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Eddy Current Measurement of the Electrical
Conductivity and Porosity of Metal Foams
Xiandong Ma and A. J. Peyton

Abstract—This paper presents experimental results characterizing the electrical properties of metallic foams, a relatively new
class of material, using nondestructive eddy current sensing techniques. The fundamentals of eddy current sensing, which is based
on electromagnetic induction, are described, and the effects on
coil impedance change of the representative types of coil sensors
are analyzed. It has been found that the phase-frequency response
of the normalized eddy current signal of the sensor is relatively
immune to coil-to-sample spacing and fill-factor variations, from
which key results such as the equivalent conductivity and the
porosity of the foams are presented. The paper demonstrates the
broad applicability of this technique in characterizing and further
recognizing the properties of a variety of sample shapes used.
Index Terms—Coils, eddy currents, electromagnetic induction,
impedance measurement, metallic foams.

I. I NTRODUCTION

C

ELLULAR metal foams are a relatively new class of
material, which are of interest because of the exceptional ability to adapt their mechanical, thermal, acoustic,
electrical, and chemical properties by varying their physical
compositions such as porosity (relative density), geometry of
the pores (shape, orientation, and size), and cell topologies
(open-cell and closed-cell structure). Therefore, metallic foams
offer many significant applications particularly in energy absorption, thermal management, lightweight structures, and
automotive industry. There are wide ranges of manufacturing
methods for metal foams. In terms of precursory forms and the
types of pore-forming agents, typical methods can be grouped
into melt-gas injection, melt-foaming agent, powder-foaming
agent, pressure infiltration, and sintering-dissolution processes
[1]. One interesting topic is to study the electrical properties
of foams, which require nondestructive measurement. Eddy
current sensing satisfies this need and furthermore enables
improved control of metal foam processing through characterizing its electrical properties.
Eddy current methods have been used over several decades
for nondestructive material evaluation and inspection [2]–[4].
Passing an alternating current through an excitation coil generates a fluctuating magnetic field in its vicinity. This timevarying magnetic field induces eddy currents in the electrically
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conductive test sample, which in turn generate a secondary
magnetic field. The interaction between two fields alters the distribution of the magnetic flux, resulting in an apparent change of
the coil impedance. By measuring this coil impedance change,
the nature of the material can be inferred and further recognized by correlating the coil impedance using analytical and/or
experimental methods to the characteristic quantities of interest,
such as electrical conductivity, magnetic permeability, coating
layer thickness, etc.
This paper presents experimental results characterizing the
principal properties of aluminum foams such as equivalent
electrical conductivity and porosity by means of eddy current
sensing techniques. The application of eddy current inspection
techniques to metal foams is relatively new. The induced eddy
currents flowing in the foam samples are affected significantly
by the foam properties, and consequentially measurement of
the impedance change on the sensing coil(s) permits the metal
foams to be characterized.

II. E DDY C URRENT S ENSING M ETHODOLOGIES
A. Diffusion Phenomenon
Eddy currents induced inside the test sample by the applied
magnetic field attenuate with depth below the test sample
surface. This attenuation is mainly governed by the test object’s
electrical conductivity σ, magnetic permeability µ, and the
applied frequency f for a given test geometry. The standard
depth of penetration δ can be used to characterize this diffusion
phenomenon, which, for plane geometry, is mathematically
given by
δ=√

1
πf µσ

(1)

where for a nonmagnetic electrically conductive foam the value
of µ virtually equals to the permeability of free space, i.e.,
4π × 10−7 H/m. Apparently, high frequency measurements
give information regarding the properties adjacent to the surface
whereas low frequency testing probes the subsurface deeper
inside the test sample. Multifrequency testing has been therefore employed.

B. Coil Impedance
The physical principle for electromagnetic induction problems can be described as a diffusion equation in terms of
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impedance curve approaches to the empty coil impedance point
(0, j). Apparently, the overall magnitude of eddy current signal
is lift-off dependent, which means the magnitude is dependent
on the test geometry. However, the phase angle θ is virtually
lift-off invariant, which means phase signature is only dependent on the sample under test.
Libby [6] also reported the analytical solution to an infinitely
long solenoid encircling a long cylindrical conductor within it.
The comma-shaped loci, as shown in Fig. 1, also apply to eddy
current sensing using solenoidal coils, where it is the reference
√
number r ωµσ and fill-factor that determine the variation of
impedance curves. The fill-factor is defined as the ratio of the
radii of test object and sensing coil. The fill-factor governs the
effectiveness of the coupling energy into the test object, which
affects the impedance loci in a same way as the lift-off effect
does in cases of planar coils.

Fig. 1. Normalized impedance curves for planar circular coil varying with
reference numbers r/δ (coil radius/skin depth) and lift-off (coil-to-sample
spacing).

magnetic vector potential A as given in a complex phasor
notation for the sinusoidal waveform excitation cases by
∇2 A + jωµσA = −µJ

(2)

where J denotes the source current density passing through
the excitation coil and ω is the angular frequency. This equation describes the penetration of eddy currents into material.
Naturally, the solution of A must account for the necessary
boundary conditions between the coil geometry and test materials. The electric field intensity E can be calculated through
E = −∂A/∂t. The induced voltage in sensing coil is then
computed by taking the line integral of the vector E around
the coil loop and the coil impedance thus obtained.
The normalized impedance analysis is widely preferred for
the analysis of eddy current signals in a complex-plane diagram. The normalized impedance is defined as the ratio of the
measurement coil impedance due to the presence of the test
object and the coil impedance as measured in the air, which provides the relative magnitude of eddy current signal with regards
to background measurement. Dodd and Deeds [5] gave the
analytical solution to a circular coil of rectangular cross section
above a two-conductor plane. Fig. 1 illustrates the variations
of real and imaginary impedance components for electrically
conductive (nonmagnetic) materials under different values of
reference number and lift-off (coil-to-sample spacing). The
reference number is defined as r/δ, i.e., the ratio of mean coil
radius r and skin depth. As is well known, the resistive (real)
component of the coil impedance is related to energy losses
caused by eddy currents within the test material. The magnetic
field set up by the eddy currents tends to weaken the energizing
coil field, thus lowering the value of the reactive (imaginary)
component. This finally results in a comma-shaped normalized
impedance diagram. As can be seen from this illustration, the
reference number controls the data points shifting along the
curve. The effect of decreasing lift-off causes the impedance
curve to shrink, the smaller the value of lift-off, the closer the

C. Equivalent Electrical Conductivity
The phase signature lift-off invariance is significant in that it
indicates the existence of a relationship between phase angle
θ and the reference number. For the block and sandwichshaped samples under test using planar pancake coils, a linear
relationship has been observed between the cotangent of the
phase angle and the reference number r/δ through a least
square fit to the measured data of bulk materials [7]
r
cot θ = b + a .
δ

(3)

The electrical conductivity of the material σ is thus solved in
the value of
σ=

(cot θ − b)2
.
πµa2 r2 f

(4)

The values of parameters a and b in (3) and (4) are application dependent mainly on the coil sensor geometry and can be
calibrated using the measurement data of bulk materials.
For the cylindrically shaped samples under test using
solenoidal coils, the relationship can be described parametrically by expressing the reference number and phase angle θ
alone as
1
= X(θ).
√
r ωµσ

(5)

The electrical conductivity σ can be evaluated using the
precalculated values of X(θ) by
σ=

1
ωµ (rX(θ))2

(6)

where X(θ) can be calibrated based on the impedance curves
of bulk materials as their electrical conductivity σ is already
known.
D. Porosity Evaluation
The mean porosity ξ of foam is defined as (1 − ρ/ρs ) (%),
where ρ/ρs is the relative density defined as the density of
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foam ρ divided by the density of solid ρs of which it is made.
Actually, the mean porosity can be obtained by weighting the
foam and then dividing the weight of foam by that of solid in
percentage with the same external dimensions. For closed-cell
foams, the electrical conductivity is connected with porosity
(relative density) for porous metal foams in the following
relationship [8], which takes into account the fact that the
equivalent electrical conductivity decreases with the increase
in porosity
σ=

2K(1 − ξ)
σs
2K + ξ

(7)

where σs is the electrical conductivity of solid, K is a constant
determined by cell shape, and K = 0.3403 when the cell shape
is spherical. Thus, if the equivalent conductivity is known, the
mean porosity of the foams can be estimated through
ξ=

0.6806(σs − σ)
.
σ + 0.6806σs

(8)

Fig. 2. Coil sensors used in the applications. (Left) Planar pancake coils.
(Right) Solenoidal sensor.
TABLE I
PARAMETERS OF SENSOR GEOMETRY

III. M ETALLIC F OAMS AND C OIL D ESIGNS
A. Aluminum Foams
Sandwich-shaped and rod-shaped foams with a closed-cell
structure were investigated in the measurements. Sandwichshaped foams were manufactured using CaCO3 as the foaming
agent [9], which were produced using an Al–Si alloy with
10 vol.% of SiC particles (13 µm in size) as a stabilizer. Three
such foams were used as test samples, each having a size of
47.0 mm × 42.7 mm, but 4.5, 9.2, and 14.6 mm in thickness,
respectively. The sandwich-shaped foams under test all have a
porosity of approximately 85% and a pore size of about 1.5 mm.
In addition, two commercial foams were used in the testing.
Alporas foam has a surface area of 149.9 mm × 100.1 mm and
10.5 mm in thickness, whereas Cymat foam has a surface area
of 102.4 mm × 49.7 mm and 53.0 mm in thickness. They have
approximately same porosity of about 90% but with different
pore sizes (3 mm for Alporas and 6 mm for Cymat foam).
Rod-shaped foams were produced by a powder route [1].
Two aluminum rod foams with different porosities were used as
the rod-shaped samples. The porosities by weight are 71.83%
and 80.41% for rod foam 1 and rod foam 2, respectively. Both
foams are 10 mm in diameter and 200 mm in length and have a
pore size of around 1.0 mm.
B. Coil Geometries
Two types of sensor coils have been constructed purposely
to accommodate different shaped samples, which are based on
planar pancakes and solenoidal windings. Planar pancakes are
used to inspect block and sandwich foams, whereas solenoids
are used to test cylindrically shaped rod samples. Fig. 2 shows
the PCB pancake coil and solenoidal winding geometries,
respectively, used for the applications, where the geometry
parameters are described in Table I. In practical measurements,
double-coil arrangements are preferred, where one coil is used
for excitation purposes with a separate secondary coil used for

sensing. The excitation coil is used to generate a fluctuating
magnetic field whereas the sensing coil, placed concentrically
with the excitation coil, is used to detect the perturbation of
the primary field resulting from the presence of test sample.
The resonant frequency of the sensor is in the region of
2 and 3 MHz for solenoidal and pancake coils, respectively.
IV. E XPERIMENTAL R ESULTS
A Solartron SL 1260 impedance analyzer was used in the
tests, which can supply a sinusoidal signal with variable frequencies to the excitation coil of the sensor. The analyzer
recorded the ratios of the induced voltage across the sensing
coil and the current flowing through the excitation coil, obtaining real and imaginary parts of the gain and phase of the transfer
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Fig. 3. Lift-off effect on the eddy current signal. (Left) Impedance magnitude and (right) phase signature, where coil-to-sample spacing ranges from 1.5 to
10.5 mm and the overall swept frequencies are between 1.25 and 630 kHz.

impedance of the sensor. Coil impedance measurements in the
air were first made to normalize impedance calculations.
The selection of an effective operation frequency range is
normally critical, and this depends largely on the coil configuration and the properties of the foam samples. The selection of
lower operating frequency is largely dependent on the thickness
or radius of the test sample and is limited by signal to noise
performance of the measurement system due to the inductive
nature of the sensor. The electromagnetic skin depth at this
frequency should be comparable with the thickness or radius
of the sample to ensure that a sufficient volume of material is
probed. Lowering further the test frequency reduces the effectiveness of the coupling energy into the test object considerably,
thus resulting in low sensitivity measurements. In contrast, the
upper operating frequency should be selected at which the
electromagnetic skin depth exceeds the pore size of the foams
so that the impact of pore size of the foams can be fully
considered. The measurements can be made with a relatively
good accuracy at these intermediate frequencies ranging from
the selected lower frequency to the upper frequency. Take the
sandwich foam with a thickness of 9.2 mm and a pore size
of 1.5 mm as an example. Substituting δ = 9.2 mm into (1)
gives a lower frequency of around 600 Hz, for instance, when
σ = 5 MS/m. Supposing a much lower conductivity of foams
compared to that of bulks, 1.5 kHz is selected as the lower
operating frequency in practical calculations. Considering the
pore size of 1.5 mm of this foam, the upper operating frequency
should be in the region of 50 kHz, supposing the conductivity
of the porous foam is lower than 3 MS/m, which is obviously far less than the resonant frequency of 3 MHz of the
pancake coils.
A. Sandwich-Shaped Foams
Sandwich-shaped foams were examined with the planar
pancake coil arrangement as shown in Fig. 2. As described
earlier, impedance curves are highly affected by the lift-off.
Fig. 3 illustrates the variations of eddy current signal with liftoff and applied frequency in three-dimensional (3-D) form. In
this example, a sandwich foam 4.5-mm thickness is shown,
which describes the responses of impedance magnitude and
phase angle θ to both the coil-to-sample spacing ranging from
1.5 to 10.5 mm and the overall swept frequencies between
1.25 and 630 kHz applied at each distance. This demonstrates
again that impedance magnitude varies with the lift-off sig-

Fig. 4. Cotangent of phase angle against reference number (coil radius/skin
depth) for a variety of bulk materials under pancake coils.

nificantly; however, the phase signature is lift-off invariant.
Phase signature is therefore interested in characterizing eddy
current signal as it is only related with the material under test
as described earlier.
Three solid aluminum sandwiches and three solid brass sandwiches with similar sizes to the foams were tested to calibrate
the sensor coils as their electrical conductivity σ is already
known (σ = 37.67 MS/m for aluminum and σ = 18.0 MS/m
for brass). Fig. 4 gives the relationship between phase signature and reference number based on the measured data of
bulk materials, where x-axis represents the reference number
r/δ, which is proportional to the square root of operation
frequency, and y-axis as the cotangent of the phase angle.
A straight-line relationship was observed between two parameters for different bulk materials with a variety of thickness.
This can be numerically fitted through a least square fit to
the measured data, obtaining a = 0.6932 and b = −0.5545 in
(3). Hence, the calculation of electrical conductivity can be
achieved in terms of (4), as shown in Fig. 5. In this group test,
the frequency range best suitable for the foam with the intermediate thickness (9.2 mm) as discussed earlier is taken as the
compromise, namely, the low and upper operating frequencies

574

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 55, NO. 2, APRIL 2006

Fig. 6. Cotangent of phase angle against reference number (coil radius/skin
depth) for bulk materials under large pancake coils.
Fig. 5. Values of electrical conductivity for sandwich-shaped foams and bulk
materials, where the effective frequency range is between 1.5 and 50.0 kHz.
TABLE II
VALUES OF POROSITY MEASURED BY WEIGHT AND THOSE MEASURED
USING EDDY CURRENT SENSING TECHNIQUES FOR THE
ALUMINUM FOAMS TEST

Fig. 7. Values of electrical conductivity for commercial foams where the
effective frequency range is between 250 Hz and 2.0 kHz.

are 1.5 and 50 kHz, respectively. The values of equivalent
conductivity of the foams by taking a mean value within this
effective frequency range are about 2.28, 1.92, and 2.20 MS/m,
respectively. The values of solid aluminum and brass are also
displayed in the illustration as the reference in order to show
the relative magnitude of electrical conductivity of the foams.
The measured electrical conductivities of bulk aluminum and
brass are 35.62 and 18.40 MS/m, respectively, which implies
that the measurement error is within 5%. Table II gives the
values of porosity measured with the eddy current sensing
technique in comparison with those obtained by weight. The
measurement results for porosity are in good agreement with
those actual mean porosities measured by weight.
Now consider the application of this sensing technique to
commercial Alporas and Cymat aluminum foams. A relatively
large pancake coil sensor was constructed owing to the significant increasing dimension of the foam samples. In fact, this
large pancake coil sensor has the same test arrangement as the
pancake coils shown in Fig. 2 but with the geometry parameters
being chosen as: PCB board size d = 125 mm, initial square
d1 = 17 mm, final square d2 = 103 mm, and the number of
excitation/sensing coil is 35 turns. The relationship between
the cotangent of the phase signature and the reference number

based on the measured data of bulk materials is shown in Fig. 6,
from which the parameters a = 0.4584 and b = −0.8819 are
obtained. It is worth noting that a relatively lower frequency
(250 Hz) was chosen in this case due to the relatively large
thickness of these foams and, at frequencies below 250 Hz,
the measurement data became noisy because of the inductive
nature of the sensor. Meanwhile, the value of upper frequency
(2.0 kHz) is relatively small; this is mainly attributed to the
large pore size that commercial foams have (3 mm for Alporas
and 6 mm for Cymat foam). Fig. 7 shows the electrical conductivity of foams under an effective operation frequency between
250 Hz and 2.0 kHz. On this basis, the deduced equivalent
conductivities are 3.48 and 2.395 MS/m for Alporas and Cymat
foams, respectively. There is a relatively big difference between
the measurement porosities and the actual mean porosities for
the commercial foams as shown in Table II. The Alporas and
Cymat foams under test were found to have specific structures
such as the same material coatings on the foam surfaces. This
increases the relative density of the test foams due to solid
surface, thus increasing the measured equivalent conductivity,
which finally leads to the decreased mean porosities when
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√
Fig. 8. Inverse of reference number r ωµσ against the phase angle θ for
bulk materials under solenoidal coils.

calculated in terms of (8). These factors result in discrepancies
of the measurement results.
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Fig. 9. Values of electrical conductivity for rod foams and bulk materials,
where the effective frequency range is between 1.0 and 50.0 kHz.

Substituting X(θ) into (6) enables the electrical conductivity to
be calculated.
Fig. 9 illustrates the conductivity curves within the effective
frequency range between 1.0 and 50.0 kHz, which are determined by the radius of the foams and the pore size, respectively.
Values of equivalent conductivity are finally computed as follows: 5.10 MS/m for rod foam 1, 3.55 MS/m for rod foam 2,
35.75 MS/m for solid aluminum rod, and 16.5 MS/m for solid
brass rod. Porosities of rod foams have been obtained from
a relationship between electrical conductivity and porosity as
described in (7) and (8), and are also in good agreement with
those obtained by weight as given in Table II.

sample shapes (sandwich-shaped and rod-shaped foams). It has
been found that the phase-frequency response of the sensor
is relatively immune to coil-to-sample spacing and fill-factor
variations, from which the equivalent electrical conductivity of
the sample can be determined. The equivalent conductivity can
be converted into structural parameters such as mean porosity.
The appropriate selection of an effective operation frequency
range is critical in achieving reliable results, which depends
mainly on the coil configuration and the properties of the foam
sample. The lower operating frequency should be selected at
which the electromagnetic skin depth is comparable with the
thickness or radius of the sample to ensure that a sufficient
volume of material is probed. The upper operating frequency
should be selected at which the electromagnetic skin depth
exceeds the pore size of the foams so that the impact of pore size
of the foams can be fully considered. The research has demonstrated the potential of using this nondestructive testing technique in characterizing and further recognizing the properties
of metallic foams.
Further work includes analytical forward problem solution
for coil impedance change due to the presence of foams. The
work also includes metallic foam eddy current simulations
using the finite-element method to fully investigate the impact
of the macrostructures of the foams on their electrical properties
and further to establish a more accurate relationship between
the equivalent electrical conductivity and the mean porosity. It
is believed that the application of eddy current sensing holds
very significant promise for the future industrial process in
metallic foams.
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B. Rod-Shaped Foams
In the same procedure, the relationship between reference
number and phase angle was first built up prior to conductivity
evaluation. In Fig. 8, values of the inverse of reference number
√
r ωµσ are plotted against the phase angle θ for bulk aluminum
and brass materials of similar sizes to rod foams. A polynomial
expression can be used to best fit numerically to these measured
data, i.e.,
X(θ) = −0.0018 + 0.0053θ − 3.6852 × 10−5 θ2
− 2.6145 × 10−7 θ3 + 7.6855 × 10−9 θ4 . (9)
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