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A new device for the inductive measurement of electrical resistivity and density of liquid metals
and semiconductors is presented. It is integrated in two electromagnetic levitation facilities operating
under microgravity. As a result, the completely noninvasive handling and measuring of the metallic
melt enables the extension of the accessible sample temperature range far into the undercooled liquid
state below the melting point. The microgravity environment permits the undisturbed joining of the
containerless inductive sample handling method by the electromagnetic levitation with the inductive
sample measurement technique. The following sections explain in detail the basic principles and the
technical realization of the whole measurement apparatus and present experimental data showing
its high resolution resulting from the combination of microgravity, electromagnetic levitation, and
inductive measurement technique. Published by AIP Publishing. https://doi.org/10.1063/1.5065482

l. INTRODUCTION

The relevance of the temperature 7-dependent electrical
resistivity p(7T') in technical applications is well known. Dur-
ing casting or in crystal growth furnaces, p controls the melt
flow under the influence of electromagnetic fields.! Besides
of this aspect, p(T') is also a sensitive indicator for structural
changes in the melt. In liquid metals, the electrical resistivity
results from the scattering of the conduction electrons at the
randomly distributed metal ions. It may be expected that the
formation of compact structures (clusters) or a chemical short
range ordering of alloy components with decreasing temper-
ature in the melt should increase the scattering cross section
for the electrons and thus also the electrical resistivity.” This is
opposite to the usually observed linear decrease in this quan-
tity with decreasing temperature due to the reduction in the
temperature-dependent density fluctuations in the melt.> Con-
sequently, the onset of ordering phenomena should lead to a
deviation of p(7") from the typical linear temperature depen-
dence.* The lower the temperature of the melt is the more
pronounced this effect should be. This fact makes a mea-
surement of p interesting, in particular, in the undercooled
melt, i.e., in the metastable liquid state below the melting
temperature.

Contained in a crucible, the high temperatures and, conse-
quently, the high reaction rates of the most investigated liquid
metals with their experimental environment render a chemical
inert processing a difficult task. Furthermore, since, in gen-
eral, the container together with the measurement probes is
inserted in a furnace,’ the thermal expansion of the melt and the
crucible and the temperature dependence of the measurement
equipment strongly influences the measurement procedure.
These problems are bypassed if the handling of the metallic
melts as well as their measurement is performed completely
contactlessly. Furthermore, noninvasive processing offers the
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additional benefit that, due to the absence of nucleation trig-
gering crucible walls, liquids can often be undercooled below
their freezing temperatures. On the one hand, this effect may
considerably enlarge the whole temperature range of the mea-
surement because the maximum temperature of liquid metals
is generally strongly limited by their exponentially growing
evaporation rate with increasing temperature. On the other
hand, as mentioned above, the lower the temperature of the
liquid metal is the more likely a formation of structures in the
melt should show up.

For the containerless handling of metallic melts, there
are several levitation techniques which have to be combined
with non-contact diagnostic tools for completely noninvasive
measurements of thermophysical properties of liquid met-
als like surface tension or viscosity.® Generally, these tools
are based on optical techniques like pyrometry which applies
Planck’s law of radiation for temperature measurement and
videometry which uses cameras for an analysis of the shape
of the levitated drop. But for the latter also inductive meth-
ods can be applied.” The contactless measurement of the
electrical resistivity of a levitated sample bases naturally on
inductive methods only. But also the temperature dependent
volume change of a levitated liquid droplet which enables
the determination of its thermal expansion can be detected
inductively.

There are a lot of publications presenting experimental
facilities for the contactless inductive measurement of electri-
cal resistivities of liquid metals. Concerning the measurement
process, in general, two different inductive techniques can be
distinguished. The “rotating field” method®'% applies on a
conducting sample a rotating DC magnetic field which induces
eddy currents in the material. These currents together with
the external circulating magnetic field generate a torque on
the sample proportional to its electrical conductivity. This
mechanical torque, the accurate determination of which is not
atrivial task for aliquid sample, is then the actual measurement
quantity. The “AC field” method™''~!# applies on a conducting
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sample a steady radio frequency (RF) magnetic field generated
by a RF coil current. The accompanying induced RF electric
field drives eddy currents in the material depending on its elec-
trical resistivity. These eddy currents in turn generate an RF
magnetization field, the accompanying induced RF electric
field of which reacts by driving an additional coil current, the
strength and phase shift (relative to that of the applied volt-
age) of which has to be measured. The second method has the
advantage that the measurement of pure electrical quantities
is, in general, much easier than that of mechanical ones.

Concerning the handling of hot liquid metals, the experi-
mental facilities described in Refs. 5, 8, and 9 still use crucibles
to contain the melt whereas those described in Refs. 10-14
apply containerless levitation techniques for a complete con-
tactless processing of the liquid. Concerning the requirement
to reach also the undercooled state of the liquid metal—see
above—only the last group is of interest.

The experimental facilities of Rhim and Ishikawa'® and
Ruston et al.'® use the “electrostatic levitation” technique.
Here the metal is electrically charged and lifted against grav-
ity by a high voltage (=10 kV) electrostatic field in a vacuum
environment. Besides of the complicated active controlling of
the sample position between the field generating electrodes,
this method is applicable for a few low vaporizing metals
only because, when heated and melted by a laser, the sam-
ple evaporates material and herewith also charges from its
surface.

The “aerodynamic levitation” technique, used by Enderby
et al.'! and Skinner and Barnes,'? applies a chemically inert
gas stream to lift the sample. Its heating and melting by a
strong laser from above against the convective cooling of the
gas flow from below leads, however, often to strong temper-
ature gradients in the specimen. Furthermore, as shown in
Ref. 12, the great distance between the sample and the sur-
rounding induction (measurement) coil, necessary to prevent
a heating and thus a resistance change of the coil wind-
ings, requires a relatively high measurement data resolution
to detect sample resistance changes with varying sample
temperatures.

“Electromagnetic levitation” is another notably simple
and robust technique for the containerless handling of electri-
cally well conducting liquids.'>' By application of alternating
magnetic fields of high frequency (=300 kHz), electromag-
netic levitation stably positions and heats metallic samples
without external contact by inductive means only. For the
inductive resistivity measurement, the RF magnetic levitation
field has to be superposed by the RF magnetic measurement
field where each of these fields is generated by dedicated cur-
rents in densely arranged coils. Evidently, one of the greatest
problems in this technique is caused by the mutual induc-
tive interaction between the levitation field and the measure-
ment field. To prevent this trouble, the very complex facility
described in Ref. 14 used additional compensation transform-
ers between the levitation and measurement circuit. Never-
theless, there were still residual voltages in the measurement
circuit induced from the levitation field which could severely
disturb the signals from the sample. This problem was cir-
cumvented by periodically interrupting the levitation current
for a few milliseconds. Within this time which was too short
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to impact the position of the sample, the electrical resistivity
measurement could be performed undisturbed. Another prob-
lem in evaluating the measurement data consisted in the deter-
mination of the exact shape of the levitated liquid sample which
was deformed by its weight and the external electromagnetic
force field.

All of these complications are almost completely removed
when electromagnetic levitation and inductive measurement
are performed in the largely forceless, the so called “micro-
gravity” (ug) environment. This misleading but adopted
expression means that experiments are performed in free fall
either onboard of aircrafts or rockets during parabolic flights
or onboard of a spacecraft orbiting around the earth. Under
these conditions, the lifting force can strongly be reduced, and
handling and measurement of the sample can be performed
independently by two superposed magnetic fields. To profit
from the advantages of the microgravity, the “Institute of Mate-
rials Physics in Space” of the “German Aerospace Center”
[Deutsches Zentrum fiir Luft- und Raumfahrt (DLR)] oper-
ates the “TEMPUS” microgravity levitation facilities for short
time experiments (=20 s) during parabolic flights on board
of aircrafts and the “European Space Agency” (ESA) man-
ages the “International Space Station (ISS)/EML” facility on
board of the “International Space Station” (ISS)!” for long
time experiments. Both facilities employ the same working
principle and, although originally build to measure other ther-
mophysical sample properties,'®!° they are perfectly suited
also for the inductive measurement of electrical resistivity and
density of metallic melts. For these purposes, they have been
upgraded by an additional so called “Sample Coupling Elec-
tronics” (SCE). First attempts for an inductive measurement
of electrical resistivities in ug have already been performed in
1997 with the TEMPUS/Spacelab levitation facility, a pre-
cursor of the ISS/EML facility, on board of Spacelab.?%-%!
However, due to the lack of a dedicated measurement electron-
ics and the need to use the “housekeeping” data of the facility,
the accuracy and resolution of the measurement results were
relatively poor.

In the following, we report on the working principle of
the pg electromagnetic levitation facilities and their capa-
bility for the containerless, inductive measurement method.
Furthermore, we describe in detail the procedure to mea-
sure the impedance of the processed sample with the help
of the SCE measurement device and present the evalua-
tion process to determine electrical resistivity and density of
the containerlessly levitated samples from this measurement
quantity.

Il. ELECTROMAGNETIC LEVITATION

Electromagnetic levitation uses a high frequency alternat-
ing magnetic field B(7) = By sin(w?) generated by alternating
current carrying coil windings for the containerless lifting and
heating of metallic melts. The RF magnetic field induces eddy
currents in the sample. On the one hand, these currents heat the
sample due to ohmic losses. On the other hand, their interac-
tion with the original magnetic field produces Lorentz forces
which point locally in a direction perpendicular to the current
and the field; see Fig. 1.
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On ground, the diverging electromagnetic levitation field is
generally used to support metallic samples of about 1 g mass
and 5 mm diameter against gravity. On the one hand, elec-
tromagnetic levitation provides a technically very simple and
stable containerless positioning method of metallic melts. On
the other hand, however, the high magnetic force field, nec-
essary to lift the metal against gravity, prevents very often an
undisturbed measurement of thermophysical properties on a
levitated liquid droplet because

e the sample deforms under the impact of the external
electromagnetic forces and its weight which is clearly
visible in the picture of Fig. 1.

e this part of the field which enters the droplet generates
turbulent fluid flows in it which result in a strong stirring
of the melt and in unsteady disturbances (oscillations)
of its shape.?3?*

o the strong, divergent RF magnetic levitation field inter-
acts with the electrical circuit providing the super-
posed RF magnetic measurement field for the inductive
determination of the electrical sample resistivity. '

e according to Egs. (1) and (2), lifting and heating of a
sample are strongly coupled so that, in general, a tem-
perature control (reduction) has to be established by a
stream of chemically inert helium or argon cooling gas
blowing against the droplet.

All of these problems are strongly reduced if electromagnetic
levitation is performed under microgravity conditions.

/ °
current

coil coil
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FIG. 1. Principle of electromagnetic levitation (left).
The alternating magnetic levitation field induces eddy
currents in the sample which, together with the field,
generate Lorentz forces that support the sample against
gravity. This is demonstrated in the picture of a hot liquid,
levitated metal sample (right) enclosed by the alternating
current carrying levitation coil on ground. The coil con-
sists of a water cooled copper tube. The upper counter
windings prevent the lateral escape of the sample. Added
is the schematic of the location of the pyrometer for
the contactless sample temperature measurement and the
He/Ar gas flow system for sample cooling.

RE-power supply

A. Electromagnetic levitation under microgravity

Due to the absence of weight in a microgravity envi-
ronment, the alone remaining task of the electromagnetic
positioning field consists in the containerless confinement of
the metallic droplet at a certain place against external resid-
ual forces. For this purpose, the pg electromagnetic levitation
facilities ISS/EML and TEMPUS use a symmetric magnetic
quadrupole field produced by two equal, parallel, and coax-
ial circular RF currents of the same strength but opposite
directions. According to Eq. (1), this so-called “positioning
field” repels a displaced weightless metallic sphere to its center
between the two coils where the field strength is the weakest,
see Fig. 2 left, and thus, according to Eq. (2), also the heating
of the sample.

Since, moreover, the residual accelerations under micro-
gravity, which have to be compensated by the positioning field,
are relatively low (<1072 go0), the remaining magnetic field
strength around a droplet can be decreased in the microgravity
environment to values that are considerably weaker than those
necessary to lift the same sample against its weight in 1 g.
As a result, the disadvantages of electromagnetic levitation in
earth-bound laboratories like shape deformation and surface
oscillations of the levitated melt are strongly reduced. But also
the necessity to control (reduce) the sample temperature by an
additional cooling gas flow does no longer exist.

On the other hand, this means that for an efficient induc-
tive heating and melting of the sample, an additional, in the
neighborhood of the sample, widely homogeneous RF mag-
netic dipole field, generated by two parallel and coaxial circular
RF currents of the same strength and in the same directions,
has to be superposed to the quadrupole field. The homogene-
ity has the additional advantage that, according to Eq. (1), this
“heating field,” though it squeezes the liquid droplet, does not
however apply a significant total (center of gravity) force on
it so that positioning and heating of the specimen can almost
independently be performed by the dedicated fields.

FIG. 2. Sketch of a sample in the center of two circu-
lar coils. A current in the opposite direction through
the upper and lower coil (left) generates a magnetic
quadrupole field for the positioning of the sample in its
center. A current in the same direction through the upper
and lower coil (right) generates a magnetic dipole field
for the efficient heating of the sample.



124709-4 Georg Lohéfer

Positioner current flow

C
O —F
N 5.2 Voltage \ L
o EL o ®divider. U ®
o 5 L
O 2 £150kH7
= L ~—*
o
S Y
L
Cy
o~ U:; —
14 .tl
b
2
Heater

voltage amplifier

Positioner
voltage amplifier
ld
U

@

Rev. Sci. Instrum. 89, 124709 (2018)

Heater current flow

vO
if
1@
V4
S

2

7

ol
2

Heater
voltage amplifier

FIG. 3. Two illustrations of the electrical “Supos” circuit, applied in the ISS/EML and TEMPUS microgravity electromagnetic levitation facilities, showing the
different flows of the “positioner” and “heater” currents. The RF current maintained by the positioner voltage amplifier (arrows in left diagram) flows in the
opposite direction through the upper and lower coil windings thereby generating a magnetic quadrupole field; see Fig. 2 left. The RF current maintained by the
heater voltage amplifier (arrows in right diagram) flows in the same direction through the upper and lower coil windings thereby generating a magnetic dipole

field; see Fig. 2 right.

As already indicated in Fig. 2, both magnetic field shapes
can, in principle, be created by the same coils in which the
corresponding field generating currents are superposed. The
electrical circuit which realizes this so called “Supos” tech-
nique® in the ISS/EML and TEMPUS ug levitation facilities
is schematically shown in Fig. 3.

Evidently, due to the symmetry of the currents and the
resulting magnetic fields in the Supos circuit, which of course
presupposes largely identical inductivities L and capacities Cy
in the combined resonant circuits of Fig. 3, the positioner cur-
rent flow does not influence the voltage between the points
N and M, and the heater current flow does not influence the
voltage between the points A and B. Another benefit of this
property consists in the possibility to use the heating field
also for inductive measurements of electrical sample properties
because

e there is no mutual interference between the heater- and
positioner voltage amplifiers.

e due to the carefully designed and manufactured coils
of the above mentioned ug levitation facilities, the mag-
netic dipole (measurement) field is largely homogeneous
and thus simple and well defined in the neighborhood of
the droplet.

o the forces of the magnetic dipole (measurement) field
applied on the liquid sample during the inductive mea-
surement process are too low to significantly deform the
simple and well-defined spherical shape of the metallic
droplet, see Sec. V A.

lll. MEASUREMENT SETUP
A. Electrical wiring diagram

According to the right diagram of Fig. 3, the total elec-
tric heating and measurement circuit consists of two parallel
resonant circuits each of which is composed of one (upper or
lower) coil L, one capacitor Cy, and the metal sample which is
inductively coupled to both of it. The schematics of the mea-
surement circuit in which, according to Ref. 26, the (complex)
sample impedance Zs(w, a, p) of the inductively coupled metal
is connected in series to the coil impedance is shown in Fig. 4.

Evidently, the total heating circuit can be con-
sidered as one single parallel oscillating circuit with
a total complex capacitive impedance Zq:=1/2Zc
=1/2(R¢ + 1/iwCg), where R¢ and Cy denote the resistance
and the capacitance of either of the two identical heater capac-
itors, respectively, and a total complex inductive impedance
Zind :=1/2 (ZL +Zg/ 2) composed of the sample impedance Zs
and the impedance 71 := Ry + iwL of one of the two identical
coils and corresponding feeds, respectively. Here, R; denotes
its resistance, and L denotes the sum of its self-inductance and
mutual inductance. The tilde ~ labels complex quantities, and
i:=V—1 denotes the imaginary unit. Current and voltage in
the circuit are assumed to oscillate in only one single sinu-
soidal mode of angular frequency w :=2xf. According to the
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FIG. 4. Schematic wiring diagram of the ISS/EML and TEMPUS measure-
ment circuit. It consists of the resonant heating circuit shown in Fig. 3 and the
measurement setup with the inductive current monitor and the “SCE” mea-
surement electronics which processes the RF input voltages. The influence of
the here not displayed inductive voltage dividers in the sense and power line,
cf. Fig. 3, is negligible.
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schematic of Fig. 3, the total complex admittance Yior, i.e., the
inverse total complex impedance Z,,, of the heating circuit
reads herewith
7o 1 1 N 1
tot= = = = =
tot anp Zina
_ 2 N 2
Rc +1/iwCy Ry +iwL + Zs(w, a, p)/2’
Besides of the frequency f = w/2n, the total admittance of the
heating circuit,

3

?mt ::i/U =IO/U03_1¢, 4

is the sole externally accessible electrical quantity. It contains
the measurable quantities /¢, U, and ¢ = ¢y —¢; which are the
amplitude of the alternating current through the total heating
circuit, the amplitude of the alternating voltage drop across
the total heating circuit, and the phase shift between both,
respectively. The measurement task taken by the so called
“Sample Coupling Electronics” (SCE), which will be pre-
sented in Sec. IV, consists essentially in the determination of
Yo :=1y/Up and of ¢ out of the RF-voltages (relative to ground)
from both ends of the resonant circuit and of the RF-voltage
signal from the inductive current monitor which is proportional
to the RF-current through the resonant circuit.

B. Temperature dependency of circuit components

The total admittance Y, depends sensitively on the tem-
peratures of the copper coil and the capacitors in the measure-
ment circuit because R; (Tw) as well as Cy (Tc) are temperature
dependent. The measurement current dissipates heat in the coil
and the capacitor which is transported by the cooling water
flow through the tube-like conductors; see Fig. 5.

Consequently, there is an increase in the cooling water and
thus also coil temperature 7iv along the conductor. Without
going into the details of the temperature calculations, the total
resistance of the coil (and the feeds) can in the steady state
well be described by

RL((Tw)) =Ry - (1 + acupo((Tw) —20°C)), @)
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FIG. 5. Sketch of the cooling loop of one of the heating circuits, cf. Fig. 3,
showing the coil L, the heater capacitor Cy, and the location of the temperature
sensors. The temperatures of the inflowing and outflowing cooling water, i.e.,
Twiy, and Twey,, are measured by thermocouples. The temperature 7c on the
outside of the capacitor is measured by a temperature transducer IC.
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where Ry is the a priori unknown total resistance of the coil
(and feed) at 20 °C, @y 20 18 the known temperature coefficient
of copper at 20 °C, and (Tw) := (T'wj, + Tw,,)/2 is the mean
value of the inflowing and outflowing water temperatures Tw;,
and Tw,,,;, respectively, which are measured by thermocouples.

The temperature dependent capacitance of the film capac-
itors Cy in the measurement circuit can empirically well be
described by the first order polynomial Cy(T) = Co0+dC/dT -
(T-20°C). Due to ausually non-negligible temperature gradi-
ent between the cooling loop and the mounted capacitor block
Cp, the capacitors in the measurement circuit are furnished on
their surface with their own temperature transducer ICs which
are largely insensitive to the external electric and magnetic
fields. Furthermore, due to their extended size, there is also a
temperature gradient inside of the capacitor which can be con-
sidered to be proportional to the electrical power dissipated
in it. Without going into the details of the calculations, the
capacity in the measurement circuit can well be described by

Cu(Te, Up) = Co9+dC/dT - (Tc =20 °C)+dC/dU} - U, (6)

where Tc denotes the temperature delivered by the external
temperature transducer and U is the amplitude of the voltage
drop over the capacitor. The three coefficients Cyg, dC/dT, and
ac/d U02 are a priori unknown constants and have to be deter-
mined together with Ry and the inductance L by a calibration
of the measurement circuit.

C. Theoretical basics

The resonant circuits of the pg levitation facilities are
low damped only. This means that the orders of magnitude
of the terms appearing in Eq. (3) are highly different. Whereas
wL~1/(wCh)=1Q there is Ry * R¢c ~0.01 Q and Re[Y;,]
~ [Im[Y;,;]| # 0.01 Q! so that Eq. (3) can be simplified to

Zg .
5 + Ry +iwL

5 -1
_ Yior _ 1
2 Rc+1/iwCy

N 1 _ Re[¥i/2]
" Vin/2= @CHYRe = iwCi (1m(T, /2] - wCp)’
Re i

) (1 - m[7/2] S Ci))* Im[F/2] - wCh

After separation in the real and imaginary parts, it finally reads

Re[§ e Relfnl?) 2, )
2 (1m[¥ior/2] - wCi)

Zs . 1
Im[Z vk Im|{¥i0r/2] - wCh ®

where the overall circuit resistance R := Ry +R¢ has been intro-
duced. With the knowledge of the measurement quantities Yior
and w and with the knowledge of the temperature dependent
circuit parameters R({Tw)), Cy(T¢c, Up), and L, the sample
impedance Zs(w, a, p) and thus finally the sample parameters
p and a can be determined.
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For an electrically conducting sphere in a RF magnetic
field, the functional dependence of Zs(a), a, p) on its specific
electrical resistivity p and radius a has been derived in Ref. 26.
Especially for a nearly homogeneous RF magnetic field which
is realized by the heating fields of the pg levitation facilities,
this result can very well be approximated by

- 1 1 1 2
Zs(w,a,p)zcc'w-cﬁ[———2+i(———)], ©)]
q q qg 3
under the condition, which is satisfied for the ISS/EML and
TEMPUS heating circuits, that

a [How
=== — >3,
q(w,a, p) 5 a > >3 (10)

where the dimensionless quantity g(w,a, p) denotes the
relation between the sample radius a and the skin depth
0 :=+/2p/(uow) in which py denotes the magnetic vacuum
permeability. The constant, purely coil geometry dependent
factor cc describes the interaction of the particular ISS/EML
or TEMPUS heating coil with a sample in its center and is
called “coil constant” in the following. (The product cc - w - a’
is sometimes called “filling factor” or “coupling coefficient”
in the literature.) Since p and a depend on the sample tempera-
ture 7, all other quantities which appear in this section, except
of 1o and cc, depend on the sample temperature as well.

On the one hand, the division of the real and imaginary
parts of Eq. (9), which removes the coil constant cc, yields

RelZs] _1/q-1/4°
Im[Zs] 1/9-2/3
or solved for 1/g under consideration of the inequality in (10),

Y

11 ( . RC[ZS]) [y, 8_ RelZs)/Im(Z]
qZs) 2\ ImiZs] 3 (1= RelZs)/miZs1)”
(12)
On the other hand, Eq. (10) results in
p(T) _ pow(T) 1
= — . 13
a(T) 2 g*(Zs(T)) (19

This shows that a measurement of Re[Zs]/Im[Zs] via Eqs. (7)
and (8), after the circuit parameters have been determined,
enables together with the knowledge of the frequency f = w/2n
the determination of the composed sample parameter p/a’ via
Egs. (12) and (13).

Rearranged, the imaginary part of Eq. (9) results in

ImlZs(T)]/eo(T) )é
1/q(Zs(T)) -2/3)
and the insertion of @ in Eq. (13) in

ccl -a(T)z( (14)

ccs - p(T) =

2 @(zsm)\ 1/9(2s(1)) - 2/3

Equations (14) and (15) represent the central formulas for the
determination of the sample radius a(7T") and the sample resis-
tivity p(T). On the right-hand side of both equations there
appear only quantities which can be related to the measure-
ment values Yy :=1y/Up and ¢. Since in ug the liquid droplet

pow(M) 1 (Im[Zs<T)]/w(T> ) s
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is nearly spherical during the measurement process, its mass
density is obtained by

m

D)= BTy

(16)

where m denotes the (previously measured) sample mass.

IV. THE SCE MEASUREMENT ELECTRONICS

To evaluate the RF-voltage signals of the measurement
circuit, both ug levitation facilities are equipped with the
so called “Sample coupling electronics” (SCE). As already
shown in Fig. 4, the RF voltages Uy and Uy (relative to
ground) from both ends of the measurement circuit as well
as the RF voltage signal from the current monitor Ucy
which is proportional to the current I through the circuit are
routed to the SCE. Inside the electronics, the voltages are
analogously processed according to the flow chart shown in
Fig. 6.

Essentially the RF voltages Uy and Uy, are subtracted and
then as well as Ucy, frequency filtered. The filtering extracts
their fundamental oscillation mode so that the theory of Sec. I1I
can be applied to the remaining, purely sinusoidal voltages.
Afterwards the RF voltages are rectified and time averaged to
obtain two DC voltages which are proportional to the ampli-
tude of the voltage drop Uy := |U v —U, M| across the circuit and

to the amplitude of the current Iy := |UCM| through the circuit.
To assure that the division Ip/Uy which occurs in Eq. (4) is
performed with completely synchronous values of Iy and Uy,
which is not guaranteed after the data have been digitized, this
process is performed inside of the SCE by an “Analog Compu-
tational IC.” To obtain the phase shift ¢ between Uy — Uy and
Ucpr which also occurs in Eq. (4), the amplitudes of both sinu-
soidal voltages are first aligned. Then an xor logic generates
rectangular pulses of definite height, the broadness of which
corresponds to the time delay Ar between the zero crossings
of Ucy and Uy — Uy The time average (low pass filter-
ing) of this pulse curve finally results in a DC voltage that is
proportional to At = ¢/w. Finally, the sinusoidal voltage Ucyy
behind the filter is additionally transformed into TTL pulses
which are routed to a frequency counter in the data acquisition
unit.

The prototype of the SCE electronics has been developed
and manufactured by the DLR Institute of Materials Physics
in Space and is currently integrated in the TEMPUS parabolic
flight facility. An almost identical, space flight qualified replica
of it has by order of the DLR Space Administration been
manufactured by the company “Airbus” and was early 2017
integrated into the ISS/EML levitation facility onboard the
International Space Station. Since then, several experiments
have benefited from this device; see the example in Sec. V.

A. Calibration of the SCE

It turns out that the relation between each of the
three relevant RF input signals Up= |UN - UM|, Yo=
|UCM/(UN - UM)|, and p = —arg[fJCM/(UN - UM)] and the
corresponding DC output voltages Uy_y, Uyo, and U, can
very well be described by the frequency f dependent transfer
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FIG. 6. Flow chart of the SCE measurement electronics modules showing the analog processing of the RF voltages coming from the measurement circuit.

function,

2
RFsignalj, =a+b - (1 + Z Bi-(f—375 kHz)i) - DCvoltgys.
i=1
(17)

Calibrations of the SCE electronics, where the RF input signals
were generated by a two channel function generator (Tek-
tronix AFG3022) and measured by a RMS voltmeter (Rhode
& Schwartz URE3) and where the corresponding DC output
voltages were monitored by the dedicated data acquisition unit
(National Instruments Ni USB-6251), show that for appro-
priate coefficients a, b, 81, and S, in the working range of
+2 kHz around the resonance frequency of the measurement
circuit of 375 kHz, the relative deviation from this relation
is |AUy/Upl <2 x 10~* and |AYy/Yo| <2 x 10™* for the first
two quantities and that the absolute deviation for the third RF
signal is |A¢| < 0.04°. To obtain steady results, the electronics
has previously to be powered for at least 2 h in which essen-
tially the DC-DC power supplies integrated in the SCE heat
the device up to an equilibrium temperature of about 37 °C.

V. MEASUREMENT PROCEDURE AND RESULTS

Taking the 8 mm diameter Zrg4Ni3e sample processed in
the ISS/EML facility in June 2017 as an example, Fig. 7 shows
a typical experiment run valid for both pg electromagnetic
levitation facilities.

The electromagnetically positioned ZrgsNizg sample is
inductively heated, melted, and overheated (0s <t <=65s).

After the positioning and heating voltages have been reduced,
the liquid droplet cools via heat radiation, undercools ~180 K
below its melting temperature, and solidifies where the sud-
den latent heat release leads to an abrupt temperature increases
(26s<t<x~T74s). After the latent heat is completely emit-
ted, it finally cools down in the solid state (= 95s <t < 1805).
While the liquid droplet cools, the output voltages of the SCE
(Un-m» Uyo, U,) are automatically monitored with an accu-
racy of 16 Bit and a data rate of 10 Hz for the ISS/EML facility

140 T T 1600
ISS/EML: Zr Ni,, (2017-06-21)

120 Thermal experiment cycle 1500
= I\ | z
100 Measurement range 1400
A‘ liquid ——» <¢——solid > e
=2 goldl E
> 80 r‘_\ ______________ 1 e - T, = 1283 K ---F----1 1300 ©
o a o
9] \ ‘ .
8 60+ | 41200 §
° — A °
> i 2. —
S 40- ‘ » / 11100 &
'(%) 1 Sample temperature g

204 —‘7H<‘3ating (measurement)‘ voltage 7%7 1000

E T E T u T E T g T 1

e T T T L LE
0 20 40 60 80 100 120 140 160 180
Experiment time: t [s]

FIG. 7. Example for a typical thermal cycle of an experiment in the ISS/EML
or TEMPUS g levitation facility. Plotted are the voltages of the positioning
and heating (measurement) circuit, respectively, as well as the resulting tem-
perature of the processed Zrg4 Nizg sample which was measured by a radiation
pyrometer (cf. Fig. 1).
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and of 400 Hz for the TEMPUS facility. Back transformed via
Eq. (17) and together with the simultaneously monitored fre-
quency f and the sample temperature 7, these data deliver via
Egs. (15), (14), (12), (8), and (7) the temperature dependent
electrical resistivity p(T) and radius a(7T') of the liquid droplet,
shown in Fig. 8, after the electrical circuit parameters R((Twy)),
Cy(T¢, Uy), and L as well as the coil constant cc have been
determined by previous calibration runs.

Especially the processing in the ISS/EML levitation facil-
ity onboard the Space Station allows a very quiet, jitter free
investigation of the liquid droplet. Besides of the high accu-
racy of the measurement electronics, see Sec. IV A, and the
high data rate (=2 K1), this is the reason why the resolution
of the sample resistivity data (|p — {(p)s|)s/{p)s, shown in the
top diagram of Fig. 8, is <0.05% for the whole liquid state.
Here, ()5 means the averaging over 5 neighboring data points.
A similar analysis for the resistivity data resulting from the
ground based measurement methods described in Refs. 4, 5,
8,9, and 12 yields resolutions between ~0.5%*® and ~2%”°
which are an order of magnitude less!

A. Influence of the residual sample deformation

Measurements are reasonably performed in the cooling
phase of the experiment, where the circuit voltages and the
resulting magnetic fields are reduced to a minimum; see Fig. 7.
This widely avoids fluid flow effects in and magnetic forces

ISS/EML.: Zr Ni,, (2017-06-21)
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FIG. 8. Using the here processed ZrgqNi3g sample as example, the top dia-
gram shows its temperature dependent electrical resistivity p(7') and the
bottom diagram its temperature dependent radius a(7’) in the liquid and solid
states, respectively. The data were measured with the help of the SCE in the
ISS/EML levitation facility onboard the International Space Station.
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on the liquid sample which otherwise would unduly disturb its
assumed perfectly spherical shape caused by the surface ten-
sion. Nevertheless, video images from the droplet, recorded
during the measurement sidelong through the two coils, see
Fig. 2, show a weak prolate ellipsoid with a symmetry axis
parallel to the coil axis. Denoting the vertical, long semi-axis
of the ellipsoid by d, and the horizontal, short one by d,,
a detailed image analysis reveals for the relation d,/d.(T) a
value of ~0.990 for the higher sample temperatures 7 which
slightly increases to a value of ~0.992 for the lower sample
temperatures due to the increase in the surface tension.

To quantify the influence of these deformations on the
calculation of the sample resistivity, Eq. (13) can be used.
It reveals that for a specific measurement value of Zg(T) and
w(T), the resulting resistivity p(T') oc a*(T) is still proportional
to the cross section of the sphere perpendicular to the field lines
of the magnetic measurement field, cf. Fig. 2 right. Although
derived for a spherical sample, this result can approximately be
transposed to the ellipsoid for which the present measurements
are performed, i.e., Ppeas(T) df(T). With the condition that
the volume of the real ellipsoid and the corresponding ideal
sphere are the same, i.e., that 4/37rd/%dZ =4/37ra3, the rela-
tive deviation between measured resistivity and real resistivity
adopts the negligibly small value of

Pmeas(T) = p(T) _ dX(T) —a*(T) _ ( dy
p(T) a1 \d;

2/3
) - 1=-0.006,

(18)

when the above mentioned measurement values of d,/d,(T)
are inserted.

B. Determination of the electrical circuit parameters

The use of Eqgs. (7) and (8) for an evaluation of the exper-
iment data requires the knowledge of the electrical circuit
parameters Cog, Ryo, and L at 20 °C as well as of the coeffi-
cients dC/dT and dC/dU?, specifying the change of Cy; with
changing capacitor temperature 7' ¢ and voltage amplitude Uy,
cf. Eq. (6). These parameters can best be obtained by exper-
iment runs without sample, i.e., where Zs =0. In this case,
Egs. (7) and (8) reduce under consideration of Egs. (4)—(6) to

Yo . -1 dcC
— — = — 4 C . + —
> sin(—p)w T 20 ¢ W T
—_ —— 1 XIS~~~

Yl cl0 2

dc
- (Te - 20°C)w’ + T CURw?, (19)
N———

0 S——
XI2 —_——— XI13
cl3
Yo/2 cos(—p)(wL)?
L4 = Ry . (20)
1+(Zcu’20(< Tw>-20 C) ~——
cRO

YR
For only one definite angular frequency w, one definite capac-
itor temperature 7' ¢ and voltage Uy, i.e., for only one specified
value for each of the known quantities Y7, XI'1, XI2, XI3, and
YR in Egs. (19) and (20), the two equations would not permit
to determine the five coefficients abbreviated above by c/y,
cl1, cly, cl3, and cRy. The power supply of the measurement
circuit allows, however, a variation of the frequency w in a
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restricted range. So, together with a variation of the externally
controllable circuit voltage Uy and of the capacitor tempera-
ture T'¢ by powering the circuit, it is possible to create a whole
family of Egs. (19) and (20) with different values for the vari-
ables YI, XI1, XI2, XI3, and YR from which the coefficients
cly, cly, cly, cl3, as well as cR( can be received by multiple
linear regression.

C. Determination of the coil constant

To obtain not only the temperature behavior of the sample
resistivity p(T') and of the sample radius a(7') but also their cor-
rect absolute values, the coil constant cc appearing in Egs. (14)
and (15) has to be determined with the help of a spherical cal-
ibration sample of well-known electrical resistivity or radius.
Very convenient for this is a solid zirconium (Zr) test sphere
of known radius az:(300 K) at room temperature because on
the one hand, the resistivity pz(T) and thermal expansion
daz,/dT of solid Zr is over a larger temperature range very
well-known from the literature?”-2% and, on the other hand,
the solid-solid phase transition of Zr at Tz.pp.s = 1148 K can
very well be used for the likewise necessary calibration of the
pyrometric sample temperature measurement.

Since a provided sample place especially in the ISS/EML
space station facility represents a valuable asset which is
reluctantly occupied with a scientifically less attractive zir-
conium specimen, another, however, less accurate method can
also be used to gain cc. One of the designated experiment
samples which is insensitive to contaminations by mechani-
cal treatment is machined to a sphere of well-known radius
ac.q/(300K) at room temperature. This has been executed,
e.g., for the above already discussed ZrgsNisg specimen with
azNi(300 K) =4.00 mm. If in the solid state a.,;(T) behaves
as a function of T linearly in the whole temperature range
which is the case for the Zrg4Ni3ze sample at least in the upper
temperature range, see the bottom diagram of Fig. 8, then the
linear extrapolation of the measured radius a.q; (T — 300 K)
down to room temperature should result in the machined sam-
ple radius at room temperature a.,;(300 K) provided the coil
constant cc already exhibits the correct value. Otherwise cc
has to be adjusted correspondingly.

VL. SUMMARY

The electromagnetic levitation under weightlessness (or
microgravity or ug) provides a very favorable experiment envi-
ronment for the noninvasive inductive measurement of the
electrical resistivity and density of liquid metals. Contrary to
standard laboratory conditions, the positioning of a metallic
droplet at a definite experiment location under pg can be per-
formed by a symmetric RF magnetic quadrupole field which
does no longer inductively interact with the symmetric homo-
geneous RF magnetic dipole field used for the inductive sample
heating and measuring purposes. Furthermore, the forces of the
magnetic fields applied on the liquid sample during the induc-
tive measurement process are too low to significantly deform
its simple spherical shape.

There are two microgravity electromagnetic levitation
facilities which allow the noninvasive inductive measurement
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of the electrical resistivity and density of liquid metals. The
TEMPUS facility operated by the DLR Institute of Materi-
als Physics in Space for short time experiments (~20 s) during
parabolic flights on board of aircrafts and the ISS/EML facility
managed by the European Space Agency (ESA) for long time
experiments on board the International Space Station (ISS).
To enable a high measurement accuracy, both were equipped
with a dedicated measurement electronics (SCE).

The preceding sections describe the resistivity measure-
ment setup within the two facilities. The homogeneous mag-
netic RF dipole field of the levitation facilities, originally used
to heat the confined metal samples only, is perfectly suited also
for the inductive measurement purposes. This field is gener-
ated by a coil which is part of an electrical resonant circuit. The
measurement electronics SCE hooked up on this circuit mon-
itors its RF voltages and currents and stores their amplitudes,
phase relationships, and frequencies with high resolution and
high data rate. The weak damping of the resonant circuit sim-
plifies the theoretical relations between these measurement
data and the thermophysical properties, i.e., electrical resistiv-
ity and density (radius), of the liquid metallic specimen in the
measurement field.

For an evaluation via these theoretical relations, the
parameters of the resonant measurement circuit, i.e., induc-
tance, capacitance, and resistance, have to be known. Espe-
cially the last two quantities depend sensitively on the tem-
peratures of the capacitor and the coil which have therefore
carefully to be measured as well and stored together with the
electrical data. The parameters themselves are determined by a
calibration run without sample. This “empty coil calibration”
would be sufficient if only the relative temperature behav-
ior of sample resistivity and density is of interest. In order
to determine also their absolute values, an additional calibra-
tion process with a metal sphere (preferably Zirconium) of
well-known diameter and resistivity is required.

As proved in the preceding sections, a careful perfor-
mance of the calibration and measurement process can in
the ISS/EML facility result in a quite high resolution of the
measured electrical resistivity data in the order of 0.05%!
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