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1. Introduction

Noninvasive techniques based on impedance changes have been
developed for a long time using electromagnetic fields[1–4] to
monitor the electromagnetic properties of samples. The imped-
ance of an antenna or coil system depends on the frequency
of the electromagnetic field, its electrical resistance, capacitance,
and inductance. Such magnitudes are determined by a combina-
tion of the geometry and electromagnetic properties of the
medium (electric conductivity and magnetic permeability). The
large number of possible combinations of the involved physical
parameters explains the broad adaptability of the method to dif-
ferent cases and accounts for the wide spectrum of applications

in which impedance has been reported to
be used as a sensing variable for some elec-
tromagnetic properties.

More complete studies related to the
shielding of electromagnetic fields pro-
duced by coils parallel or perpendicular to
a plane shield were carried out by Moser[5]

and Bannister,[6,7] as summarized by
Celozzi et al.[6] In particular, Celozzi et al.[6]

indicated that the nonlinear magnetic behav-
ior of ferromagnetic materials introduces
distortion in the transmitted fields that dras-
tically changes their harmonic contents.

In this study, the possibility of using the shielding strength
produced by a metallic sheet for a rapid estimation of its conduc-
tivity and permeability fluctuations in ferromagnetic sheets was
analyzed experimentally after an adequate approximation within
the shielding standard theory was introduced.[5–8] The approxi-
mation considered and the experiments indicate that the method
makes it possible to detect the fluctuations of the electromagnetic
properties along the sheet surface used as a shielding material.

This study aimed to demonstrate the possibility of detecting
fluctuations in the electromagnetic properties, such as magnetic
permeability and electrical conductivity, of a metallic and
ferromagnetic sheet by rapid measurement of its shielding
coefficient—for instance, in railways to predict possible breaking
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In this report, a method is proposed for determining the fluctuations of physical
and structural properties in metallic ferromagnetic samples by magnetic scan-
ning. The method is based on the shielding of a circular loop electromagnetic field
source using a ferromagnetic and metallic sheet. The shielding of the electro-
magnetic field depends on the field frequency and amplitude as well as the
electrical conductivity and magnetic permeability of the sheet. The proposed
method does not require winding around the sheet. The experimental AC
shielding results are reported.
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by accumulative residual stresses. The method does not provide a
precise determination of these properties, but rather a quick
detection of their fluctuations that can originate from residual
stress distribution, compositional fluctuations, fatigue, or
recrystallization.

Initially, the theory of the ideal case of shielding of the
magnetic field produced by a single circular coil is introduced.
Second, the influence of frequency on the measurement and
the general experimental conditions are discussed, keeping in
mind the properties of the steel and carbon. Subsequently, exper-
imental results are shown. The results obtained for the railway
illustrate the sensitivity of the method to the electromagnetic
property fluctuations. Finally, the conclusions are outlined
briefly.

2. Theory

The theory applied to solve shielding problems has been based
on three analytical techniques: 1) thin shield analysis; 2) transmis-
sion theory of shielding; and 3) exact solution of the wave
equation.[5] Here, the last of these procedures is used.

A coil with radius r0, carrying an AC current I0eiωt. The coil is
contained in the x–y-plane, parallel to the surface of a metallic
ferromagnetic sheet of thickness d and at a distance h measured
along the z-axis, as depicted in Figure 1. An attempt is made to
determine the field at any point placed at the same distance d of
the sheet, and at a distance r´ from the coil axis, but on the
opposite side, as shown in the figure. The dimensions of the
sheet along the y-axis, Δy, are larger than r0, whereas its length
Δx! ∞. When the distance r� ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r20 þ ð2h � dÞ2p
is less than

the free space wavelength, the term associated with the displace-
ment current or the propagation constant of air can be
disregarded.[9] Therefore, the vector potential, AΦ, verifies the
Laplace equation, ΔA¼ 0 or

∂2AΦ

∂r2
þ 1

r
∂AΦ

∂r
� AΦ

r2
þ ∂2AΦ

∂z2
¼ 0 (1)

Here, AΦ should contain only one term owing to the primary
coil current, AΦc, which becomes[9]

AΦc ¼
μ0I0r0

2

Z
∞

0
e�kjzjJ1ðkrÞJ1ðkr0Þdk (2)

where the origin of the z-axis is taken at the center of the primary
coil and J1ðkrÞ is the corresponding Bessel function.

In the absence of the metallic sheet, the magnetic field com-
ponent along the z-axis at the center of the pickup coil (r¼ 0)
becomes[7]

B0zðz ¼ 2h þ d, r ¼ 0Þ ¼ ð∇xAΦcÞz ¼
∂AΦc

∂r
� 1
r2
AΦc

¼ μ0I0
2

Z
∞

0
ke�kjzjJ1ðkr0Þdk

(3)

After introducing the metallic sheet with relative magnetic
permeability μr and electric conductivity σ, the vector potential
is modified in the three regions: 1) z< h, 2) h< z< hþ d,
and 3) z> hþ d. The new vector potential at each region can
be expressed as follows:

In region 1, it becomes AΦc þ AΦec1 ¼ AΦ1, where AΦec1 is the
vector potential created by the eddy currents induced in the
metallic sheet, and can be written as

AΦ1 ¼
μ0I0r0

2

Z
∞

0
ðe�kjzj þ D1ðkÞekzÞJ1ðkrÞJ1ðkr0Þdk (4)

Similarly, the potential vector in regions 2 and 3 can be
expressed as

AΦ2 ¼
μ0μrI0r0

2

Z∞
0

D2ðkÞe�
ffiffiffiffiffiffiffiffiffi
k2þγ2

p
z þ D3ðkÞe

ffiffiffiffiffiffiffiffiffi
k2þγ2

p
z

� �

� J1ðkrÞJ1ðkr0Þdk
(5)

AΦ3 ¼
μ0I0r0

2

Z
∞

0
D4ðkÞe�kzJ1ðkrÞJ1ðkr0Þdk (6)

Inside the metallic ferromagnetic sheet, region 2, the vector
potential verifies, instead of Equation (1), the following
Poisson equation:

∂2AΦ

∂r2
þ 1

r
∂AΦ

∂r
� AΦ

r2
þ ∂2AΦ

∂z2
¼ �μjΦ (7)

where μ is the magnetic permeability of the sheet and jΦ holds for
the eddy current density. Therefore, jΦ ¼ iωσAΦ, where σ is the
conductivity of the sheet.

The solutions of Equation (7) have the form of sums over

k of either AðkÞI1ðkrÞe�ikz or AðkÞJ1ðkrÞe�
ffiffiffiffiffiffiffiffiffi
k2þγ2

p
z, with

γ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iωσμ0μr

p
and a corresponding skin depth, δ ¼

ffiffiffiffiffiffiffiffiffiffiffi
2

ωσμ0μr

q
: To

make it easier to include the boundary condition, the
second type of solution is considered.

Equation (5) makes it possible to infer the eddy current density

jΦ as �σ ∂AΦ2
∂t .

The correct expressions of the four different Di(k) functions
can be found from the boundary conditions at z¼ h and

Figure 1. Scheme of primary and secondary coils with a metallic sheet in
between and definition of geometrical parameters.
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z¼ hþ d, which corresponds to the continuity of AΦ, at
z¼ h, AΦðz ¼ hþÞ ¼ AΦðz ¼ h�Þ, and, at z¼ hþ d, AΦðz ¼
ðh þ dÞþÞ ¼ AΦðz ¼ ðh þ dÞ�Þ, as well as the continuity of the
tangential component of the magnetic fieldH. This last condition
implies conservation at z¼ h and z¼ hþ d of

Hri ¼
1

μ0μr

∂Aϕi

∂z
(8)

By solving these algebraic systems of the four variables Di, the
following value is obtained for the constant included in AΦ3:

D4 ¼ 4C

ffiffiffiffiffiffiffiffiffiffi
k2þ2

p

k
μre�dð

ffiffiffiffiffiffiffiffiffi
k2þγ2

p
�kÞ (9)

where C verifies the following relation

C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ γ2

p
k

þ μr

 !
2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ γ2

p
k

� μr

 !
2

e�2d
ffiffiffiffiffiffiffiffiffi
k2þγ2

p" #�1

(10)

After introducing the metallic sheet, the z-component of the
magnetic field along the coil axis is

Bzðz ¼ 2h þ d, r ¼ 0Þ ¼ ∂AΦ3

∂r
� 1
r2
AΦ3 (11)

According to Equation (6), (9), and (11), Bzðz ¼ 2h þ d, r ¼ 0Þ
becomes

Bzðz ¼ 2h þ d, r ¼ 0Þ ¼ 2μ0μr I0r0

Z∞
0

C
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ γ2

p
J1ðkr0Þ

� e�k2h�d
ffiffiffiffiffiffiffiffiffi
k2þγ2

p
�k

� �
dk

(12)

Therefore, the ratio between the fields observed at the center
of the pickup coil before and after the introduction of the metallic
sheet achieves an index of the shielding effectiveness. According
to Equation (3) and (12), such a ratio is given by

B0z

Bz
¼ 1

4μr

R
∞
0 ke�2hkJ1ðkr0ÞdkR

∞
0 C

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ γ2

p
J1ðkr0Þe�2hke�ddk

(13)

2.1. DC Shielding

For a DC current flowing through the primary or source coil
γ¼ 0, Equation (10) leads Equation (13) to become

B0z

Bz
¼ 1

4μr

R
∞
0 ke�2hkJ1ðkr0ÞdkR∞

0 ½ð1þ μrÞ2 � ð1� μrÞ2e�2dk��1ke�2hkJ1ðkr0Þdk

≅
ð1þ μrÞ2

4μr

(14)

where the term ð1� μrÞ2e�2dk has been neglected with respect
to the term ð1þ μrÞ2. Such an approximation is stronger as d
becomes larger than 2 h.

Here, ∫ ∞
0 ke

�2hkJ1ðkr0Þdk ¼ r02

ðr20þ4h2Þ32
, which, by considering

Equation (3), yields B0zðz ¼ 2h þ d, r ¼ 0Þ, in agreement with
the magnetostatic field produced by a current loop along its axis.

It is important to remark that DC shielding measurements
using ferromagnetic sheets show the nonlinearity of the magne-
tization curve, that is, the magnetic susceptibility depends on the
applied field. The theory is found on the basis of constant per-
meability that in the case of a ferromagnet implies a constant
frequency and applied field. Therefore, in this case, the analysis
of the relation between experimental results and this theory
should be attempted under constant frequency and applied
field strength conditions. Bannister[7] has shown some measure-
ments of shielding by steel sheets as well as its comparison
with theory.

2.2. AC Shielding (Low Frequency, that is, ω¼ 2πν< 105 s�1

or λ> 104 m)

For this frequency range, the vacuum wavelength is larger than
10 km, and the displacement current is negligible, as assumed in
the theoretical development previously indicated. However, for a
sheet thickness, d, of 0.015m, relative permeability μr ¼ 50,
(this value is apparently rather low but it is justified by shape
geometry, that reduces the effective relative permeability along
the not-easy directions, and by the relative high frequency of
the field[10]), and conductivity of 5� 106 ðΩ · mÞ�1, which is typ-
ical of carbon steel, the skin depth of the sheet for ν¼ 1000Hz
becomes δ¼ 0.0027m. The distance between any point of the
loop and the measuring point is given by

r� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r20 þ ð2h � dÞ2

q
¼ 0.0616m (15)

where the following values have been considered r0¼ 0.02m,
h¼ 0.035m, and d¼ 0.012m. The ratio r�

δ � 11.
When r�

δ > 10, Bannister[5,7] has shown that the propagation

constant inside the metallic sheet
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ γ2

p
can be considered

to be γ; therefore, C is then given by

C ¼ γ

k
þ μr

� �
2 � γ

k
� μr

� �
2
e�2dγ

h i�1
(16)

where γ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iωσμ0μr

p ¼ 1þiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωσμ0μr

p ¼ 1þi
δ .

The value of C can be approximated to simpler expressions
for the two opposite conditions: 1) for nonmagnetic metallic
sheets, the condition jγj ≫ kμr is often achieved, where the max-
imum relevant k is on the order of 1

r; and 2) for a metallic mag-
netic shield, in general, it is verified that kμr > jγj. Under this last

condition, the term C
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ γ2

p
≅ Cγ becomes

Cγ ≅
γ

μr
2 (17)

and Equation (12) can then be rewritten as

Bzðz ¼ 2h þ d, r ¼ 0Þ ≅ 2μ0I0r0e�d

μr

Z∞
0

J1ðkr0Þe�k2hdk (18)
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For 2h> r0, the integral in Equation (18) can be expressed as

Z∞
0

J1ðkr0Þe�k2hdk ¼ r0
r�ðr� þ 2hÞ (19)

Hence, Bz at the center of the pickup coil is

Bzðz ¼ 2h þ d, r ¼ 0Þ ≅ 2μ0I0r0γe�γd

μrr�ðr� þ 2hÞ (20)

It is worth to remark the independence of Bzðz ¼ 2h þ d, r ¼ 0Þ
on the relative position of the sheet between the two coils is
pointed out, provided that the distance between them, dþ 2h,
remains constant. The calculations have been performed under
the assumption that both coils are at the same distance, h, from
either side of the sheet. If the coil system is translated a distance
ψ< h along the z axis, both coils are at distances hþψ and h –ψ,
respectively. However, note that the field produced by the
primary coil is attenuated through air a total distance h, indepen-
dent of ψ, and a distance d through the metallic sheet. As a con-
sequence of the exponential dependence depicted by expressions
(2), (4), (5), and (6), the value of Bzðz ¼ 2h þ d, r ¼ 0Þ does not
depend on ψ, as derived from Bannister calculations.[7]

This property is the more relevant one associated with the use
of two coils, since it allows rapid measurements carried out by
translating the coil system along the sheet. Note that possible
small lateral displacements of the coil system with respect to
the sheet, along the z-axis, become normally unavoidable.
When only a coil is used, by measuring its self-inductance,
any small translation along the z axis can induce changes in
voltage larger than those originated by the electromagnetic prop-
erties fluctuation of the sheet.[5]

3. Experimental Results

For detecting fluctuations in the electromagnetic properties of
the sheet, we induced an alternating magnetic field, B, by passing
an AC current on the primary coil with frequency ω. The induced
voltage at the secondary coil was given by

V ¼ i · ω ·
I

Aϕ3 · r0 · dϕ

¼ i · ω · α · Bzðz ¼ 2h þ d, r ¼ 0Þz
(21)

where Aϕ3 is given by Equation (6), and α is a geometrical
parameter, fixed by the dimensions of the coils and the
distance between them. It was considered that radii of
primary and secondary coils were equal to each other with the
value r0.

Any fluctuation of permeability and/or conductivity induced a
fluctuation of the value given by Equation (21). Note that γ and μr
changed when μr fluctuated and only γ when the conductivity
fluctuated.

After substitution of Bz value given by Equation (20) in
Equation (21), the relative change of the voltage induced by
permeability, Δμr, or conductivity, Δσ, fluctuations could be
expressed as

ΔV
V

¼ ΔBz

Bz
¼

Δ γe �γdð Þ
μr

� �
γeð�γdÞ
μr

� � (22)

Considering an increment Δμr (an identical procedure was valid
for an increment of conductivity), the relative change of voltage
obtained by derivation with respect to μr could be expressed at its
first order and according to Equation (22) as

ΔV ¼ Δ
γ

μr

� �� �
· eð�γdÞ þ γ

μr
· Δðeð�γdÞÞ (23)

so

ΔV
V

¼
Δð γμrÞ
ð γμrÞ

þ Δeð�γdÞ

eð�γdÞ ! ΔV
V

¼
Δ

ffiffiffi
σ
μr

q
ffiffiffi
σ
μr

q þ Δeð�γdÞ

eð�γdÞ (24)

Hence,

ΔV
V

¼ � 1
2
Δμ r

μ r
� ψ

Δμ rffiffiffiffiffiμ r
p (25)

where ψ is the real component of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iωσμ0d2

p
.

Expression (25) illustrates the outstanding contribution of the
exponential term that makes the relative increment of the voltage
to be roughly one order of magnitude larger than that of μr pro-
vided that ψ> 1. Note, however, that for large values of ψ, the
voltage decreased exponentially and the noise to signal ratio
should also increase. Therefore, the optimal conditions were
those for which ψ being large was compatible with the sensitivity
of themeasuring system. The contribution of the first term, in the
last side of Equation (23), was one half of the relative change of μr
and therefore was smaller than the exponential term contribution.

The experimental conditions were limited by the requirement
that the induced voltage at the secondary coil must be detectable,
a condition that, as outlined earlier, defined an appropriate
frequency range of the applied field or primary current. To obtain
a noticeable voltage, coils with many turns must be used.
Consequently, the field and geometrical parameters consisted of
a sumof terms such as those depicted in the theoreticalmodel devel-
oped for a single-turn coil. Note that this mutual inductance param-
eter α should then enclose an n2 factor, n being the number of turns
of the primary coil assumed to be equal to that of the secondary.

A coil with a length of 4 cm and a diameter of 2r0¼ 4 cm, with
its center located at a distance h¼ 3.5 cm from the sheet surface,
was used as the primary coil. The sheet was a piece of commer-
cial steel with the thickness of 1.2 cm, length of 50 cm, and
height of 6 cm.

For an AC current, the induced voltage became a complex
number according to Equation (20) and (21). This ratio could
be experimentally obtained by measuring the complex voltage
that could be determined (both, modulus, and phase) by using
a lock-in amplifier. The phase difference between the primary
current and the induced voltage was also measured by the
lock-in by using a voltage proportional to the primary current
as a reference. Figure 2a illustrates the modulus of the voltage
induced in the pickup coil for different frequencies of the field
produced by a constant AC primary current of 100mA as a
function of frequency. Figure 2b shows, at an adequate scale,

www.advancedsciencenews.com www.pss-b.com

Phys. Status Solidi B 2022, 259, 2100446 2100446 (4 of 7) © 2022 The Authors. physica status solidi (b) basic solid state physics
published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.pss-b.com


the dependence of the modulus of the induced voltage with the
frequency when the sheet was intercalated between the primary
and secondary coils. The lack of linearity was also associated with
the ferromagnetic character of the sheet that yielded a depen-
dence of the permeability with the frequency.

Concerning the optimum frequency, note that flux and induc-
tion increased with frequency, while penetration depth reduced.
Hence, we found that optimum condition was a compromise in
the range of kHz.

For detecting the fluctuations of either μr or σ, it was sufficient to
measure the induced voltage for different positions. Therefore, by
maintaining a constant intensity and frequency of the primary cur-
rent and the distance between the primary coil and the point at
which the field was measured, any change in the transmitted field
and hence on the induced voltage should reflect a change in μr or σ.

4. Railway Measurements

The method was applied under real conditions in a 25m-long
railway. Figure 3 shows picture of the experimental setup used
to perform the measurements.

Figure 4 shows the results obtained by displaying the coil
system along the railways using an AC current of 100mA and
a frequency of 1 kHz. It is important to confirm the high sensi-
tivity of the method for detecting the periodic fluctuations of the
electromagnetic properties of the rail associated with the periodic
distribution of railroad ties. The induced voltage is plotted as a
function of the position, indicating the measurements of ties and
between the ties. The modification of the magnetic circuit intro-
duced by the presence of ties strongly modifies the shielding
capacity of the railway. The proximity to the dilatation meetings
of the railway was also strongly detected.

The change in the rail magnetic anisotropy generated by
internal stresses with values of the order of 200MPa (about
half of the elastic limit of the steel) is of 103 Jm�3, and
provided a magnetostriction constant of 5� 10�6.[4] This
change of anisotropy corresponds to a variation of approximately
5% of its average rail value that is also the expected order of the
relative permeability change in those regions with internal
stresses accumulation.[11] Therefore, these regions should be
detectable through the changes in the induced voltage, as
outlined later.
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Figure 2. Pickup voltage detected with a lock-in amplifier at the secondary coil a) as a function of the current flowing along the primary coil at 1 kHz and
b) as a function of frequency for an AC current of 100mA flowing through the primary coil.

Figure 3. Pictures of a) the sensor head and b) the full setup to measure shielding when moving the sensor along the railway.
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When jγjd � 2.1
p
μr, the voltage fluctuation, induced by fluc-

tuation of 5% in the value of μr (¼ 50), that is associated only with
the exponential term in Equation (23), becomes

ΔV
V

¼ e�2.1
ffiffiffiffiffiffi
52.5

p
� e�2.1

ffiffiffiffi
50

p

e�2.1
ffiffiffiffi
50

p � 45% (26)

It has been considered d¼ 0.015m and the value of
jγj corresponding to ω¼ 2π� 103, σ¼ 5� 106 (Ω·m)�1, and
μ0 ¼ 4π � 10�7Hm�1. The large voltage fluctuation, as stated
earlier, is a consequence of the exponential term that multiplies
the permeability fluctuation by a factor 9.

Similar calculation performed at constant permeability and
considering a 5% of conductivity fluctuations leads to an associ-
ated voltage fluctuation of 45% (the contribution of the first term
in Equation (23) has been disregarded). These estimations illus-
trate the high sensitivity of the method to detect electromagnetic
properties fluctuations. It is obvious that the same relative
change of both properties should induce the same relative
change of the exponential contribution. Note that on the base
line defined by the sheet average properties, μr ¼ 50,
σ¼ 5�106 (Ω·m)�1, and frequency of 1 kHz, it becomes obvious
that any constant relative increment of either permeability or
conductivity would increase in the same amount the term jγjd
and consequently ΔV

V .

5. Conclusions

The magnetic permeability and electrical conductivity of a metal-
lic sheet govern its shielding capacity against electromagnetic
fields. A rapid determination of the shielding effect produced
by the sheet on the magnetic field generated by a coil provides
some information about its magnetic and metallic character. The
nonlinear behavior of ferromagnetic sheets is not a major draw-
back if both the intensity and the frequency of the field are main-
tained. From the calculations and experiments reported in this
study, it can be concluded that, despite that the method is not
suitable for precise measurement of the electromagnetic sheet

properties, it provides some rapid and extremely high sensitive
information about the fluctuation of these properties along the
metallic tracks of railways. The rigid coil system can be displayed
along the track travelling aboard of an auscultating train.
Fluctuations in the voltage enable to detect fluctuations in com-
position, residual stresses, or microstructure.
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Figure 4. Fluctuations of the pickup voltage as a function of the position of the sensor when moving along a rail track.
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