 ; �7�

where I is the current strength in the coil. In this case, the
power absorption in the sample is expressed as

P�x; z� � 3pr
sel

L�x�
X
n

b 2
n�

b 2
n � �zÿ zn�2

�3=2
�
X
n

b 2
n �zÿ zn��

b 2
n � �zÿ zn�2

�5=2 : �8�

Figure 5 illustrates the calculated field strength (solid
curve) and field gradient (dashed curve) versus the position

z

z1

z2

zn

bn

Sample
Turn n

Turn 1

Turn 2

r

b2

b1

Figure 4. Schematic of a conical levitation coil (r is experimental sample

radius, bn are radii of loops, zn is height above the reference level).

2 Recalescence is the process of releasing excess latent heat during the

transition from a liquid to a solid crystalline state. The region where the

transition occurs and the latent heat is released is observed as bright and

light, and the region where the transition does not occur yet is seen to be

dark. Therefore, the recalescence front is a surface separating the regions

of released and still unreleased latent crystallization heat. Usually, the

recalescence front coincides with the surface that envelopes the vertices of

growing crystals. At a very high undercooling, when the liquid experiences

amorphization and transits to a glassy state, the latent heat is frozen in the

amorphous phase, which makes it metastable.
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of the experimental sample. In this case, the sample moving
along the dashed curve can stably levitate.

In equilibrium, the heat transfer to the environment can
be assumed to be realized only through radiation; therefore,
the sample temperature in the experiment approaches the
temperature determined by the heat balance under vacuum
conditions as

P � QR ; �9�
where QR is the transferred heat given by the Stefan±
Boltzmann equation in the form

QR � 4pr 2sSBe�T 4 ÿ T 4
0 � : �10�

Here, sSB is the Stefan±Boltzmann constant, e is the integral
emission coefficient of the surface, and T and T0 are the
temperatures of the sample and environment, respectively.

To control the temperature of levitating samples, separate
actions of jFLj and P are necessary. It follows from Eqns (3)±
(6) that the functions G�x� and L�x� have different character-
istics relative to the frequency of theAC electromagnetic field,
since jFLj depends on the product j�HHH�Hj, and P is
proportional to H2. Therefore, the temperature control is
implemented only within a limited time interval (when a
suitable frequency of the AC field is chosen) and when the
experimental samplemoves along the coil symmetry axis z. As
is seen from Fig. 4, the turns in the bottom part of the coil are
more compressed. Therefore, the magnetic field and the
absorption of energy more strongly affect the sample here
than in the top part of the coil. However, upon an increase in
generator power, the experimental sample lifts up to the
region of the greater field gradient and smaller magnetic
field strength and, therefore, is cooled. When using coils of
different geometries, it is possible to control the sample
temperature variation by a few hundred kelvin.

3.2 Electromagnetic levitation coil construction
The processes of sample levitation and heating cannot occur
independently of each other. Using various versions of coil

configuration allows a wider range of temperature control
under the condition of stable sample levitation.

The interrelation between the levitation process and the
coil geometry was first studied in Ref. [35], where a metallic
sphere in the field created by two identical induction loops
was considered. The effect of such parameters as the strength
and frequency of the current, sample size, and electric
conduction on the optimal coil geometry was also studied
[32]. In spite of efforts to formulate a certain coil model for
conducting experiments on electromagnetic levitation, the
authors of Ref. [35] could not go beyond the conventional
`make and try' practice. For many years, this practice allowed
optimizing the coil construction based on the analytical
model presented in Section 3.1 and the method of genetic
algorithm used to solve the problem of modeling and
optimization by a sequential choice, combination, and
variation of various desired parameters with the use of
mechanisms resembling biological evolution [31].

The construction of the original coil used as the base coil
in the optimization process is presented in Fig. 6. This model
demonstrated good levitation performance and operation at
high temperatures [36, 37]. A sample of Al with a radius of
5 mm in the Ar environment was chosen for the experiment.

With time, a total of 60 generations, each consisting of
40 options, were used to optimize the coil structure [31].
Figure 7 shows the general change in the coil configuration.
The change in geometry is seen to occur mainly during the
first 10 generations, when the lowest experimental tempera-
ture for that time was reached. In addition, the structure of
the original coil is `pancake'-shaped. The final construction
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Figure 5.Magnetic field strength (solid curve) and magnetic field gradient

(dashed curve) as functions of the sample position (at a current strength of

I � 400 A in the coil). Sections of the coil turns are shown by color circles

allowing for the direction of current. Shadowed area corresponds to the

most stable position of the levitating sample. Coil was developed to carry

out experiments on gold undercooling [34].
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Figure 6. Geometry of the original coil used in the optimization process.

Calculation parameters are summarized in the Table.

Table. Parameters of the original coil used after optimizing its geometry.

Loop Height zn, m Radius bn, m Turn kn*

1
2
3
4
5
6
7

0
0

0.004
0.004
0.004
0.012
0.012

0.012
0.016
0.012
0.016
0.020
0.012
0.016

1
1
1
1
1
ÿ1
ÿ1

* Positive/negative values correspond to a conical turn, located above/
below the reference level.
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consists of a smaller number of turns and, generally, has a
cylindrical shape more characteristic of a solenoid.

At present, containerless undercooling experiments with
metallic samples are being performed in the Otto Schott
Institute of Materials Research, Friedrich Schiller University
Jena (Germany). Figure 8 schematically shows three geome-
tries of coils made of copper pipes, installed in an EML
chamber. The requirements for the coils include the stability
of the sample position in the course of its levitation and the

maximum attainable temperature of sample heating. Coil B
corresponds to the geometry found theoretically by Royer et
al. [31]. Coils A and C were developed and passed practical
testing at the German Aerospace Center (Cologne).

4. Conduction of experiment

Experiments on heating and cooling pellet samples are carried
out in a chamber of an electromagnetic levitator, a general
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Coil A Coil B Coil C

Figure 8. Various geometries of coils used at the Otto Schott Institute of Materials Research, Friedrich Schiller University (Jena, Germany). Lines show

configuration changes and the connection of top and bottom parts of the coil.
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view of which is shown in Fig. 9a. The crystallization is
initiated with a trigger needlemade of the samematerial as the
pellet or that occurs due to the spontaneous nucleation of the
new phase. In both cases, the initial undercooling is controlled
with a pyrometer and the growth rate is then determined from
the recalescence front velocity in the sample. In the EML
chamber, the sample levitates in a nonuniform electromag-
netic field generated by a conical (in some cases, cylindrical)
core (Fig. 9b).

The central part of the electromagnetic levitator chamber
for containerless experiments is schematically shown in
Fig. 10. The levitating sample, with a diameter of up to 1 cm
and mass from 300 to 1100 mg, together with the core is
placed in a superhigh vacuum chamber, which could be filled
with gases, e.g., Ar, He, or HeÿH2, passed through a liquid
nitrogen trap and oxygen-absorbing system.

The core receives energy from a high-frequency generator
with a frequency from 300 kHz to 1.2 MHz to provide
levitation of samples having different masses. In this case, it
is necessary to determine the minimum required power of the
generator at which the sample levitates. For this purpose, the
generator power is first set to 100 W and turned on for
2 seconds to check the possibility of sample levitation. Since

the regulator permits power increments of 10 W, the power is
increased stepwise by this value until the minimum power
necessary for the sample levitation is found. Then, the
temperature is controlled by changing the sample position
along the core axis and measured with an infrared pyrometer
with an accuracy of 3 K and a reading rate of 100 Hz. Precise
measurement of temperature is important to determine the
undercooling DT. According to the Stefan±Boltzmann radia-
tion law, to put the emitted thermal radiation into correspon-
dence with the current temperature, it is necessary to know
the radiating capacity of the experimental sample. In this
case, three specific features are taken into account during the
measurement. First, the correct radiating capacity depends
on the pyrometer or the measured wavelength range, so that
the tabulated values can be accepted only when using the
pyrometer in the same wavelength range. Second, the
radiating capacity changes depending on the degree of
oxidation of the sample surface. Third, finally, the radiating
capacity changes during a phase transition. In accordance
with the above remarks, the pyrometer should be tempera-
ture-calibrated in the liquid state, which, however, can yield
different values of temperature for the same samples, in spite
of the calibration. For this reason, the following formula is
used for accurate calculation of the actual temperature based
on the equilibrium point according to the Wien displacement
law:

1

T
� 1

T pyro
� 1

TL
ÿ 1

T pyro
L

; �11�

whereT pyro is the temperature, measured with the pyrometer,
T pyro
L is the temperature of the liquidus, measured with the

pyrometer, and TL is the temperature of the liquidus
corresponding to the phase diagram.

For each cycle, the corrected temperature-time profiles
are plotted, from which the undercooling can be calculated.
The temperature-time profile in Fig. 11 shows the heating,
melting, and crystallization of the sample in the interval
between TL (liquidus temperature) and TS (solidus tempera-
ture). After heating the melt above TL, the sample is under-
cooled to the temperature TN, at which the nucleation of
crystals is initiated with a trigger needle or spontaneously
inside the drop. The crystallization leads to a fast increase in
temperature during recalescence. Dendrites, formed at the
nucleation point, rapidly grow through the melt volume due
to strong undercooling. In the process of heating, the
temperature reaches a value between TL and TS, and the
interdendritic melt remaining inside the drop solidifies during
the `plateau' under thermodynamic equilibrium conditions.
The plateau duration Dtpl is determined by the heat transfer
from the sample to the environment (i.e., to the volume of the
electromagnetic levitator chamber) and is quantitatively
estimated by the temperature-time profile. Time Dtpl is an
experimentally controllable parameter, which can vary upon
a change in the cooling rate.

5. Solidification of undercooled drops
in an electromagnetic levitator

5.1 Structure and velocity of the crystallization front
In the course of experiments, an AC electric current flows
through the core and the induced electromagnetic field
induces eddy currents in a solid electrically conducting

a b

Figure 9. Experimental electromagnetic levitation setup in the Otto Schott

Institute of Materials Research, Friedrich Schiller University (Jena,

Germany). (a) General view of the EML setup. (b) Sample holder

(support) with the cooling system and the alternating current core.

Induction
current

Lorentz
force

Magnetic
éeld

Cooling gas (He)

Infrared
spectrometer

Alternating
current coil

Support

High-speed
camera

Drop
FL

FG

Figure 10. Schematic image of the central part of an electromagnetic

levitator chamber for performing containerless experiments. Sample

levitates in the core of the EML setup due to the established balance

between gravity force jFGj and Lorentz force jFLj, i.e., at jFLj � jFGj.
Lorentz force is directed perpendicular to the current.
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pellet. These currents give rise to the repulsive force (the
Lorentz force FL) directed opposite to the basic field and to
heat release, due to which the pellet is melted. When there is a
balance between the Lorentz force and gravity force, i.e.,
jFLj � jFGj, the pellet begins to levitate and simultaneously
melts due to the heating. The melted pellet in the form of a
liquid drop can then be undercooled to a temperature
below the equilibrium solidification temperature due to a
cooling gas passed through the working volume of the
electromagnetic levitator. Periodic heating and cooling
above the liquidus temperature provide the purification
of the liquid phase from foreign particles and cluster
formations, which can serve as centers of heterogeneous
nucleation of crystals.

After the beginning of solidification (initiated by the
trigger needle or spontaneous (Fig. 12a)), the released latent
heat heats the crystallizing part of the sample with a movable

recalescence front (Fig. 12b). This front is a geometric
envelope of vertices of primary crystals that usually have a
dendritic structure. The heat and mass transfer in the
recalescence front control the growth kinetics of such
dendritic crystals. The front of high-speed crystallization is
recorded using a fast digital camera (see Fig. 10) with a record
rate of up to 4� 105 frames per second. Computer films and
images from the fast digital camera allow recording the
recalescence front and estimating quantitatively the velocity
of its motion in the undercooled drop [1, 38, 39]. A record of
the primary crystallization of an undercooled drop in an
electromagnetic levitator obtained using the fast camera is
shown in Ref. [40].

5.2 Competition and selection of phases
During primary crystallization, a short-lived metastable
crystalline phase can arise that transforms into a more stable
crystalline phase with heat release, which is observed as
secondary recalescence [25]. Thus, during rapid crystalliza-
tion from a deeply undercooled melt, competition and
selection of phases occur. To identify phases in the competi-
tion and selection processes during the primary and second-
ary recalescence, X-ray diffraction analysis was applied
directly in the process of sample solidification, as well as
during the period of sample cooling in the subsolidus range of
temperatures, T < TS [41, 42]. In particular, the search for
disordered phases was carried out, in which the main focus
was on the transition from the ordered to disordered phase of
an intermetallic compound in the system NiÿAl [43]. The
diffraction of synchrotron radiation by levitating samples of
the Ni50Al50 alloy unambiguously determined the transition
from ordered to disordered crystal growth occurring at a
critical undercooling of approximately 250 K [44]. The
complete transition at critical undercooling was accompa-
nied by a sharp increase in the crystal growth rate of the
congruentlymelting intermetallic phase. This sharp transition
in the kinetics of the crystal growth is explained by disorder
locking upon nonequilibrium solidification of deeply under-
cooled melts [45] in correspondence with the theory of kinetic
phase transitions [46, 47].

5.3 Amorphization of samples
The affinity to the formation of an amorphous phase and
metallic glasses in samples processed in containerless equip-
ment has been under study from the time of the appearance of
reliable methods of strong undercooling of macroscopic
samples [48, 49]. One of the conditions of metallic glass
formation is the short time of freezing the liquid phase with

Trigger
needle

Nucleation
point

Interphase
boundaryCrystal

Liquid

Primary crystal Recalescence front

Undercooled liquid
a

V � d

Dt
t � t0 t � ti

d

t � tn

b

Figure 12. Propagation of the solidification front (interphase boundary, recalescence front) initiated with a trigger needle. (a) Crystal growth velocityV is

determined by drop diameter d and time difference Dt, counted from the beginning t0 to the end tn of the drop solidification. (b) Time sequence of the

solidifying drop in an electromagnetic levitator. Solidification front indicated as interface between solid and liquid phases is an envelope of vertices

(dendritic crystals), where the latent heat of crystallization begins to intensely release. This determines the recalescence front, separating the bright (light)

region of the crystallizing material and the dark region of undercooled liquid [38].
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Figure 11. Schematic diagram of temperature variation and formation of

the primary structure in drops processed in the EML setup. Variation in

temperature in the drop (dashed line from the left): T < TS Ðheating,

TS < T < TL Ðmelting; T > TL Ðoverheating and deactivation of het-

erogeneous inclusions. Cooling and crystallization (solid line from the
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stable liquid; T � TN Ðnucleation of crystal(s) at fixed undercooling DT
and the beginning of propagation of the recalescence front. In the interval

TN < T4TL (dashed line from the right), the sample crystallizes during a

time of the order of t � 10ÿ3ÿ10ÿ4 s, with recording of the recalescence

front with a high-speed digital camera. At TS 4T4TL (solid line from

the right), the solidification of the residual interdendritic liquid occurs

during time Dtpl (subscript `pl' means plateau). At T4TS (solid line from

the right), the cooling of the completely solidified sample occurs.
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an anomalous increase in its viscosity compared to the time of
waiting for the formation of a crystal nucleus in the liquid
volume [50, 51]. A sample in an EML can be greatly
undercooled for a long time without spontaneous nucleation
of crystals exactly to the high-viscosity liquid state, in which
the nucleation of crystals becomes impossible, and the sample
becomes amorphous. In this case, the formation of a glass
pellet occurs gradually, when the measured rate of crystal
growth gradually tends to zero upon a sequential increase in
the initial undercooling in the pellet.

Examples of a sharp transition to the amorphous state in
samples processed in EML are also well known. For example,
samples of Cu50Zr50 glasformer were studied under terrestrial
conditions and under microgravity [52]. For these conditions,
experimental data on the crystallization kinetics were com-
pared with calculations using the model of rapid dendrite
growth, considering the results of molecular dynamic model-
ing of the structure and viscosity changes in the Cu50Zr50
melt. Critical undercooling was found, at which the crystal-
lization kinetics is nullified, because the growth of crystals
turns out to be impossible, since, due to the structural
transition in the melt, individual clusters form long molecu-
lar chains, unable to diffuse and attach to the arising solid
crystal nuclei [53]. The transition to zero growth kinetics
occurs abruptly with the formation of a gel-like state in the
entire volume of the sample, which is interpreted as a
transition to the amorphous phase, gradually solidifying
with a decrease in temperature and the formation of glass
samples of the Cu50Zr50 system.

Glass samples of typical glasformers (Zr-based vitralloy,
Pd-based alloys, and ZrCu-based alloys [54]) are in demand
and widely used as highly electrically conductive elements of
modern smartphones and tablets, as well as parts of house-
hold appliances combining toughness and improved strength
properties.

5.4 Liquid phase convection and dendrite growth
When melting a pellet and during its further cyclic processing
with EML under terrestrial conditions, an intense convection
is induced in the liquid phase of a drop [39, 55±58], which can
substantially affect the morphology of the crystals and the
kinetics of their growth [39]. The AC magnetic field induces
an electric current that causes such a motion of the melt that
two spatial tori are formed in the liquid (Fig. 13a). From the
bottom side of the drop (near its south pole), the flow in the
middle part of the sample is directed downward, and in the
top part (near the north pole), it is directed upward.
Immediately after the beginning of solidification, the con-
vective flow, having mean velocity U, is directed against the
growing dendritic crystals in the bottom part of the drop
(Fig. 13b, c). This leads to an increase in the growth rateV and
the formation of the most developed main trunks of the
dendrites growing against the liquid phase flow, as shown in
Fig. 13d. The increase in the rate of the dendrite branches
growing against the flow is caused by the intense convective
removal of the releasing latent crystallization heat. Calcula-
tions of convective structures in the drop processes in EML
setups [55, 56, 59] confirm this pattern of convective tori,
arising after the melting and during the crystallization of the
pellet [38, 60].

To describe the evolution of microstructures in under-
cooled drops (in particular, to determine the velocity V of the
recalescence front and the characteristic size of dendrites R
depending on the melt undercooling DT ), the theory of

microscopic solubility and the theory of morphological
stability are used [61, 62]. To check the theory, a computer
simulation is used, e.g., by enthalpy or phase-field methods
[63]. The total undercooling DT� TM ÿ T1ÿmC1 at the
dendrite vertex in a binary melt is determined by the
contributions

DT � DTT � DTC � DTR � DTK ; �12�

where TM is the temperature of the phase transformation in a
pure liquid, m is the liquidus slope, and C1 and T1 are the
impurity concentration and the temperature in the melt far
from the growing dendrite. The thermalDTT�V;U;R� and the
concentration DTC�V;U;R� undercooling are supplemented
with the undercooling DTR�R� arising at the dendrite vertex
because of the curvature of the interphase boundary (the
Gibbs±Thomson effect) and the kinetic undercoolingDTK�V�
that determines the intensity of atomic kinetics at the dendrite
vertex (here,U is the velocity of the liquid flow incident on the
dendrite, R is the dendrite vertex diameter). The four above
contributions to the total undercooling depend on the spatial
geometry of the growth, two-dimensional (2D) or three-
dimensional (3D), as well as on the character of the liquid
flow (laminar of turbulent) [61, 62, 64, 65]. In the cited papers,
analytical expressions for the above contributions to the total
undercooling (12) are presented.

The balance of undercooling (12) is the first equation for
finding two growth parameters: velocity V and diameter R
of the dendrite vertex depending on the driving force DT.
The second relation is the criterion of stable growth [61, 62,

d

U

V

a b

c d

Figure 13. Schematic current lines of liquid phase convection cells during

dendrite crystallization of a drop in an electromagnetic levitator [38]. Two-

dimensional section of the drop shows the cell structure of the liquid,

which is represented by two tori in three spatial dimensions. V is the

velocity of the dendrite vertex,U is the averaged velocity of the liquid flow,

d is the thickness of the near-surface layer, in which the maximum current

induction and drop heating occur (the so-called skin effect under the

action of an alternating electromagnetic field). (a) Direction of the

convection flow immediately after the beginning of solidification.

(b) Dendrite growth in the incident flow of the bottom convective torus.

(c) Gradual degeneration of the top convective torus. (d) Dendrite growth

and flow direction at the final stage of sample solidification; the flow

direction is still opposite to dendrite growth.

730 L V Toropova, D V Alexandrov, A Kao, M Rettenmayr, P K Galenko Physics ±Uspekhi 66 (7)



64, 65]

2d0DT

R 2V
� L�V;U;R� ; �13�

where d0 is the capillary constant, and DT is the thermal
diffusivity. Function L has different forms for different
modes of dendrite crystal growth (slow, moderate, or rapid
growth mode, laminar of turbulent liquid flow, 2D or 3D
growth geometry). The exact form of the function L can be
found in Refs [61, 62, 64, 65].

To understand qualitatively the evolution of crystals
inside the undercooled drops, we present the results of
calculations by the enthalpy method [66]. This method is a
computational tool for describing the dynamics of complex-
structure interphase boundary motion [67±73].

An example of dendritic growth in an established laminar
melt flow is shown in Fig. 14, depicting the morphology of a
dendrite vertex and the components of the flow velocity (in
projection on the coordinate axes y and z). Since the dendrite
is a solid crystalline phase, the liquid flows around it, with a
stagnation point at the very vertex and higher velocities inside

the thermal boundary layer. However, since the relative
velocity at the interface is zero, a viscous boundary layer is
formed between the surface and the region of higher
velocities.

Figure 15 illustrates the microstructure evolution during
the solidification of an undercooled drop of pure nickel
obtained by computer simulation [74] using the enthalpy
method. The visualization of this process in time is presented
inRef. [75]. The simulation results were verified by comparing
them with experimental observations [76, 77] on measuring
the surface temperature of a solidifying drop. Note that,
the greater the undercooling, the smaller the characteristic
distance between the dendrites and, therefore, the greater the
curvature of their vertices. This regularitymakes it possible to
affect the microstructure of a solidifying sample by varying
the undercooling.

6. Conclusion

The levitation technique allows sample processing in a
suspended state, which eliminates the effect of external walls
of the crucible or container on the processing (heating ±
melting ± cooling ± crystallization ± further cooling). Such a
technique is by definition containerless [3, 57]. By using it,
foreign particles, inoculators, and centers of a new phase
nucleation become deactivated after a few cycles of sample
heating and cooling. The probability of heterogeneous
nucleation is substantially reduced, and the sample can be
undercooled relative to the equilibrium temperature of
crystallization/melting or solid-phase transformation by
many tens or hundreds of kelvin [1]. The driving force of the
phase transformation arising in this case turns out to be so
strong that it leads to a fast motion of the crystallization front
or phase transformation in the solid state [17].
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Figure 15.Dendrite growth from a puremelt of undercooled nickel [74, 75]

at different stages of solidification: (a) early recalescence, (b) late

recalescence, (c) stage of enlargement of primary dendrites. Color scale

shows the undercooling DT in units L=cp, where L is the latent crystal-
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The paper gives a brief review of acoustic and electrostatic
levitation methods and the levitation of samples in a DC
magnetic field. Special attention is paid to the method of
electromagnetic levitation used to study the properties of
liquid metals and melts and the kinetics of their crystal-
lization, as well as to obtain samples with a predetermined
structure and properties. Specific features of levitation of
samples and their processing are considered under terrestrial
conditions, as well as under the conditions of reduced gravity
during parabolic flights of airbuses of the European Space
Agency and under microgravity available aboard the Inter-
national Space Station.

The conditions of sample crystallization in electromag-
netic levitators were specially considered, which demonstrate
the dominant role of transfer processes in the microstructure
formation of the materials under study. Recording the
recalescence front (as the envelope of vertices of the growing
dendritic crystals) with a high-speed digital camera and
controlling the beginning and the end of crystallization
pyrometrically provide unique information for checking and
improving theoretical models of primary crystallization and
the formation of secondary structures in metallic and alloy
samples.

The present paper briefly presents themethods of contain-
erless processing of samples, especially the method of
electromagnetic levitation with the processed structure of
samples in the melted, crystallizing, and post-recalescence
period. An excellent addition to the review given here is the
article by D M Herlach [78], which provides an extensive
historical and technical excursus to the field of sample
processing by containerless methods. In particular, when
describing the processing of drops in EML, the review by
D M Herlach offers a wider view of some phenomena
occurring in the process of drop structure formation. For
example, a detailed description is given for the effect of the
granular structure refinement observed in the range of very
small undercooling values or at the maximum values of
undercooling reached before the beginning of drop crystal-
lization.

While working on the manuscript of this article, we
received bitter news about the sudden death of one of the
main experts in the field of levitation and quantitative
measurements of high-speed solidification, Dieter Matthias
Herlach (German Aerospace Center, Cologne). Professor
Herlach created a school of numerous specialists in high-
speed solidification. This school consists of about 30 spe-
cialists, including experimenters, theorists, and numerical
modelers, who are currently working all over the world,
from Germany, Great Britain, and France to China, India,
Peru, and Russia. Professor Herlach's school effectively
develops and interacts in the framework of joint projects,
systematic meetings, seminars, and specialized sections of
conferences. We dedicate this article about levitators to the
blessed memory of Dieter Matthias Herlach, whose activity,
efficiency, and concentration on achieving results have
always aroused our admiration.

This paper was supported by the Russian Science
Foundation (grant no. 21-79-10012).
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