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A rotational contactless inductive measurement technique has been used to measure the
electrical resistivity of A319 and A356 aluminum alloys at both solid and liquid states. The
method is based on the phenomena that when a conducting material rotates in a magnetic
field, circulating eddy currents are induced and generate an opposing torque, which is
proportional to the electrical conductivity of the material. The technique was checked and
calibrated with pure aluminum where considerable electrical resistivity data exist in the
literature. Wiedemann-Franz-Lorenz law was used to estimate the thermal conductivity of
A319 and A356 aluminum alloys in liquid state. © 2001 Kluwer Academic Publishers

1. Introduction

Dependable information of various thermophysical
properties (i.e., viscosity, electrical resistivity, density,
thermal conductivity, etc.) of liquid metals can be of
great significance to produce high-quality ingot and
shaped casting components. Optimization and control
of the metallurgical processes require accurate and pre-
cise materials data.

Information on the electrical resistivity of molten al-
loys is especially important in many metallurgical pro-
cesses such as electroslug remelting, electromagnetic
stirring in continuous casting, and induction melting
in foundries. Due to their disordered arrangement of
ions in the liquid state, molten metals exhibit higher
electrical resistivity than solid metals (~1.5-2.3 times
higher). However, relatively few studies have been re-
ported on the electrical resistivity (or conductivity) of
molten metals and alloys, particularly at elevated tem-
peratures, since the measurements are extremely diffi-
cult. The methods of electrical resistivity measurements
can be categorized into two groups:

e direct resistance measurements using contact
probes and
e contactless inductive measurements.

The technique of choice for solid materials is the
direct resistance four-probe method [1-3] which is
based upon application of Ohm’s law. Although this
direct method can be applied to low melting point,
non-reactive liquid materials, reactions between the
probes and the molten sample preclude using the four-
probe method with high-melting point materials. In this
method, the voltage drop along a sample in a capillary
tube of known cross-section and length is measured
at a constant current density. The probe cell has to be
calibrated using a liquid metal (usually mercury) of
known resistivity. Selection of the proper materials for
the capillary cell and the electrodes remains the pri-
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mary difficulty with this method. An improved four-
probe method utilizing solid electrodes made of mate-
rial which is identical to the molten sample has been
reported [4]. However, this technique is limited to ma-
terials with very narrow freezing ranges.

Inductive techniques for measuring electrical resis-
tivity are contactless and thus prevent chemical reac-
tions between molten samples and contacting probes
as in the direct method. When applied to molten met-
als, the method is usually based on the phenomena that
when a metal sample rotates in a magnetic field (or the
magnetic field rotates around a stationary sample), cir-
culating eddy currents are induced in the sample which
generate an opposing torque proportional to the electri-
cal conductivity of the sample [1]. In liquid metals and
alloys the applied magnetic field also causes significant
rotation of the liquid in the crucible which decreases the
angular velocity between the field and the sample [5].
Recently, Bakhtiyarov and Overfelt [28, 29] developed
a rotational contactless inductive measurement tech-
nique to measure the both viscosity and the electrical
conductivity of liquid metals. Preliminary tests con-
ducted with low melting point metals (lead and tin) and
alloys (LMA-158 and Pb/Sn binary systems) showed
a good agreement with data from the literature. This
technique requires a reliable relationship between the
electrical resistivity of the metal sample and the mea-
sured damping torque values. Braunbeck [6] proposed
the following relationship between the opposing me-
chanical torque (7)) and the electric conductivity of a
rotating liquid specimen (o, ) in a DC external magnetic
field of induction B:

1
T = 6. wLR*B*~ - ~62wLR°B*, (1)
4 192 7

where L and R are length and radius of the specimen, re-
spectively; w is the angular velocity of the rotating mag-
netic field; and 7 is the viscosity of the liquid specimen.
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The magnetic induction and the radius of the speci-
men can be selected so that the second term in Equa-
tion 1 will become negligibly small compared with the
first term for measurements on metals with unknown
viscosity [7].

Spitzer et al. [8] studied electromagnetic stirring in
continuous casting of round strands. A finite difference
model was developed for the computation of the flow
field in continuous casting through the simultaneous
solution of the Navier-Stokes equations, the continuity
equation, and the Maxwell equation. These authors also
presented a simplified analytical model for an infinitely
long cylinder. In addition, experimental data on the ro-
tation of liquid mercury in plexiglass cylinder subject
to a rotating magnetic field was shown for comparison.
Spitzer et al. [8] found that the wall shear stresses from
the numerical model and the analytical model agreed
very well with the experimental data for liquid mer-
cury. This indicated that the flow field in the vicinity of
the plexiglass wall was predicted correctly. Thus from
Spitzer et al. [8]

1
7, = —o,wR>B>. (2)
8

(Note that the superscript of R should be 3 instead of
2 as in Reference 8.) However, Spitzer et al. [8] cor-
rectly point out that more complex convection effects
in the interior of the samples could not be adequately
predicted from the simple analytical theory and reso-
lution of these effects required use of the numerical
model. Since the wetted area is L(2R), the torque per
unit length exerted on the crucible from the magnetic
interaction should be

L 7 wR*B 3)
L 4 ‘

Equation 3 is the same as the first term in Equation 1
from Braunbeck [6].

Electromagnetic levitation is another technique for
containerless measurements of electrical conductivity
in liquid metals. It combines the containerless posi-
tioning method of electromagnetic levitation with the
contactless technique of inductive electrical conductiv-
ity measurement. Until now this technique has been
applied only to low melting point metals contained in
an ampoules to give the material a cylindrical shape.
The sample without container will be freely suspended
within the measuring field and will have no predefined
shape. Currently, there are two main problems with us-
age of this technique, which has to be solved.

First, it is impossible to define exact location and
shape of the sample. Second, there is a mutual inductive
interaction between the levitation and the measurement
circuits.

The objective of this paper is to present the elec-
trical conductivity data for pure aluminum, A319 and
A356 aluminum alloys obtained by direct measure-
ments on rotational technique (with a cylindrical metal
sample rotating in a 2-pole DC magnetic field) over
wide ranges of temperatures. An indirect determination
of the thermal conductivity through the Wiedemann-
Franz-Lorenz law was performed for test specimen.
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Figure 1 Experimental apparatus used for electrical resistivity measure-
ments of solid and molten metals.

2. Experimental apparatus and procedures

A schematic of the experimental apparatus to measure
an electrical resistivity of metals and alloys at high tem-
peratures is shown in Fig. 1. A computer controlled
Brookfield rheometer Model DV-III was used to pro-
vide a constant rotational speed to the metal sample and
to measure the torque. This rheometer enables torque
measurements from 0 to 673.7 dyne-cm at constant
speeds from 0 to 250 RPM in 0.1 RPM increments. The
rheometer has an RS232 serial port for communication
with a local computer.

The temperature of the samples were characterized
remotely by an portable 2-color infrared thermometer
M90 (Mikron®) focused into a hole in the bottom of the
crucible assembly since thermocouple leads could not
be inserted into the rotating samples. Focusing into the
hole in the crucible bottom eliminated spurious temper-
ature data from extraneous reflections into the infrared
thermometer from the optical heaters. The infrared ther-
mometer output was calibrated to actual temperature by
comparing against thermocouple data using a dummy
load with 0.25% accuracy. The thermometer output was
connected to computer and the temperature data ob-
tained were synchronized with data for measured torque
and angular velocity of the crucible.

Metal samples (9.525 to 19.05 mm diameter and 25.4
to 38.1 mm length) for testing were inserted into cylin-
drical high purity alumina crucibles with flat bottom.
The extruded alumina crucibles (19.05 mm inner diam-
eter and 152.4 mm length) were attached to the spindle
of the rheometer through a specially designed coupler to
provide concentricity to the rotating shaft, crucible and
sample. The same sample diameter was maintained for
each set of tests. The rotational technique of this geom-
etry is exposed to the end effects in the crucible. The ef-
fect was eliminated from the results of two experiments
accomplished with the different heights (25.4 mm and
38.1 mm) of the liquid in the annular space between the
cylinders but at the same angular speed.

Two quartz infrared line heating elements (2kW
each) housed in elliptical cast aluminum frames were
used to heat the samples in the experiments. The heated
length of the chamber was 167 mm. The elliptical
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Figure 2 Diagram of sample-magnetic field-optical furnace arrange-
ment and heating energy focus action.
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Figure 3 Variation of averaged magnetic induction with distance be-
tween magnets.

reflectors concentrated the infrared energy to the cru-
cible surface (Fig. 2). Copper tube connections are pro-
vided for inlet and outlet flow of water to cool the lamp
reflector bodies. Tap water at 15°C and 600 kPa was
supplied to cool the unit.

The magnetic field was produced by two
neodymium-iron permanent magnets. A Hall-effect
gaussmeter was used to measure the magnetic field
strength. The gaussmeter provides DC and AC field
readings from 4107 to 42 Tesla with 0.1% resolution.
Changing the separation between the magnets allowed
us to obtain magnetic fields of different magnitudes.
Fig. 3 shows the variation of the magnetic induction
with the distance between the magnets. Contour
mapping of the magnetic field strength revealed that
the magnetic induction varies in both vertical and
horizontal directions. Contour lines for the magnetic
induction at different distances between the magnets
are shown in Fig. 4. It is estimated that the magnetic
induction over the test sample varies +=10% in vertical
direction and £7% in horizontal direction compared
to its average value. Neither the coupling system nor
the alumina crucible had measurable effects upon the
applied magnetic field.

As test sample we used pure aluminum (99.999% pu-
rity), A319 and A356 aluminum alloys. The composi-
tion and some thermophysical properties of A319 and

TABLE I Thermophysical properties and composition of A319 and
A356 aluminum alloys [30]

A319 aluminum alloy A356 aluminum alloy

Solidus temperature 831 K
Liquidus temperature 876 K

Solidus temperature 723 K
Liquidus temperature 869 K

Latent heat 400 J/g Latent heat 429 J/g
Density at melting ~ 2.5328 g/cm? Density at melting ~ 2.362 g/cm?
point point

Composition Si=6.1%  Composition Si=6.9%
Fe=0.68% Fe =0.08%
Mg=0.3% Mg =0.34%
Cu=3.01% Ti=0.013%
Mn=0.32% B=0%
Zn=0.71% Sr=0%

A356 aluminum alloys are given in Table 1. The elec-
trical resistances of solid samples were measured with
4300B Digital Micro-ohmmeter from Valhalla Scien-
tific, Inc. to provide independent data on the electri-
cal resistivity of solid samples for comparison. The
Kelvin four-terminal configuration of this ohmmeter
eliminates errors caused by test lead and contact resis-
tance, which in many applications can exceed the value
of the load, by several orders of magnitude.

3. Results and discussion
From both scientific and practical point of view, it is
meaningful to know the order of the Reynolds number

Re=VLp/n 4)
and the magnetic Reynolds number (Re,,) defined as [5]
Re,, = 4nuo.LV, 5

where V and L are the characteristic velocity and
length, respectively, p is the density, and the other pa-
rameters are as defined above. For this flow geometry,
R is a convenient characteristic length, and the veloc-
ity can be taken as wR. For the nonmagnetic materi-
als under investigation here, © can be taken as u,, the
magnetic permeability of free space (1.2566 x 1076 Vs
A~"m™"). Substituting V =wR, L =R and 1 =, in
Equations 4 and 5 gives

Re = wR?p/n (6)
and
Ren = 4mwpooeR>. (7

Figs 5 and 6 show the variation of Re and Rep,, re-
spectively, with the angular velocity for the test sam-
ples investigated in these experiments. As seen from
Fig. 5, Re < 103, which means the laminar flow con-
ditions were maintained in these experiments. As seen
from Fig. 6, Rey, < 1. This has the practical signifi-
cance that the magnetic field distribution is not affected
by fluid motion and may be evaluated as though the con-
ducting fluid were a solid [5]. Such a problem is a linear
problem of well-known type [17, 18].
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Figure 4 Contour lines for magnetic induction (in 10~ T) at different distances between magnets: (a) 12 cm; (b) 9 cm; (c) 8 cm; (d) 7 cm.
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Figure 5 Variation of the Reynolds number with the angular velocity for
liquid aluminum and A356 alloy samples. Calculated with Equation 6.
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Figure 6 Variation of the magnetic Reynolds number with the angular
velocity for liquid aluminum, A319 and A356 alloys samples. Calculated
with Equation 7.

The variation of the eddy-current induced damping
torques for pure aluminum, A319 and A356 aluminum
alloy samples, with the temperature at o =3.66 s~
is shown in Fig. 7. As seen from these data, damping
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Figure 7 Variation of damping torque with temperature for pure alu-
minum, A319 amd A356 aluminum alloys.

torque decreases linearly with temperature for samples
at solid state. A sudden decrease in damping torque
occurs at melting points. Increasing the temperature
does not change significantly the damping torque in
liquid samples. Estimates of the magnitude of the sec-
ond term in Equation 1 indicated that it was negligibly
small (0.05-0.15%) compared with the first term for
all test samples and thus Equation 3 should represent
the data well. Excellent agreement between the experi-
mental data and the theoretical calculations was found
for the liquid aluminum samples.

The temperature dependence of the electrical resis-
tivity of pure aluminum, A319 and A356 aluminum
alloys is shown in Fig. 8. As seen from this figure,
the measured values of the electrical resistivity for all
samples are linearly related to the temperature over
wide ranges of temperature below and above their melt-
ing points. There is a good agreement between the
present data and data obtained previously by differ-
ent researchers for pure aluminum. Fig. 9 represents
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Figure 8 Variation of electrical resistivity with temperature for pure alu-
minum, A319 and A356 aluminum alloys.
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Figure 9 Variation of electrical conductivity with temperature for pure
aluminum, A319 and A356 aluminum alloys.

the variation of the electrical conductivity (reciprocal
of the electrical resistivity) with the temperature.

The electrical resistivity of liquid metals increases
linearly with increasing temperature (except for Cd and
Zn) [1]. This relationship can be expressed as

e = aT + B, ®)

where o and § are temperature coefficients of the elec-
trical resistivity for liquid metals. According to Cusak
and Enderby [22], over the temperature range from
the melting point to 1473 K, temperature coefficients
of the electrical resistivity for liquid aluminum are
a=0.0145 uQ2cmK~!and 8 = 10.7 42 cm. The mea-
sured values of & and § for molten aluminum samples
at different temperatures are presented in Fig. 10. The
lines denote the values proposed by Cusak and Enderby
[22]. Good agreement is exhibited between the values
measured in the present investigation and the earlier
literature values [22].

Free electrons are responsible for the electrical and
thermal conductivities of metals and alloys in both solid
and liquid states. Therefore, the Wiedemann-Franz-
Lorenz law can be applied to relate the thermal con-
ductivity to the electrical resistivity:
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Figure 10 Variation of temperature coefficients of electrical resistivity
against temperature for molten aluminum samples. Lines denote pre-
dicted values by Cusak and Enderby [22].
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Figure 11 Variation of thermal conductivity with temperature for pure
aluminum, A319 and A356 aluminum alloys.

where k is the Boltzman constant, e is the electron
charge. The constant
22

3e2

=245 x 107 WQK™?

is the Lorenz number. The validity of this relationship
was confirmed experimentally with high accuracy by
many researchers [24-27]. The variation of the ther-
mal conductivity estimated by the Wiedemann-Franz-
Lorenz law against temperature is presented in Fig. 11.

4. Conclusions

A simple rotational technique to measure the electri-
cal resistivity of molten metals has been developed and
applied to pure aluminum, A319 and A356 aluminum
alloys. The experimental method has been shown to
exhibit eddy current damping consistent with theoret-
ical predictions. Electrical resistivity data have been
obtained for the test specimens over a wide range of
temperatures. Excellent agreement has been found be-
tween experimental values from the present investi-
gation and data from previous investigations for pure
aluminum. The technique appears applicable to higher
melting point metals and alloys.
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