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Abstract – To ensure the safety of transportation and
prevent accidents, nondestructive testing by Eddy current (EC) is proposed to check the conditions of industrial parts. EC sensors are used for the inspection of
defects in conductive parts using coil fed by alternative current. These sensors are sensitive to defects,
easy to implement, and robust for industrial applications. In order to satisfy the requirement for both
reliability and speed during inspection operations, innovative EC sensors that can provide higher sensitivity, better spatial resolution, and more information about the
defect characteristics, such as microsensors, are developed. The miniaturization of these sensors’ coils conforms the sensor for micro-defects in critical parts and
in complex materials. In this paper, a microsensor dedicated to EC application is studied and characterized to
identify the coil parameters and to optimize the geometry of the probe. An approach for the modeling of
microsensor dedicated to EC nondestructive applications
is proposed. The moving band finite element method
is implemented for this purpose to take into account
the movement of the sensor and to simplify the modeling of EC testing configurations that use this kind of
sensor. Experimental validations were conducted on
a nickel-based alloy specimen. The real and imaginary parts of the impedance at every position of
the sensor computed by experiments and simulations
were consistent with each other. Simulation results
proved that the sensor was capable of detecting microdefects with a size starting from 0.1 mm under the
optimal excitation frequency of 0.8 MHz. It is not
only sensitive to micro-cracks, but also it distinguishes the different crack sizes (length, width, and
depth).
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I. INTRODUCTION
Most of the failures observed in industrial installations are associated with failure by the propagation
of cracks initiated in areas of mechanical field concentration as in the case of bogie systems in the railways or areas under cyclic and thermal loads as in the
case of the engine blades in the aircraft which affect
directly the transport operation and cause dramatical
accidents.
Failures and defects can not only be always
observed; while the crack is small enough, the structure can keep working despite its “illness.” Nondestructive evaluation (NDE) systems have been proposed and
developed against this background to ensure safety and
prevent accidents [1–5]. NDE is, above all, a tool for
quality and reliability control. Their aim is to check the
condition of industrial parts without the corresponding
examinations being able to affect their future use.
Condition-based maintenance (CBM) is a maintenance strategy based on information and evaluation status given by the NDE devices [6–9]. The detection of
micro-cracks or initiators of rupture can prevent not only
material disasters but also loss of human life and eliminate failure within the embryonic stage.
Eddy current (EC) sensors are widely used for
the nondestructive inspection of electrically conducting
materials [10–14]. The investigation is done by scanning
the conductive plate with a coil fed by a time-harmonic
source current and then measuring the impedance variation of the same coil or another one. These sensors
https://doi.org/10.13052/2022.ACES.J.370114
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A. Magnetic formulation
The magnetic field h is then expressed by the sum
of electric potential vectors t and t0 , and the gradient of
the magnetic scalar potential ϕ
h = t + t0 − gradϕ ,
(15)
with n × t|Γh = 0 and ϕ|Γh = 0,
such as curl ( t) =j and curl ( t0 ) =j0 , with j and j0
being the density of ECs and the density of current
source. By introducing these equalities into the Faraday
law and the flow conservation law, the system to solve is
written as

div( µ (t + t0 -gradϕ)) = 0 in Ω
, (16)
curl ( σ1 curl t) + jω µ (t − gradϕ) = 0 in Ωc
with ω being the current/voltage pulsation,
µ=µ0 .µr (µ0 = 4π10−7 H/m) and µr the relative
permeability of the material used as inductor. The
electric vector potential t and the magnetic scalar
potential in an element are then expressed by

B. Electric formulation
The electric field e can be expressed by the combination of the magnetic vector potential a and electric
scalar potential ψ

e = − jω( a+gradψ) with
.
(21)
b = curl a
The conduction current density j is thus calculated
as
j = ji + j0
(22)
= −σ jω(a + gradψ) + curl t0 .
Following the same procedure as for t − ϕ formulation: The magnetic vector potential a and the electric
scalar potential ψ are then expressed by
Nn

ψ=

∑ wn ψn

(23)

∑ wa aa .

(24)

n=1
Na

a=

a=1
Nn

ϕ = ∑ wn ϕn
n=1
Na

t = ∑ wata

(17)
(18)

a=1

where wn is the vector of nodal shape functions, ϕn is
the value of ϕ at the nth node, w a is the vector of edge
shape functions, and ta is the circulation of t along the
ath edge. The matrix form of the system of equation is
written as follows:

   
RN
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Φ
S
=
,
t
CAN
MA + RA
T
0




ϕ1
t1
(19)
. 
. 




with Φ = 
T =
. 
. 
ϕ Nn
t Na
The system thus obtained is symmetrical and the
matrix terms are
R
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where RN is the stiffness matrix of the nodes, RA is the
stiffness matrix of the edges,MA is the mass matrix of the
edges,CAN is the node-edge coupling matrix, and S is the
source term.
The vectors Φ and T contain the unknowns of the
system which are, respectively, the values of the magnetic scalar potential at the nodes and the circulations
of the electric vector potential along the edges of the
mesh.

In the same way as the t − ϕ formulation, the magnetic vector potential a is discretized by edge elements,
while the electric scalar potential ψ is discretized by
nodal elements. The system of equations is written
within the matrix form
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Ψ
0
=
t
CAN
MA + RA
A
S




ψ1
a1
(25)

.


 A =  . .
and Ψ = 
. 
.

ψ Nn
aNa
The system thus obtained is symmetrical and the
matrix terms are
R

RNnm = jω RΩc σ gradwn · gradwm dΩ




 CANan = jωR Ωc σ wa · grad wm dΩ
MAab =Rjω Ω σ wa · wb dΩ
.
(26)

1

R
=
curl
(
w
)
·
curl
(
w
)
dΩ

a
A
b

 ab R Ω µ
Sb = Ωt curl(wb ) · t0 dΩ
The vectors Ψ and A are the unknowns of
the system, respectively, the values of the electric
scalar potential at the nodes and the circulations of
the magnetic vector potential at the edges of the
mesh.

VI. APPLICATIONS
Our study relies on analyzing the data of scans, allotted by little displacements of the detector, parallel to the
crack on the conductive plate. The change of the real and
imaginary parts of the coil impedance reflects the change
in the physical parameters of a test specimen in the presence of defects. The real part of the coil impedance is
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Table 2 Dimensions of the problem
Turn width
Turn thickness
Gap between turns
Plate thickness
Plate conductivity
Relative permeability of the plate
Lift-off thickness
Excitation frequency
Length of the flaw
Width of the flaw
Depth of the flaw

100 µm
25 µm
100 µm
3 mm
0,76 MS/m
1
50 µm
800 kHz
800 µm
100 µm
400 µm

determined by calculating the Joule losses in the conductive media. The imaginary part of this impedance is
determined from the magnetic energy stored in the entire
meshed space.
For both dual formulations, the variations of the
real part and the variation of the imaginary part of the
impedance due to the flaw are calculated by subtracting for each of them the values with and without flaw.
∆Xn = (X − X0 )/X0 and ∆Rn = (R − R0 )/X0 with X, R
being the reactance and resistance of the coil in presence
of the conducting domain. X0 , R0 are the reactance and
resistance of the empty coil (absence of the plate).
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because the conductivity is zero (j = σ e), and it is also
very significant in the surface and it decreases gradually
as we head to the bottom because of the skin effect as
shown in Figure 6(b).
Figure 7(a) and (b) presents the variation of resistance and reactance as a function of the position of the
symmetry axis of the coil relatively to the center of the
flaw. The impedance real part (resistance) presents a
trough curve and the imaginary part (reactance) presents
a crest curve. As seen from the defect response curve of
the impedance imaginary part [Figure 7(b)], the defect
response begins to rise when the crack is near to the bottom edge of the coil, and it reaches a climax when the
sensor coincides with the first edge of the defect and
starts to decrease as the sensor leaves the other edge
of the defect. It can be observed from the next figures
that there is a good agreement between the FEM results

curves obtain
formulations a
depends on th
in the size of
values.

A. Application I
The parameters of the configuration are given in
Table 2.
Figure 6 illustrates the distribution of ECs produced
by the coil. As can be seen in Figure 6(a), a circularshaped EC loop is produced beneath the surface of the
material. The current density is null in the defect zone

art of the coil
the Joule losses
ry part of this
agnetic energy

(a)
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nary part of the
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without flaw.
− R0 ) / X 0 with
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(b)
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view.
Figure7(a) and(b) presents the variation of
resistance and reactance as a function of the position of
the symmetry axis of the coil relatively to the center of
the flaw. The impedance real part (resistance) presents
a trough curve and the imaginary part (reactance)

Fig. 7.
7. The
normalized impedance
impedance of
of the
the
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B. Application II
As the lift-off is a predominant factor in the EC
detection performance, the modeling must take into
account the physical phenomena associated with its
values. The geometrical and physical parameters of the
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issued from the magnetic and the electric formulation
and the experimental results. These signals represent the
signatures of the crack.
B. Application II
As the lift-off is a predominant factor in the EC
detection performance, the modeling must take into
account the physical phenomena associated with its values. The geometrical and physical parameters of the
problem are summarized in Table 2. The lift-off varies
within a range of 0.1−11 mm. the resistance and reactance of the coil were calculated with both the electrical and magnetic formulations and shown in Figure 8(a)
and (b). The results presented in these figures show
that the influence on the coil impedance of a lift-off
less than 1 mm is negligible. Indeed, for a lift-off of
less than 1 mm, the reactance and the resistance of the
coil are almost constant. On the other hand, beyond
this value, the lift-off has a strong influence on the
impedance, and it is essential to take this into account
in the modeling. The results also show that the two

curves obtained by the two electric and magnetic formulations are in good agreement. This value (1 mm)
depends on the coil used. In a general way, an increase
in the size of the coil will lead to an increase in these
values.
C. Application III
The study of the crack size effect on the EC
signal will enable us to identify the ECNDT device sensitivity.
Effect analysis of crack width:
In the previous works, the authors were more interested in studying the effect of the length and depth of the
crack on the EC signal, while only a few of them were
interested in studying the width effect.
The model used is the same one used for application
I by changing the geometric parameters of the defect.
impedance
realofpart
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versusand
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C. Application III
The study of the crack size effect on the EC signal
will enable us to identify the ECNDT device sensitivity.
Effect analysis of crack width:

Fig.
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Effect analysis of crack length:
Next the influence of crack length on the sensor
response is studied. The lift-off is set to be 0.0625 mm,
and cracks of identical width (0.1 mm) and depth (0.4
mm) having different lengths are altered. Data of scans

Fig. 10. (a)
Normalized i
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lift-off at 0.0625 mm (application II), and the length of
the plate is much greater than that of the crack, the crack
length and depth are fixed at 0.8 and 0.4 mm, respectively, while the width is varying between 0.1 and 3 mm
for a step of 0.1 mm. In this case, we fix the crack
beneath the center of the sensor where its output is in
the maximum. The graphs of the impedance real part
and imaginary part versus crack width are shown in Figure 9(a) and (b), respectively.

presents EC signatures of the resistance and reactance
variations with respect to the sensor displacement produced by cracks having different lengths. Based on
the curves of impedance real part and imaginary part,
the shapes of the curves for all the defects are similar;
however, the defect length influences the width and the
peak value of the response curve. As the crack length
grows, the width of the curve grows and the peak value
increases.

Effect analysis of crack length:
Next the influence of crack length on the sensor
response is studied. The lift-off is set to be 0.0625
mm, and cracks of identical width (0.1 mm) and depth
(0.4 mm) having different lengths are altered. Data
of scans are carried out by small displacements of the
sensor with a step of 0.1 mm, parallel to the crack
on the surface of the material. Figure 10(a) and (b)

Effect analysis of crack depth:
Defects with depths of 0.1, 0.2, and 0.4 mm are studied. All the defects are 0.8 mm in length and 0.1 mm in
width. Figure 11(a) and (b) shows EC signatures of the
impedance real part and imaginary part variations with
respect to the sensor displacement produced by defects
having different depths. As can be seen, the waveforms
are similar; however, the crack depth influences the peak

eal part. (b)
variation as a

Fig. 10.
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(b)
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on the sensor
be 0.0625 mm,
and depth (0.4

Effect analysis of crack depth:
Defects with depths of 0.1, 0.2, and 0.4 mm are
studied. All the defects are 0.8 mm in length and 0.1
mm in width. Fig. 11(a) and (b) shows EC signatures of
the impedance real part and imaginary part variations

EC signal and the depth limit:
Next, the depth limit is studied; the crack length
and width are fixed at 0.8 and 0.1 mm, respectively,
while the depth is varying between 0.1 and 3 mm for a
step of 0.1 mm. In this case, we fix the crack beneath
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value of the response curves. The deeper the crack is, the
greater the peak will be.
EC signal and the depth limit:
Next, the depth limit is studied; the crack length and
width are fixed at 0.8 and 0.1 mm, respectively, while
the depth is varying between 0.1 and 3 mm for a step
of 0.1 mm. In this case, we fix the crack beneath the
center of the sensor where its output is in the maximum.
The graph of the impedance real part and imaginary part
versus crack depth are shown in Figure 12(a) and (b),
respectively.
As can be seen, at the beginning, the resistance
values decrease rapidly, then slow down gradually with
increasing crack depth, and then stabilize when the crack
depth reaches 2.5 mm. On the other hand, the reactance
values increase rapidly at the beginning and slow down
gradually, while the crack depth increases and then stabilizes when the crack depth reaches 2 mm. The rea-

son is that when we use a high frequency excitation, the
EC will be spread out much more on the surface of the
material so that the sensor will not be very sensitive to
deep defects as it is with the shallow defects. Both Figures 12(a) and (b) show that the depth limit is not the
same for the impedance real part and imaginary part.
The real part is more sensitive to the crack depth than
the imaginary part.

VII. CONCLUSION
A microsensor dedicated to the ECNDT application
is proposed in this paper. An FEM approach that yields
an efficiency to model the 3D microsensor, taking into
account the presence of thin geometrical domains and
the sensor displacement in the 3D plane without remeshing all the domains in each displacement, has been proposed. The real and imaginary parts of the impedance
at every position of the sensor computed by experiments and simulations were consistent with each other
for the first application. The optimal lift-off, which is
less than 1 mm, is determined by FEM simulation in
the second application and taken into account in all the
applications (I and III). The principle of the sensor and
the response of cracks with different sizes are demonstrated by simulation, and the results are very close
because both the proposed differential formulations (in
terms of the magnetic formulation and the electric formulation) can deal with currents flowing in conductors
and are well fitted for computing fields within the current regions with accuracy. The difference between the
impedance values obtained using the magnetic formulation and the electric formulation did not exceed, in
any case, 0.1%. The novel sensor has the following
advantages:
1. The design of the sensor conforms it to the small
geometry.
2. It provides high spatial resolution and high detection efficiency.
3. The sensor was capable of detecting micro-defects
with a size starting from 0.1 mm under the optimal
excitation frequency of 0.8 MHz.
4. The sensor can distinguish the different crack sizes
(length, width, and depth).
Future research will be required to extend the proposed sensor for solving problems with complex geometry and arbitrary defect.
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