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We measured the electrical conductivity o of aluminum specimen consisting of submicron-grains by
observing the AC magnetic susceptibility resulting from the eddy current. By using a commercial
platform for magnetic measurement, contactless measurement of the relative electrical conductivity
o, of a nonmagnetic metal is possible over a wide temperature (7)) range. By referring to o at room
temperature, obtained by the four-terminal method, o (T) was transformed into o-(T’). This approach
is useful for cylinder specimens, in which the estimation of the radius and/or volume is difficult.
An experiment in which aluminum underwent accumulative roll bonding, which is a severe plastic
deformation process, validated this method of evaluating o~ as a function of the fraction of high-angle
grain boundaries. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4950868]

I. INTRODUCTION

The standard approach to measuring electrical conduc-
tivity is the so-called four-terminal method, in which two
terminals for current and two terminals for voltage are
prepared. In studies of the electrical properties of samples with
a characteristic size on the micrometer scale, this approach
requires special techniques to prepare four terminals on
the micrometer samples. In particular, it is very difficult to
construct the setup for measuring the electrical conductivity
of nanocrystals, nanotubes, or both. The contactless electrical
conductivity measurement is useful for examining the above
case.

Contactless electrical conductivity measurements gener-
ally use (1) the induction current (e.g., eddy current),'”
2)a torque,6 (3) a force (the Lorentz force,’ dielectric force,®
or atomic force® "), (4) reflected electromagnetic waves,'>'4
or (5) resonance.””> These methods are applied to macro-
scopic measurements, such as the evaluation of an entire bulky
sample,'>"'* and microscopy, such as tomography'® or imag-
ing of nanomaterials (e.g., nanoparticles®!!, nanowires,!”
and biological tissues'3-?’). Macroscopic methods have been
applied, for example, to the study of nonferromagnetic metals
with unique shapes,’ liquid metals,® aerodynamically levi-
tated melts,>' nanoparticles,’”” and semiconductors.'>”'* In
semiconductors, an AC field at a high frequency (up to the
gigahertz level) is applied to the target material.'>~'* However,
this contactless approach has not been used for electrical
study of condensed matter at temperatures from liquid helium
temperature to room temperature.>! This method does not
require the preparation of electrical terminals on the target
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material, so it offers many benefits for the study of condensed
matter physics.

Below we review the contactless electrical conductivity
measurement using the eddy current via the AC susceptibility
of a cylinder sample. In SI units, a dimensionless frequency 6>
is defined as

6% = 21 f poora’, D

where f is the frequency of the AC magnetic field Hac
= hsin2xft (where h is the AC field amplitude, and ¢ is
time), uo is the permeability of free space, o is the electrical
conductivity, and a is the radius of the cylinder specimen.??
Eq. (1) means that if a and the volume V of a specimen can be
estimated, we can evaluate o from the AC susceptibility in the
ST units. In the low frequency limit (6 — 0), o of the nonmag-
netic infinite cylinder is changed via the out-of-phase AC
susceptibility (y”’) as y”" = 6%/8.! The deviation of o~ via y”’
is applicable to weakly magnetic conducting disks.? Next this
approach is expanded to conducting disks with finite aspect
ratios (y = [/a, here 2[ is the thickness of the cylinder)?® via
the finite-element method, with the help of numerical studies
of the magnetometric demagnetizing factors.>*?> Additionally,
in 2010, Chen and Skumryev measured o over the wide f
range and wide temperature (') range, as described in detail in
Sec. II, and its approach was used to calibrate the eddy current
effect due to metallic parts of the equipment itself around the
detection coils in the AC magnetic susceptibility measurement
system.22

Herein, we apply the above approach for the contact-
less measurement of the relative electrical conductivity o, at
temperatures over the wide temperature range for the speci-
mens, in which it is difficult to evaluate a and V. In this method,
the eddy current is generated under an AC magnetic field.**?

Published by AIP Publishing.
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As the frequency of the AC magnetic field increases, the
eddy current increases. The skin depth is, however, inversely
proportional to the square root of the frequency, so that at
high frequencies, the skin effect must be considered.? Thus,
a low frequency is desirable for conventional evaluation. This
contactless measurement of 0,(7") would be applicable to the
study of nanocrystalline metals, complex materials with mi-
crosize grains, liquid metals, and so on.

Now, this contactless approach of o(T) is used for indus-
trial materials, in which it is difficult to evaluate the volume
precisely and the skin effect cannot be ignored perfectly. With
the help of the four-terminal method at room temperature, the
data of o7 (T') can be transformed into those of o-(T). The above
combined approach is useful for the comparison of o(T) over
some industrial materials, because the measurement error of
V does not influence the evaluation of o.

Severe plastic deformation (SPD) processes such as accu-
mulative roll bonding (ARB) [Fig. 1(c), inset]**?” and high-
pressure torsion?®2° are an effective approach to deformation
of the microstructure of a material with an accompanying
decrease in the grain size. The ARB process is described
in detail later. In this process, the density of grain bound-
aries increases as the grain size decreases. The grain bound-
aries strongly affect the mechanical strength. The microsize
grains, mechanically created using SPD, are considered to
be randomly linked to each other at grain boundaries. For a
material with many grain boundaries, when considering a sim-
ple path of electrical conductivity, the four-terminal method
detects the summation of (1) the electrical resistance within
each grain and (2) the concentrated resistance due to the point
contacts bridging many grains, which are located between
electrical contacts [see Fig. S1(a) of the supplementary mate-
rial].>® The influences of vacancies and dislocations are also
assumed to be present.’! Indeed, we experimentally observe
these parallel connections. In single pure metals such as Al,
Cu, Ag, and Au, conventional electrical conductivity measure-
ment to investigate the influence of the plasticity requires
a long specimen with a small cross section because of the
high electrical conductivity of these materials. For instance,
in a study of a commercial-purity aluminum with a purity
of 99.1 wt.% (two-nine),*'*? denoted as 2N-Al, the prepared
size was about 1 mm X 1 mm x 180 mm.3'3 Indeed, in low-
temperature measurements of the electrical conductivity, the
effect of plasticity is easily observed because lattice vibration
has less effect. In this setting, however, it is difficult to cool a
long specimen to the liquid helium temperature and stabilize
the sample temperature at an arbitrary value. On the other
hand, contactless electrical conductivity using eddy currents
can be used to detect the summation of (1) the electrical
conductivity within each grain and (2) that via several grains,
which are located between electrical contacts [see Fig. S1(b)
of the supplementary material].>** When the grains are linked
weakly, the former becomes the main contribution. Indeed, in
the specimens with grains strongly linked each other, the data
observed in this contactless approach should be consistent with
those in the four-terminal method.

The eddy current increases with increasing AC magnetic
field according to the Faraday law. The contactless approach
of o(T) using the eddy current is promising for metallic
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materials, in which the evaluation of the volume is difficult.
Further, investigations of the strain release just after SPD
hesitate the time-consuming preparation of electrical contacts.
Furthermore, the contactless procedure enables us to use
the same sample in studies of the effects of annealing so
that there is no sample dependence in a series of annealing
experiments.

In this paper, we describe the method of contactless elec-
trical conductivity measurement of o(7T') for the industrial
materials and transform o (T) into o(T) by referring to o
at room temperature, obtained by the four-terminal method.
Finally, we illustrate the benefits of the above method by
presenting a successful study on the correlation between the
electrical conductivity and the microstructures in 2N-Al expe-
riencing the SPD process.
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FIG. 1. Analytic flow of contactless electrical conductivity measurement
using a magnetometer. (a) Amplitude of the AC magnetic response (A) as
a function of frequency f in aluminum after the accumulative roll bonding
(ARB) process with a cycle number N, of 10. (b) Normalized AC response
obtained by multiplying f by a normalization factor proportional to the
electrical conductivity (o). (c) Electrical conductivity normalized by that
at 5 K as a function of T'. Insets show the Al-ARB-7c¢ sample and the ARB
process. Sample diameter is approximately 4.8 mm, so it is a suitable size
for insertion into a commercial SQUID magnetometer. Each specimen has a
mark to indicate the direction of roll bonding, as seen in the inset of (c).
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Il. CONTACTLESS ELECTRICAL CONDUCTIVITY
MEASUREMENTS

As mentioned above, Chen and Skumryev investigated
the eddy-current demagnetizing effects to evaluate o for wide
f-and T- ranges: Both the amplitude of the AC magnetic
susceptibility and its phase delay versus the AC field are
normalized with respect to a dimensionless frequency 6>
related to both the frequency of the AC field (f) and the
measurement temperature (7) as shown in Eq. (1).?> On
the right-hand side of Eq. (1), the physical quantity as a
function of T is the electrical conductivity o. When the
electrical conductivity of a targeted material with a constant a
is studied as a function of 7, the AC magnetic magnetization
M = AsinQ2x ft — ¢) is measured at a fixed T as a function of
f. Here, A is the amplitude of AC magnetic response, and ¢
is the phase delay against the AC field.

In the present study, we measured the magnetization
M under an AC magnetic field A sin(27ft) by a commer-
cial superconducting quantum interference device (SQUID)
magnetometer. Figure 1 shows the flow of the experimental
procedure using the data for 2N-Al experiencing SPD
(y ~ 0.22). Specimen preparation is described in the next para-
graph. Figure 1(a) shows the f dependence of the amplitude
of the AC magnetic response (i.e., the AC magnetization) M.
The volume of specimens used in this study was on the order
of 20 mm?; each specimen had a mark to indicate the direction
of roll bonding [see the inset of Fig. 1(c)]. In practice, it is
difficult to evaluate the volume at an accuracy on the order of
0.1 mm?. Therefore, we prefer the CGS unit to the SI unit as
the unit of A, so that we cannot estimate the absolute value of
o from A. First, we notice that monotonous increases in both A
[Fig. 1(a)] and |¢#| are measured with increasing f. According
to Chen and Skumryev, both A and ¢ must be normalized using
f multiplied by o. For instance, in Fig. 1(b), all data of A
are normalized by the data at the minimum temperature in
these measurements, 7 = 5 K, so the normalization factor with
respect to the horizontal axis is the relative electrical conduc-
tivity o, against thatat 7 = 5 K. Here, o is a function of T'. As
for ¢, the normalization procedure to evaluate o, especially
at high f, is confused by the eddy current effects intrinsic to
the equipment. The analytic results on A are more confident
than those on ¢. Thus, we obtain the temperature dependence
of o, as shown in Fig. 1(c). In the analysis of Fig. 1(b), there
is only one fitting parameter that is o-,,. This evaluation method
of o, is valid in emu units as well as SI units.

Commercial 2N-Al sheets underwent SPD by the ARB
process.’®?” The initial sheets of commercial 2N-Al were
annealed at 400°C for 30 min, and the mean grain size
was 24 um. ARB was performed at room temperature using
a two-high rolling mill, and the surfaces of the rolls were
lubricated by machine oil to reduce the friction of the
surface. The ARB process repeats the procedures of cutting
a sheet in two, applying a surface treatment, stacking the
two sheets, and roll bonding; the huge plastic strain produces
ultrafine grains that are smaller than 1 um.?**’ A specimen
processed by ARB for N cycles is denoted as an ARB Nc
specimen. In this paper, we also present information on the
microstructures of the ARB-processed specimens observed
by electron back-scattering diffraction in a scanning electron
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microscope with a field emission gun. We focus on the
fraction of high-angle grain boundaries (HAGBS), fuacsss
and the mean separation of HAGBs is considered to be
equal to the conventional grain size, D, both of which
were evaluated using grain boundary maps. Here, HAGBs
are boundaries having misorientation angles larger than 15°.
Before the present experiment, we successfully evaluated
the electrical conductivity of silver microcrystals (325 mesh,
average size of 4 um), whose total mass was approximately
370 mg. We found that if the target material is a good
electrical conductor without magnetic impurities, this con-
tactless electrical conductivity measurement does not require
a specimen with large volume. In this paper, the method will be
validated by electrical conductivity measurements of 2N-Al
after SPD. Four measurement specimens, AI-ARB 7c—10c,
were prepared by electric discharge processing, as shown in
the inset of Fig. 1(c), so that their diameter and thickness
were about 2a = 4.81 £ 0.01 mm and 2/ = 1.08 = 0.08 mm,
respectively: The aspect ratio y was approximately 0.22. At
room temperature, the skin depth of Al at f =1 kHz is
approximately 2.5 mm. There an AC field of 4 = 4.0 Oe with a
frequency of up to 1 kHz penetrates the specimens. However,
at liquid helium temperature, o increases up to approximately
twenty times as large as that at room temperature, so that
the skin depth decreases down to less than 1.0 mm. When o
further increases by annealing, the frequency range must be
reduced to the level of 0.5 kHz. The masses of these specimens
were 48.9, 52.2, 54.1, and 54.8 mg, respectively. The AC
magnetic field was applied in the thickness direction. As N
increases from 7c to 10c, D is almost unchanged, whereas
fHAGBs continues to increase slightly.31 In the process, the
dislocation density is also almost unchanged, and the density
of grain boundaries increases, resulting in an increase in the
electrical resistance at T = 77 K.3! Further, each specimen was
annealed for 30 min in an air atmosphere at a temperature Ty,
of up to 400°C. We represent T;,, using the unit of degree
Celsius for the sake of simple mathematical expressions,
whereas the temperature used in the electrical conductivity
measurements is expressed in kelvins.

lll. MEASUREMENTS FOR AL-ARB

The specimens used in the present measurements were
disks with y ~ 0.22. Prior to presenting the data of electrical
resistivity p(T') and conductivity o-(T) as a function of 7', we
consider the influence of the demagnetizing field. The demag-
netizing factor (Ng) depends on both the value of y and the
magnitude of susceptibility. Based on the data of Fig. 1(b) and
the table of Ny values in the literature,” Ny can vary over the
range of 0.60-0.64. However, the demagnetizing field NgA is a
few percent of & at most. Indeed, analysis of the demagnetizing
field has little influence on the estimation of o-,. The effect of
skin depth rather than the demagnetizing field may influence
the observed value of A. In this study, the demagnetizing field
is ignored in the series of analyses. The electrical resistivity
measurements by Miyajima et al. showed that p(T = 300 K)
does not depend on the cycle number of the ARB process for
N; =7-10 cycles and that its value remains approximately
32 nQm.?! Now this value becomes the standard value, so
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FIG. 2. Temperature dependence of electrical resistivity p for Al-ARB
7c—10c (N, =7-10 cycles). Both horizontal and vertical axes use a logarith-
mic scale. In the inset, the temperature dependence of electrical conductivity
o (=1/p) is presented using the horizontal axis with a logarithmic scale. It
is known that the electrical resistivity at 7' =300 K does not depend on N,
which has a value of approximately 32 nQm 3!

that the values of o(T =300 K) for N, = 7-10 cycles are
transformed into o = (32 nQm)~".

Figure 2 shows the T dependence of p(=1/0) and o
for non-annealed AI-ARB 7c—10c (N, = 7-10 cycles) in both
linear and logarithmic T-scales. For reference, the data of p(T')
using two linear scales are prepared, as shown in Fig. S2 in
the supplementary material*® At T > 300 K, p(T) does not
dependon N.. AtT = 80K, there is an increase in p of 0.2 nQm
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for the change in N. =7 — 10; this result is quantitatively
consistent with the results at 7 = 77 K by Miyajima et al.’' As
T decreases, the effect of SPD becomes significant. Figure 2
shows that o, rather than p, is suitable for evaluating the SPD
effect. When we carefully consider the T region of residual
resistance, the decrease in o is remarkable as N, changes from
9 to 10.

Figure 3 shows the effects of annealing on o for Al-
ARB 7c-10c. For instance, at N = 7 cycles, as the annealing
temperature (Tyy,,) increases, o-(T = 5 K) increases, whereas
it turns to decrease at a T,,, of approximately 230 °C. The
magnitude of (T = 5 K) at T, = 400 °C is located between
that at T,,, = 180 °C and at Ty, = 200 °C. This annealing effect
was also observed at the other annealing temperatures. For all
values of N, o(T') has a maximum at approximately 230 °C,
and, interestingly, the magnitude is almost independent of N..

The phenomenon described above is clearly illustrated
in Fig. 4, which shows the T,,, dependence of o(T =5 and
75 K) for AI-ARB 7c—10c. All of the Al-ARB materials exhibit
a similar T,,, dependence. For T, of up to 230 °C, AlI-ARB
10c exhibits the largest difference between p(T = 5 K) before
annealing (RT) and after annealing at T,,, = 230°C. Here,
p(T =75 K) also behaves similarly to p(T = 5 K). The elec-
trical resistance for a Ty, of up to 250 °C has already been
measured at 77 K by the contact four-probe method, and the
results obtained there are consistent with the present data.>

Figure 5 shows the effects of annealing on the metallo-
graphic structure represented by the grain size (D) and HAGB
density (fuacs) for AI-ARB with N, = 10 cycles, presented by
Terada (one of the authors) et al.>* As Ty, increases, D con-
tinues to increase, whereas fyagp has a minimum at approx-
imately 230°C. The above change in D is consistent with
the data in a previous study.’® If the increase in D was an
intrinsic factor in the change in o, then o, would increase
with increasing T,,,. This scenario is, however, inconsistent
with the experimental facts. The initial decrease in fyags
shows that the metallographic structure tends to be uniform,

)

o [(nQm) ']
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I N =7

®) |

—e— RT \
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FIG. 3. Temperature dependence of electrical conductivity o= for annealed AI-ARB 7c—10c (N.=7-10 cycles) at the annealing temperature (Tynn). RT means

room temperature.
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FIG. 4. Annealing temperature (T,,) dependence of electrical resistivity p
at T =5 K and 75 K for annealed AI-ARB 7c—10c (N, =7-10 cycles). Solid
curves for AI-ARB 10c are guides for the eyes.

suggesting a reduction in electronic scattering at the grain
boundary. The dislocation density also has a minimum at
approximately 200 °C.* Indeed, these behaviors of the struc-
tural misorientation are physically consistent with the increase
in o (and the decrease in p). The T,,, values at the minimum

5
(a)
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T, [Cl

80
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S50 100 150 200 250 300

T L€
FIG. 5. Annealing temperature (73nn) dependence of (a) the grain size (D)

and (b) the fraction of the high-angle grain boundaries (HAGBs) fuags for
AI-ARB 10c.
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fuacs and minimum dislocation density are consistent with
that at the maximum o (i.e., the minimum p), as seen in
Fig. 4. Thus, o reflects the degree of structural misorientation
rather than the grain size. For reference, the starting sheets
prior to the ARB process were annealed at 400 °C, which was
sufficiently high for Al. Hereafter, its metallographic structure
does not significantly change for additional annealing below
400 °C.

To quantitatively investigate the effects of annealing on
the electrical conductivity, it is desirable to continue to use
the same sample over a series of measurements. If the contact
method is adopted, the electrode is oxidized in the process of
annealing, and the measurement reliability may be reduced.
The present contactless method easily eliminates this disad-
vantage. We have successfully measured the electrical conduc-
tivity of assembled silver nanopowders, each of which has
a size of approximately 3 nm (see Figs. S3 and S4°°of the
supplementary material), as well as silver micropowders with a
size of approximately 4 um (see Fig. S5’ of the supplementary
material). The present contactless method is applicable to a
nonferromagnetic metal with a wide range of volumes. It has
the advantage of providing easy evaluation of the structural
strain using a conventional magnetic measurement.
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