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Abstract—The article introduces a novel four-coil probe
designed for eddy current (EC) nondestructive testing (NDT) on
conductive materials. The key innovation lies in its capability to
identify small surface and subsurface cracks regardless of their
orientation. This is achieved through a suitable probe developed
using two pairs of exciting coils that allow to generate two
orthogonal magnetic fields. Using two excitation currents with an
amplitude modulation approach, a rotation of the ECs induced
in the conductive sample is obtained. This novel approach
ensures the effective detection of deep and arbitrarily oriented
cracks. Both numerical tests and experimental evaluations were
employed to assess the performance of the proposed probe. The
probe’s effectiveness was particularly observed in detecting a
buried crack measuring 5 mm in length, 1 mm in height, and
0.1 mm in thickness at depths up to 3 mm in an aluminum plate.
The results demonstrated the robustness of the probe’s detection
capability, affirming its potential as a reliable tool for NDT in
industrial applications.

Index Terms— Any orientation defects, buried cracks, defect
characterization, defect detection, eddy current testing (ECT),
finite element method, rotating eddy current (REC), rotating
magnetic field.

I. INTRODUCTION

HE eddy current testing (ECT) is a method in the field

of nondestructive testing (NDT) based on the principle
of Faraday’s electromagnetic induction. In recent years, this
method has attracted considerable interest in many areas. The
ECT methods are adopted for structural inspections, as in the
case of turbine blades in the aerospace sector [1], [2], [3],
tubes’ inspection [4], [5], [6], [7], thickness measurement of
laminates or coatings [8], [9], [10], identification of corrosion
damages [11], verification of materials treatment techniques,
and bolt hole inspections. The relevant interest in ECT tech-
niques for the analysis of the structural degradation status is
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due to the noncontact, low measurement time, and high defect
detection sensitivity.

In general, ECT methods are able to detect a defect in a
conductive material by exploiting the reaction magnetic field
generated by the eddy currents (ECs), in the presence of
changes in the material conductivity due to the defect. One
or more coils, located over the material at a suitable distance
named “lift-off” [12], supplied by suitable excitation currents
(sinusoidal, multifrequency [13], [14], or pulsed signals [15],
[16], [17] are typically used) allow the generation of a primary
magnetic field. ECs are then induced in the conductive material
under test generating a secondary magnetic field. The total
magnetic field, consisting of the superposition of the primary
and secondary magnetic fields, is usually measured by means
of receiving coils or magnetic sensors, such as supercon-
ducting quantum interference devices (SQUIDs), Hall-effect
sensors, and magnetoresistive sensors, such as giant magne-
toresistance (GMR) and tunnel magnetoresistance (TMR). The
last ones have been adopted in many research activities in the
last years due to their small size, high-frequency operation,
and good sensitivity [18], [19]. This article is focused on a
particular class of defects, named cracks, characterized by the
presence of one dimension that can be considered negligible
with respect to the others. One of the major open issues in
crack detection is related to its orientation with respect to
the EC path direction. Unfavorable orientations give rise to
a reduction in the detection sensitivity that affects the ECT
performance, especially in the presence of small and buried
cracks [20], [21], [22], [23], [24], [25], [26], [27], [28], [29],
[301, [311, [32], [33].

In fact, the best detection capability of an ECT probe is,
in general, reached when the EC path and the main dimension
of the defect are orthogonal (thanks to a larger variation of the
ECs due to the defect presence), whereas, moving away from
this condition, the performance reduces reaching the minimum
when the orientation of the defect and the EC path are parallel.
The simplest solution to address this problem is to repeat the
test by spatially rotating the probe 90°. However, this method
is time-consuming and does not result in the best detection
sensitivity.

This problem was investigated by the scientific community.
Some researchers proposed the EC array as a promising
solution due to the possibility of reducing the inspection time
and exploiting suitable multifrequency analysis. At the same
time, this solution requires complex equipment and a longer
setup time [20], [21]. In [23] and [24], magnetic field imaging
techniques are adopted with magnetoresistive sensor array to
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achieve high resolution. In [23], a right-angle isosceles triangle
excitation coil is realized to detect arbitrarily oriented defects.
In [24], ECT is realized by means of an array of 64 TMR
sensors with a three-phase excitation system, which requires
a size of about 98 x 33 mm. The authors demonstrated that
the novel probe is able to detect in an aluminum sample a
superficial defect with a length of 1 mm, a width of 0.2 mm,
and a height of 1 mm.

Another solution to make the probes more sensitive to
arbitrarily oriented defects is the so-called rotating EC (REC)
methodology [26], [27], [28], [29], [30], [31], [32]. The
traditional REC methodology is based on two orthogonal coils
supplied by sinusoidal currents with the same amplitude and
a 90° phase shift. In this way, during one excitation signal
period, the ECs perform a complete 360° spatial rotation, thus
ensuring the possibility of orthogonal interaction between the
defect and the ECs.

In [26], the impact of defect orientation is addressed by
improving the traditional REC method. The proposed probe is
based on two orthogonal arranged rectangular coils, as exci-
tation coils, and another pair as pick-up coils. The authors
implement an oscillatory method that induces a complete
variation of the ECs’ orientation and amplitude during one
period of the excitation currents, reaching good detecting
performances also in the case of ferromagnetic samples.

Other studies apply the REC technique for the detection of
complex cracks characterized by different shapes; for example,
Ge et al. [27], [28] investigate the EC image method that
represents the defect as current dipoles [29] to improve the
signal to noise ratio (SNR) of defect images obtained with
an REC technique. In [30], a novel differential ECT probe is
proposed, in which the EC rotation is realized by means of
four-square driver coils. The benefits of this probe are linked
to the detection performance on complex surfaces, like the
case of rail treads, in which the lift-off variation is a relevant
issue. Nonetheless, the authors state that the SNR should be
improved, and the detection capability of the probe decreases
with the decrease in the angle between the defect and the
EC path. In [31], the REC technique is applied by means of
two pairs of focusing subprobes placed orthogonally to each
other. The main target of this study is related to analyzing the
impact of the tilt angle of the two subprobes in obtaining a
concentration of the magnetic field in the defect zone. This
focusing effect is able to increase the SNR values in the
defects’ detection.

The literature review related to the REC techniques high-
lighted that in most of the studies, these are applied in the case
of superficial defects. In [32], an REC technique is applied to
the case of a small and subsuperficial crack in an aluminum
multilayer structure. Nonetheless, in the article, the authors
state that the SNR values are not sufficient to obtain clear
maps for this defect.

The aim of this article is to face the problem of the
detection sensitivity of subsurface defects of any orientation.
The authors started from their previous studies [18], [33] in
which they proposed a double coil ECT probe, demonstrating
its effectiveness in detecting small and subsuperficial defects.
After a preliminary study in a simulation environment [34],
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(b)

Fig. 1. Representation of the proposed EC probe and ECs rotation. (a) 2-D
representation. (b) 3-D representation.

in this article, the authors designed a novel four quadrant (4Q)
ECT probe to extend the subsuperficial detection capability
of the previous double coil probe regardless of the defect
orientation exploiting the REC technique.

The article is organized as follows. Section II illustrates
the novel probe realization; Section III shows the considered
test bed and experimental/numerical setup. Section IV reports
numerical and experimental results. Finally, Section V sum-
marizes the conclusions and future development.

II. PROPOSED PROBE

As described above, the design of the novel 4Q ECT
probe started from the suitability, in detecting buried cracks,
of the double coil probe proposed by Betta [18] and Bernieri
et al. [33]. As depicted in Fig. 1, the new probe shares the
same excitation strategy, but it uses four quarter circle-shape
excitation coils in order to realize the ECs rotation.

The internal dimension (r;) of the four coils was fixed
as 8 mm, while the external dimension (r,) was fixed
as 11 mm. The interdistances D, and D, along x- and
y-axes, respectively, were fixed as 15 mm, while the height
of the coils is equal to 10 mm (D,). The number of turns
is equal to 150 for each coil. The optimal solution in terms
of sensor technologies was identified in the TMR sensors
(Multidimension Technology TMR2905 [19]) for their suitable
sensitivity in low magnetic field conditions (50~60 mV/V/G),
small sizes (3 x 3 x 0.75 mm), and their good metrological
performance already shown in ECT methods (see [18]). The
small size of the TMR2905 allowed the location of the three
magnetic field sensitivity points at a distance ds equal to 3 mm
(see Fig. 1).
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Fig. 2. Graphical representation of the magnetic flux lines (left) and of the
ECs path (right) calculated in COMSOL environment for orientation angles
0 of the ECs equal to (a) and (b) 45° and (c) and (d) 135°.

©

Fig. 3. Graphical representation of the adopted REC technique 6’ = 90°
and 6” = 30° cases.

The coils 1 and 3 are supplied by the same current amplitude
I, circulating in opposite directions. The excitation of coils
1 and 3 generates a time-variable magnetic field characterized
by the flux lines shown in Fig. 2(a). It induces EC in
the specimen under test, following the path represented in
Fig. 2(b). In this condition, the ECs’ path (J;) has a main
orientation 6 of 45° (according to the reference system in
Fig. 2) in the area of the specimen positioned under the center
point of the four coils.

The same excitation strategy is adopted for coils 2 and 4.
They are supplied by the current I,, which is characterized
by the same amplitude of /; and circulates in opposite direc-
tions with respect to coils 1 and 3. As a consequence, the
time-variable magnetic field, characterized by the flux lines
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Fig. 4. Graphical representation of the magnetic flux lines (left) and of the
ECs path (right) calculated in COMSOL environment for different values of
6 (a) 0°, (b) 30°, (c) 60°, and (d) 90°.

shown in Fig. 2(c), is generated. In this condition, the induced
EC path is shown in Fig. 2(d) and has a main orientation 6
of 135° (J,) in the area of the specimen positioned under
the center point of the four coils. Since the two pairs of
coils 1-3 and 2-4 are symmetrically developed and share the
same geometrical and constructive characteristics, the ECs
paths J; and J, are orthogonal to each other. If the two pairs
of coils are supplied simultaneously, the resultant EC path Jg
is the superposition of J; and J,. Since the EC magnitudes
(J1 and J,) are proportional to the magnitude of the excitation
currents (/; and /), it is possible to rotate Jr by adjusting the
amplitude of I} and [, according to (1) and (2). Fig. 3 shows
a representation of the Ji rotation considering two examples
for the choices that can be made on J; and J,

I = I - cos(45° — 0) (1
L =1, - sin(45° — 6). @)

In (1) and (2), I, is named the base current, whereas 6 is
the angle representative of the orientation of Jg. Applying the
trigonometric addition and subtraction formulas to (1) and (2)
and neglecting the multiplication constant ~/2/2 (that affects
both equations), the relationships between the excitation cur-
rents I; and I, and the rotation angles 6 of the ECs can be
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Fig. 5. Example of the excitation signal’s waveform (/; and I;) and the
corresponding output voltage of the TMR sensitive to the z-component (Voyc, ;)
of the magnetic field in the case of EC’s orientation 6 of 0°, 30°, 60°, and 90°.

written as follows:

Iy = I - [cos(B) + sin(0)] 3)
I, =1, - [—cos(f) + sin(9)]. 4)

In Fig. 4, some examples of both the magnetic flux and
the EC lines (calculated in COMSOL environment) supplied
simultaneously by the two pairs of coils are shown. Different
Jr orientations have been considered applying (3) and (4).
It is possible to highlight that, depending on the values of 6,
the magnetic field fluxes generated by the coils create different
tubes of flux. As an example, in the case of 6 equal to 0°, coils
1-4 and coils 2-3 are involved by the same magnetic tube of
flux [see Fig. 4(a)]; in the case of 6 equal to 90°, the magnetic
tube of flux involves coils 1-2 and coils 3-4 [see Fig. 4(d)].

The ECs induced in the specimen under test generate a
secondary magnetic field. The total magnetic field, composed
of the primary magnetic field (generated by the excitation
coils) and the secondary magnetic field, is sensed by TMR
sensors that provide an output voltage amplitude proportional
to the amplitude of the magnetic field. Fig. 5 shows an example
of the waveform of the excitation currents (/; and I;) and the
output voltage of the TMR sensor detecting the z-component
(Vour,z) of the magnetic field in the case of positioning the
probe over a specimen area far from the crack. Under these
conditions, the sensed values of the magnetic field represent
the reference values to be used to evaluate the magnetic field
variations due to the defect presence.

In this example, the excitation currents I; and I, are
varied four times in order to obtain the EC’s orientation 6,
respectively, at 0°, 30°, 60°, and 90°. In the case where the
sensitivity point of the magnetic field sensor relative to the
z-component of the magnetic field is in the center of the four
coils, and considering the ideal conditions under which the
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symmetry of the probe is ensured, the reference value on the
z-axis should not be influenced by the orientation of the ECs
since it is realized in the x—y spatial plane. The amplitude
variations of the TMR output signal, as shown in Fig. 5, related
to the ECs’ orientation are due to 3 mm of asymmetry in the
position of the z-axis sensitivity point.

It is important to remark that applying the proposed ampli-
tude modulation [see (3) and (4)], it is possible to change
the orientation of the resultant component Jg, holding its
amplitude unchanged. This is a meaningful aspect since in this
way the tests are made at all the ECs’ orientation angles with
the same EC amplitude, granting the same detection capability.

In the other REC techniques, the EC rotation is linked to
the time evolution of the excitation currents in one period.
In contrast, the proposed approach allows us to fix the orien-
tation angle with respect to the time evolution of the excitation
currents, executing a discrete rotation of Jg. This feature is
characterized by a drawback related to the discretization of
the EC’s rotation and the time consumed in its realization
but enables the application of other suitable solutions already
developed for the classical ECT such as multifrequency tech-
niques, optimized signal processing, and so on.

III. CONSIDERED TEST BED AND EXPERIMENTAL/
NUMERICAL SETUPS

This section presents all the details regarding the considered
test bed and the experimental/numerical setups. In particular,
Section III-A presents the considered test bed with details
of both the sample and crack characteristics. Section III-B
describes the experimental setup with the electrical parameters
and the test procedures. The developed numerical proce-
dures with the used setting parameters are finally reported in
Section III-C.

A. Considered Test Bed

The performance of the developed probe was evaluated
considering both buried and superficial cracks on a sample of
aluminum alloy (Al AW 6082). The sample has dimensions
of 200 x 200 mm and a thickness of 4 mm. The electrical
conductivity is 27.2 MS/m.

Fig. 6 shows the main characteristics of the certified
cracks under consideration. They can be characterized by their
length (1), thickness (¢), and height (%). The crack depth (d),
defined as the distance between the top of the crack and the
top of the sample under test, is an important parameter to be
considered since it provides the dimension of how the defect
is buried in the material. In addition, carrying out tests both
on the surface where the defects are visible (superficial) and
on the opposite surface where the defects are hidden (buried),
subscripts s and b are used to identify on which side the test
has been carried out.

The characteristics that describe the considered cracks are
shown in Table 1.

B. Experimental Setup

The experimental setup consists of six sections: signal
generation and preamplification, excitation and sensing (E&S),
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Fig. 6. Representation of the considered sample with the cracks character-
istics length (/), thickness (¢), height (%), and depth (d) of the crack.

TABLE 1

MAIN CHARACTERISTICS OF ANALYZED CRACKS. THE SUBSCRIPTS s AND
b IDENTIFY THE SUPERFICIAL AND BURIED CRACKS, RESPECTIVELY

Defect name [ [mm] ¢ [mm] A [mm] d [mm]
#1 3 0
#2 2 0
#35 1.5 0
#44 1 0
#1, 5 0.1 3 1
#2y, 2 2
#3y, 1.5 2.5
#4y, 1 3

power supply, signal conditioning, and data acquisition and
management.

The signal generation and preamplification section is com-
posed of two bipolar power amplifiers (Kepco BOP 20-20M)
fed by a two-channel signal generator (Siglent SDG1032X).
This section is necessary in order to have a current-controlled
system and to amplify the excitation currents. The root mean
square values of the two excitation currents are measured using
two current meters (Rigol DM3058). The E&S section consists
of the two excitation coils (fed by the amplified excitation cur-
rents) that generate the rotating induced currents and a triaxial
TMR sensor (composed of three single TMR sensors [19]) that
measures the magnetic induced fields in the x—y—z-directions
as already extensively described in Section II. The triaxial
TMR is powered by a dc power supply constituting the
power supply section (Agilent E3631A) with a voltage of
+6 V. Thanks to its two separate output ports, the same dc
power supply is used to feed three instrumentation amplifiers
(Analog Devices AD620) with a voltage of £16 V. These
instrumentation amplifiers make up the signal conditioning
section and are used to amplify the output signals from the
triaxial TMR. The signal acquisition circuitry for the TMR
sensors is shown in Fig. 7. The ac coupling of each operation
amplifier was realized by means of a resistance R of 1 kQ
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Fig. 7. Representation of the signal conditioning and acquisition circuit for
the three TMR sensors.

and a capacitance C of 470 nF. A gain resistance Rs equal to
1 k2 allows setting an amplifier gain equal to 50.

The output signals of the three instrumentation amplifiers
are digitized by means of a National Instruments data acqui-
sition DAQ card (NI USB-6212), which composes the data
acquisition section. The DAQ card supports up to 16 analog
input channels, a maximum sampling frequency of 400 kS/s
with a resolution of 16 bits.

The realized probe was mounted on the arm of a precision
movement system managed via the RS-232 communication
bus. The movement system allows the scanning of a 300 x
300 mm area with a resolution of 0.1 mm. The experimental
tests were executed following a regular scan path of 40 x
40 mm with a step of 1 mm, as shown in Fig. 8.

The management section consists of a personal computer,
running a LabView-based automation software. It allows set-
ting the scanning parameters (speed, step, and area to be
scanned on the analyzed sample), the sampling frequency,
and the number of points to be acquired. Finally, the data
are stored and processed using suitable software developed in
MATLAB environment. It performs the fast Fourier transform
(FFT) to evaluate the amplitude of the three acquired voltage
signals and some suitable figures of merit, as better detailed
in Section IV.

The block diagram of the adopted experimental setup is
shown in Fig. 9, while the pictures of the actual experimental
setup with details of the signal conditioning, data acquisition,
and E&S sections are illustrated in Fig. 10.

The tests have been carried out by supplying the two
excitation coils with sinusoidal signals of different amplitudes
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Fig. 9. Block diagram of the adopted experimental setup.

at a frequency of 500 Hz. The excitation frequency was chosen
in order to guarantee penetration of the induced currents (skin
depth equal to 4.3 mm) suitable for the considered test samples
(characterized by a thickness of 4 mm).

The rms values of the currents supplying the excitation coils
have been chosen in order to allow the desired changes in the
ECs’ orientation angles applying (3) and (4) considering a base
current [, with an rms value equal to 300 mA. The adopted
rms current values with the corresponding ECs’ orientation
angles are reported in Table II.

Fig. 8 shows a graphical representation of the orientation
angles 6 of the EC respect to the orientation of the defects
described in Fig. 6 and Table I.

C. Numerical Setup

The proposed probe detection capability has been tested also
in a simulation environment by means of finite element analy-
sis (FEA) in COMSOL Multiphysics 6.0. The physics interface
“magnetic fields” of COMSOL Multiphysics has been adopted
to evaluate the magnetic induction around the conductive
plate. In the simulation, the probe scanning, as described in
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Fig. 10. Pictures of the developed experimental setup with details of signal
conditioning, data acquisition, and E&S sections.

TABLE I

RMS VALUES OF THE USED EXCITATION CURRENTS TO OBTAIN THE
CONSIDERED ECS’ ORIENTATION ANGLES

ECs orientation angle () [°] I; [mA] 1> [mA]
0 300 -300
30 409.81 -109.81
60 409.81 109.81
90 300 300

Section III-B, is realized by means of a parametric sweep,
varying the position of the ECT probe and maintaining the
other geometry entities fixed. For each probe position, the FEA
simulation is repeated, and the 3-D magnetic field components
are extracted at each sensitivity point of the three magnetic
sensors (see Fig. 1).

The numerical evaluation allows for extending the analysis
of the ECT response of the novel probe in different conditions,
and it allows for investigating defects at any depth. In the
experimental campaign, only the cracks at the top or at the
bottom of the conductive sample were analyzed, as explained
in Section III-A. The realization of buried defects with dif-
ferent depths is more complex and expensive; therefore, the
numerical analysis allows investigating a greater number of
different defects in an easier and cheaper way.

The crack #4, characterized by the smallest height, has been
selected for a deep analysis, considering different excitation
currents and different defect depths. In detail, the crack #4
was analyzed varying the depth with a step of 1 mm from
the superficial positioning (#4,) to the buried one (#4;,). The
numerical analysis was repeated for different ECs’ orientations
from 0° to 90° with a step of 10°.
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Fig. 11. Spatial components of magnetic field reference values versus the
ECs’ orientation angles in the absence of the defect in the center of the
conductive sample.

IV. NUMERICAL AND EXPERIMENTAL RESULTS

The result of the scanning operation described above con-
sists of a set of maps that represent the variation, due to the
crack presence, of the magnetic field around each considered
defect. In the case of simulated maps, these are the values of
the simulated magnetic field, while, in the case of experimental
maps, the values are reported in terms of the amplitude of the
output voltages related to the three considered TMR sensors.

A suitable figure of merit was identified to quantify the
detection capability of the novel probe. The figure of merit P
is formulated as follows:

(max —ref) .

Py, = 100 %)

ref
where max is defined as the maximum value recorded in
the map due to the crack presence, and ref is the reference
value defined as the mean of the boundary values of the
map (where the effect of the crack presence on the magnetic
field is negligible). The defined figure of merit Py , . allows
us to quantify the maximum percentage variation of the
simulated/measured magnetic field due to the crack presence.

A. Numerical Results

Initially, an analysis of the magnetic field sensed by the
novel probe in the absence of the defect was carried out,
investigating the trends of the expected reference values ref
of the measured magnetic field.

Fig. 11 illustrates the reference values ref, , . of the three
spatial components of the magnetic field for the considered
ECs’ orientation angles from 0° to 90°.

The values of ref, and ref, show a symmetric trend since
to rotate the ECs on the x—y plane from 0° to 90°, and
a reduction of the y-component of the excitation magnetic
field occurs with a simultaneous increase in the corresponding
x-component. The nonperfect symmetry between the two
trends can be related to the different positions of the x and y
sensitivity points of the magnetic field sensors (see Section II).

In ideal conditions, where the sensitivity point of the mag-
netic field sensor along the z-axis could be located symmetric
respect to the probe geometry, the reference value on z-axis
should be not affected by the ECs’ orientation since it is real-
ized on the x—y spatial plane. The observed small variations of
the reference value on the z-axis respect to the ECs’ orientation
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Fig. 12. Trend of the figure of merit (Py ) considering crack #4

positioned at different positions. Magnetic flux density in (a) x-direction (By),
(b) y-direction (By), and (c) z-direction (B;). The two axes show different
value ranges.

are then related to 3 mm of asymmetry in the location of the
z-axis sensitivity point.

Looking at Fig. 11, it is important to remark that as in the
case of an ECs’ orientation of 0° for ref, and 90° for ref, and
ref,, the achieved values became very low (some nT). In these
conditions, the reference values to be used in the evaluation of
the defined figure of merit P, , . are near zero, generating an
important increase in the figure of merit not really connected
to a corresponding improvement in the probe performance.

After this brief analysis of the probe response in the absence
of defects, the numerical results, obtained considering the
crack #4 at different depths and different orientation angles,
are reported in the following. In particular, the values of the
figure of merit extracted from the FEA simulations data are
reported in Fig. 12 for each spatial component of the magnetic
field. A second axis was adopted for the figure of merit
values calculated on the magnetic field maps characterized by
a near-zero reference value.

Looking at the numerical results shown in Fig. 12, the
first important aspect to remark is related to the capability
of the proposed probe to detect also the smallest and deepest
crack #4;. The increase in ECT probe detection performance
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with the adjustment of ECs’ orientation is relevant: considering
the cases with nonzero reference values, P, ranges from 5.9%
to 75.5%, P, from 0.6% to 7.3%, and P, from 0.2% to 1.6%.
The best performance is recorded for the z-component, while
the worst one is recorded for the x-component. The variation
of P, with respect to the ECs’ orientation is very small; this is
due to the spatial position of the crack, whose main dimension
is in the analysis on the x-axis.

The authors carried out another set of numerical tests in
which only the position of the crack on the x—y plane was
modified. Comparing the results in which the main dimension
of the crack is on the x-axis or the y-axis, the trends of P, and
P, are reversed. This analysis suggests that according to the
spatial position of the crack, the probe detection capabilities
sensing the magnetic field component on the x-axis and the
y-axis are complementary. The detection performance on the
z-axis is not affected by the crack rotation on the x—y plane.

B. Experimental Results

By using the experimental setup described in Section III-B,
an experimental campaign was carried out to demonstrate the
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goodness of the proposal for the detection of buried cracks of
any orientation.

Several experimental tests are carried out scanning all the
defects detailed in Table I and using all the ECs’ orientation
angles defined in Table II. The corresponding x-, y-, and z-axis
magnetic field responses are then obtained. For the sake of
brevity, Figs. 13 and 14 illustrate only the experimental maps
on x, y, and z sensing axes for the EC direction of 0°, 30°,
60°, and 90° in the presence of the bigger and superficial (#1;)
and for the smaller and deepest (#4,) cracks, respectively.

The experimental maps highlight how the novel 4Q probe
is able to detect all the defects under analysis. The capability
detection of the novel probe is confirmed by the figure of merit
values evaluated on the experimental maps. The trends of the
figure of merit are shown in Fig. 15 in the case of superficial
cracks and Fig. 16 in the case of buried cracks.

As expected, crack visibility improves as the orientation of
the ECs increases from 0° to 90°. It demonstrates the new
probe’s suitability to detect arbitrarily oriented cracks. As an
example, considering the case of buried cracks, the variation



CARERE et al.: EDDY CURRENT PROBE FOR THE DETECTION OF SUBSUPERFICIAL DEFECTS

of ECs’ orientation allows to pass from P, values near to zero
in the case of 0° to 15.2% in the case of 90° for the crack
#1,, 5.6% for crack #2,, 3.1% for crack #3,, and 1.6% for
crack #4,.

The presence of the cracks in the conductive sample is
more clear and evident for the maps on the z sensing axis,
whereas the worst results are recorded for the maps on the x
sensing axis, confirming the considerations already made on
numerical tests. In the case of superficial cracks, the values
of P, range from 8.8% to 34.1%, the value of P, range from
1.9% to 14.6%, and the values of P, range from 0.9% to 2.8%
(see Fig. 15). In the case of buried cracks, the values of P,
range from 1.6% to 15.2%, the values of P, range from 1.4%
to 8.4%, and the values of P, range from 0.05% to 1.3%
(see Fig. 16).

The experimental results, in accordance with the numerical
ones, demonstrated the suitability of the novel 4Q probe
to detect small and buried cracks with any orientation.
As expected, the probe’s performance is better in the case
of cracks characterized by a greater size and lower depth.
According to the identified figure of merit, the best perfor-
mance is always obtained in the case of superficial cracks,
except in the case of #4,, for which P, is equal to the 8.8%,
with respect to the case of #1,, where P, is equal to the 15.2%.
In this last case, the performance improvements due to the
bigger defect height are dominant with respect to the smaller
value of the defect depth. Although a specific experimental
analysis of the performances of the proposed solution for
defects of different lengths has not been presented, some
considerations can be made taking into account the general
behavior of ECT techniques. Considering the limited length
(5 mm) of the investigated cracks, it is possible to state that
the defect detection capability increases with the defect length.
This behavior shows a saturation effect when the defect length
overcomes a limit defined according to the EC extent. Finally,
the benefits of the application of (any) REC technique reduce
with the decrease in the defect length due to the lower effect
of the ECs’ orientation on the ECs perturbation due to the
defect presence.

In conclusion, as shown in Fig. 14 when the defects are
more difficult to detect (smaller in size and positioned deeper
in the material), the effect of the application of the REC
technology is more evident. In fact, looking at Fig. 14(b)
and (e), referring to the deepest (and smaller in height)
defect considered in the conducted experimental campaign,
if the wrong orientation angle is used, the defect could not
be detected: the obtained magnetic field maps do not show
the peaks related to the defect presence due to the noise
present. Considering the results obtained on the z-axis [see
Figs. 14(c)—(1) and 16(c)], the defect detection capabilities
are demonstrated for all the considered defects and orien-
tation angles. This also enables the possibility to check the
applicability of the proposed solution for smaller and deeper
defects.

As a final remark, the detection performance in the case of
sensing the z-axis component of the magnetic field suggests
investigating the possibility of designing a new single-axis
probe in which the reduction of the number of magnetic sen-
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sors could reduce the size and weight of the probe. Moreover,
the possibility of reducing the distance among the excitation
coils could improve the magnetic field penetration in the
conductive sample, increasing the probe detection capability.

V. CONCLUSION

This work proposes a new ECT probe designed to identify
small buried cracks with arbitrary orientations in conductive
materials. The novel probe uses two pairs of coils and an
amplitude modulation of the excitation currents to rotate the
path of ECs within the conductive sample. With the aim to also
perform a performance comparison of three different magnetic
sensitivity axes, the detection system was realized by three
single-axis TMR sensors, allowing a 3-D measurement of the
sensed magnetic field. To validate the effectiveness of the pro-
posal, numerical tests followed by an extensive experimental
campaign have been carried out. In addition, a comprehensive
analysis was performed, comparing the performance of the
proposed probe on the three sensitivity axes for various crack
heights and depths on a 4-cm conductive specimen. The results
showed that the novel probe is able to detect hidden defects up
to a depth of 3 mm with a minimum height of 1 mm. For all
three sensitivity axes, an improvement was clearly observed in
the defect detection capability with respect to the orientation
angle between the defect and the EC’s path, even if the best
performances were always observed on the axes orthogonal to
the specimen (z-axis). The detection capabilities, as expected,
showed better performance in the case of cracks characterized
by a greater size and lower depth. Considering the buried
cracks that are the most difficult to detect, especially when
applying REC techniques, the change in the EC orientation
produced a significant variation in the considered figure of
merit. In particular, for the deepest (3 mm depth) and smallest
crack (5 mm length and 1 mm height) under investigation, the
figure of merit on the z sensitivity axis showed changes from
0.05% for an EC’s orientation angle of 0° to 1.3% for 90°. It is
important to note that the application of (any) ECT technique
may not provide benefits by decreasing defect length. In
fact, as a general behavior of ECT techniques, decreasing
defect length reduces detection performance. In future research
activities, the authors will explore the possibility of improving
probe performances by reducing the number of magnetic sen-
sors (using only the z-axis) and enabling a more detailed probe
design by analyzing different probe sizes and different shapes
of the used coils. Furthermore, different REC technologies
with a multifrequency approach will be investigated to increase
the detection capabilities.
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