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Abstract: Conventional eddy current testing (ECT) using a pickup coil probe is widely employed for the
detection of structural cracks. However, the inspection of conventional ECT for steel structures is difficult
because of the magnetic noise caused by the nonuniform permeability of steel. To combat this challenge,
we have developed a small magnetic sensor probe with a dual-channel tunneling magnetoresistance
sensor that is capable of reducing magnetic noise. Applying this probe to a complicated component
of steel structures—such as the welds joining a U-shaped rib and deck plate together—requires the
reduction of signal fluctuation caused by the distance (liftoff) variations between the sensor probe and
the subject. In this study, the fundamental crack signal and the liftoff signal were investigated with the
dual-channel sensor. The results showed that the liftoff signals could be reduced and differentiated from
the crack signals by the differential parameters of the dual-channel sensor. In addition, we proposed
an extraction technique for the crack signal using the Lissajous curve of the differential parameters.
The extraction technique could be applied to the inspections not only for flat plates but also for welded
angles to detect cracks without the influence of the liftoff signal.

Keywords: eddy current testing; steel crack detection; magnetic sensor; liftoff

1. Introduction

Eddy current testing (ECT) using a pickup coil probe is a widely used technique employed to
detect cracks in various conductive structures [1-3]. However, for the inspection of steel structures,
crack signals are hard to discriminate from the magnetic noise caused by the nonuniform permeability
of steel. Therefore, a more reliable method, which is robust against magnetic noise, is required to detect
true crack signals.

Recently, nondestructive testing methods using magnetic sensors instead of a pickup coil have
been reported [4-6]. There are advantages to the use of a magnetic sensor. Magnetic sensors can detect
a wide range of frequencies with constant sensitivity. Thus, several nondestructive techniques operated
ata low frequency to detect subsurface and surface cracks in various structures have been reported [7-9].
In addition, magnetic sensors are typically small and can detect magnetic flux density with high
resolution. Therefore, the differential of local magnetic flux density can be measured more flexibly
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using a magnetic sensor array. Using these advantages of magnetic sensors, we have demonstrated that
magnetic noise can be reduced by the differential parameters obtained by a gradiometer of a magnetic
sensor [10].

However, few methods are suitable for inspection of steel complicated structures because the size
and shape of typical magnetic probes do not fit the complicated components of structures. For example,
the welds joining U-shaped ribs and deck plates together are difficult to inspect where fatigue cracks often
appear by the vibration of vehicles. To inspect these structures, a small sensor probe of a gradiometer using
dual channel magnetic sensors and an analysis method based on differential parameters are required.
For this reason, we have developed a small ECT sensor probe using two tunneling magnetoresistance
(TMR) sensors. In addition, the fundamental characteristics of magnetic response and data analysis
for crack detection in flat steel plates have been reported [11]. However, the signal from the sensors
easily fluctuates because of the distance (liftoff) variation between the sensor probe and the structure.
The manual probing to maintain the liftoff is difficult because the surface of structures is often uneven
and because of the liftoff change due to the fluctuation of the sensor probe when it is probed. This makes
it difficult to discriminate the crack signal from the liftoff signal. Although in previous works new data
processing methods and approaches have been proposed to compensate for the influence of liftoff [12-14],
there are few methods aiming at the evaluation of complicated steel structures.

In order to show the measured signal, conventional ECT typically uses a Lissajous curve that
displays the real and imaginary parts, which are produced from the change of the crack-induced
signal from a single sensor output [15]. The Lissajous curve using the parameters of a single sensor
is easily affected by the magnetic noise and the liftoff signal. Hence, the differential parameters of
a dual-channel magnetic sensor have been used for the Lissajous curve to reduce the magnetic noise
and discriminate the crack signal from the liftoff signal [16]. However, the signal fluctuation which
occurs in a practical inspection of complicated structures has been poorly understood.

In this paper, the distributions of eddy current on the flat plate and magnetic field inside the
induction coil were simulated to confirm that the crack signal can be detected with liftoff which will occur
in the probing of the complicated structure. Then, the fundamental characteristics of the crack signal
and the influence of liftoff variations were analyzed with a vertical and tilted sensor probe. As a result,
an extraction technique of the crack signal using the Lissajous curve of the differential parameters obtained
from a dual-channel magnetic sensor probe was proposed. In addition, the frequency dependence of
the magnetic signal was also investigated to discuss the optimum frequency with which to extract the
crack signal. Using the developed extraction method of the Lissajous curve, the complicated structure
was measured.

2. Test Sample and Measurement System

A flat steel plate with artificial cracks and a U-shaped rib with artificial cracks in its welded
part were prepared to evaluate the liftoff dependence, respectively. The test sample of the flat plate
was a 7 mm thick SS400 with slit-like artificial cracks of different depths ranging from 0.5 to 7.0 mm
(through hole). Figure 1a,b show a dual-channel sensor probe and measurement system, respectively.
The sensor probe was composed of an induction coil and two TMR sensors. The two TMR sensors
were installed on the long side of the rectangular induction coil with 60 turns and a cross-sectional
area of 2.5 X 6.0 mm?. The system consisted of a voltage source, a function generator, a sensor probe
with two TMRs, lock-in amplifiers, a personal computer, and an XYZ stage. The TMR sensors were
driven by a voltage source applying 5 V, and the induction coil was operated by a function generator
applying a sine wave voltage of 2 V;,.;, at frequencies between 200 Hz and 5 kHz. The sensor probe was
line-scanned vertical to the sample surface for the 7 mm deep slit at 0.1 mm intervals, with different
liftoff between 0.1 and 0.9 mm to evaluate the liftoff dependence. It is expected that the real structures
are covered by a thin paint which is uneven and cracked. In addition, for the complicated part of
the structure, manual probing is required. For these reasons, we assumed the liftoff change to be
between 0.1 and 0.9 mm under this condition. The sample was also line-scanned with the sensor



Sensors 2019, 19, 3001 3of 14

probe tilted by 5 degrees from the vertical line. The lock-in amplifiers obtained the TMR sensor output
signals as magnetic vectors with real and imaginary components, and the signals were analyzed using
a computer.
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Figure 1. (a) The dual-channel sensor probe; (b) diagram of the measurement system.

Figure 2 shows the positions of cracks in the welded part of the U-shaped rib sample and the
scanning path. It is well-known that cracking tends to occur along the welds. Therefore, three artificial
cracks of different lengths (10, 20, and 30 mm) were prepared along the welding angle by electric
discharge machining. The cracks penetrated the rib, which was 6 mm thick, and the welds. Each crack
width was 1 mm. A sine wave voltage of 2 Vp,; at frequencies between 1 kHz and 5 kHz was applied
to the sensor probe, which was then manually moved along the scanning path for each crack and
non-crack area.
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Figure 2. (a) Photo of U-shaped rib sample with different-length slits; (b) schematic of scanning path.

3. Simulation of Eddy Current and Magnetic Field Distribution

To evaluate the fundamental magnetic response and to estimate the intensity of the crack signal
with different liftoff, the distributions of eddy current on the surface of a flat steel plate (55400) and the
magnetic field in an induction coil were simulated using the commercial software package JMAG (JSOL
Corporation). The induction coil with the air area inside the coil was positioned at the center of the flat
steel plate with a trough-hole slit of 7 mm depth, as shown in Figure 3. The resistance of induction coil
was 1 Ohm. The typical permeability and conductivity of 55400 provided by JSOL were used for the
simulation. The simulation was performed in the initial magnetization curve which was the linear
region because the applied magnetic field was very weak. Each element was automatically divided
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into 0.4 mm meshes for the finite-element analysis. A sine wave voltage of 2 V;,., at a frequency of
1 kHz was applied to the induction coil with different liftoff between 0.0 and 1.0 mm.
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Figure 3. Simulation model for estimating the fundamental magnetic response with different liftoff:
(a) with 0.0 mm liftoff; (b) with 1.0 mm liftoff.

The eddy current was assumed to be induced along and under the induction coil. However, the eddy
current flow was interrupted by the slit. Thus, the simulated eddy current was divided into two parts
and the two parts of the eddy current flowed along the opposite of the slit edge (Figure 4). The eddy
current density with 0.0 mm liftoff was large compared to that with 1.0 mm liftoff. This indicates that the
intensity of magnetic flux induced by the eddy current is easily influenced by liftoff variations.
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Figure 4. Simulation result of the eddy current density on the surface of the flat plate with different
liftoff: (a) with 0.0 mm liftoff; (b) with 1.0 mm liftoff.

Figure 5 shows the wire frame of the simulation model (Figure 5a,b) and the simulated magnetic
flux vectors inside the induction coil with different liftoff of 0.0 and 1.0 mm (Figure 5c,d). The eddy
current did not flow in the slit, as shown in Figure 4. Therefore, the induced magnetic flux on the slit
became locally weak. For this reason, the intensity and direction of the vector changed on the slit.
When the magnetic sensor which is installed inside the induction coil is on the slit, the local signal
change can be measured. The intensity of the magnetic vector with 0.0 mm liftoff was larger than that
with 1.0 mm liftoff. However, the signal change could be seen at the bottom center of the induction coil,
as shown in Figure 5d. Thus, the crack signal was able to be obtained even if the liftoff increased to

1.0 mm. To measure the small magnetic flux change caused by the crack, a TMR sensor is suitable for
such a small intensity range of magnetic flux.



Sensors 2019, 19, 3001 5o0f 14

Air
Air P - :
Induction coil A
1 . AN
1 S —— -
: r \ 1
Induction coil 1 . A I
1 I l
1 ! \
Siit —E Plate [ S !
__:_'7
1 4
! y
. .
i .
. H Slit
] 1
Plate 1
' y
X P
(a)
. I 3.0 Induction coil ~_ . 0
tion coil - ) 7 [ =)
Induction coil L] i el £
. | T S IS~
j 1 ‘? 20 TMR sensors ~ ‘E 20
TMR sensors \\:\\\ ; é 'é
2 E :
v VO = 5
DI T T | il H
e
1} e Bl ‘ Ed Liftoff - 2
Y | - -
z Plate ‘ & 00 z Plate 00
Slit - ~ Signal change
¥ F

Figure 5. (a) Wire frame of the simulation model and cutting line of P to P’; (b) cross-sectional view of
the cutting line; (c) simulation result of magnetic vector inside the induction coil with 0.0 mm liftoff;
(d) simulation result of magnetic vector inside the induction coil with 1.0 mm liftoff. Legend: TMR,
tunneling magnetoresistance.

4. Results and Discussion

4.1. Crack Signal of Single Sensor

The magnetic vector Sy ,, Sz, of output signals (position = n (mm)) was able to be obtained by
lock-in amplifiers using the outputs from two independent TMR sensors. The slit was located at the
position of 10 mm. Figure 6 depicts the signal change for the real and imaginary part of the magnetic
vectors of the 7 mm deep slit. The data was obtained by line-scanning vertically with 0.1 and 0.9 mm
liftoff at a frequency of 1 kHz. The magnetization signal of ferromagnetism was large compared to the
eddy current signal in the measured frequency range. Therefore, the real part was large compared to
the imaginary part. The peak caused by the crack was observed in each figure. However, the baseline
of both sides of the slit were not the same for each measured data and this may be considered to be
caused by magnetic noise, including the nonuniform permeability. In addition, the baseline of both
sensors shifted due to the liftoff variation. These results suggest that the crack signal is buried in
the magnetic noise and signal fluctuation caused by the liftoff. Meanwhile, the change of baseline
caused by the magnetic noise and liftoff obtained by each sensor were almost the same. Therefore,
in order to reduce the magnetic noise and the influence of liftoff variations, the differential value of the
dual-channel sensor was considered to be effective to extract the crack signal.
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Figure 6. Signal changes of 7 mm deep slit between 0.1 and 0.9 mm liftoff at a frequency of 1 kHz:
(a) real part; (b) imaginary part.

4.2. Liftoff Dependence of the Differential Parameters

The differential vector S, — Sy, was able to be obtained from the dual-channel sensor probe.
Figure 7 depicts the liftoff dependence of the differential parameters for the real part (Re(S2,, — S1,1))
and the imaginary part (Im(S,, — S1,,)). The measurement sample was the flat plate and the frequency
was 1 kHz. The sensor probe was vertically line-scanned with different liftoff between 0.1 and 0.9 mm.
The peak-to-peak values of the differential parameters are also described (Figure 7c,d). The baselines
of the differential parameters at both sides of the slit became almost the same compared to the single
parameters, which are described in Figure 6. The magnetic noise seemed to be reduced by the differential
value. The peak-to-peak values decreased as the liftoff increased. On the other hand, even when the
liftoff increased, the baselines were almost zero. These results mean that the influence of the liftoff
variations could be also reduced by the differential value obtained by the dual-channel sensor.
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Figure 7. Vertical line-scan results of the 7 mm deep crack in the flat plate at a frequency of 1 kHz:
(a) real part of the differential vector; (b) imaginary part of the differential vector; (c) liftoff dependence
of the peak-to-peak real part values; (d) liftoff dependence of the peak-to-peak imaginary part values.
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Although the influence of the liftoff variation may be reduced by the differential parameters,
there is a case for not ignoring the influence of liftoff. When the sensor probe is not vertical to the
surface, the baseline shifts of the two sensors are considered to be not the same because the liftoff of
each sensor is different and the differential parameters are affected by the liftoff variations. Figure 8
shows the liftoff dependence of the differential vector when the sensor probe was tilted by 5 degrees.
The peak-to-peak values of differential parameters are also described in Figure 8c,d. The baselines
of each differential parameter shifted to zero and the peak-to-peak values decreased as the liftoff
increased. This result suggests that the differential parameters can be influenced by the liftoff variations.
However, the baseline shift of the real part was large compared with that of the imaginary part.
This means that the Lissajous curve of the differential vector appears mainly in the X-direction when
the signal fluctuates by the liftoff variations. Additionally, the crack signal is assumed to appear in
a different direction.
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Figure 8. Tilted line-scan results of the 7 mm deep crack in the flat plate at a frequency of 1 kHz: (a) real
part of the differential vector; (b) imaginary part of the differential vector; (c) liftoff dependence of the
peak-to-peak real part values; (d) liftoff dependence of the peak-to-peak imaginary part value.

In order to calculate the direction of the liftoff signal, Ax and Ay were defined as shown in Figure 8a,b.
The gradient of the liftoff signal 91, can be obtained by the following equation:

0L = arctan(Ay/Ax) (1)

As well as 0y, the gradient of the crack signal O¢ can be obtained by dividing the peak-to-peak
value of the imaginary part by that of the real part. Figure 9 shows the gradient of the crack signal Oc
and liftoff signal O;. The same data from Figure 8 was used to calculate the gradients. In any liftoff
the Oc was large enough compared to the 0p. This result suggests that the crack signal appears in
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a different direction from the liftoff signal in the Lissajous curve of the differential parameters. In the
next subsection, the Lissajous curve of differential parameters is described.
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Figure 9. Comparison of the gradients between the crack signal 6¢c and liftoff signal Oy .
4.3. Lissajous Curve of the Differential Vector

In this subsection we investigated a signal extraction method to emphasize the crack-induced
signal change that is not influenced by the liftoff variations caused by the probe tilt. We observed
that the differential parameters of the two sensors can reduce the magnetic noise and influence of the
liftoff. In addition, even when the differential parameters are affected by the liftoff, the Lissajous curves
of the crack and non-crack signal are assumed to show differences. Figure 10 shows the Lissajous
curves of the differential vector with different liftoff between 0.1 and 0.9 mm. The sensor probe was
line-scanned vertically and not vertically at a frequency of 1 kHz. The Lissajous curves of non-crack
area which correspond to the baselines shown in Figure 7a,b and Figure 8a,b are also described. When
the sensor probe was vertical to the flat steel plate, the signals of the non-crack area were almost at the
origin (Figure 10a). This result indicates that the influence of the liftoff variation could be reduced
by the differential parameters. Thus, the crack signal was easily extracted by the Lissajous curve
(Figure 10b). On the other hand, when the sensor probe was not vertical, the signal of the non-crack
area shifted mainly in the X-direction as shown by the dotted arrow (Figure 10c). However, the crack
signal was observed in a different direction (Figure 10d). This result suggests that the crack signal can
be discriminated using the Lissajous curve even when the signal fluctuates due to the liftoff variations
of the tilted probe. However, the difference between the crack signal and the signal change caused
by the liftoff is assumed to depend on the frequency of the applied magnetic field. Thus, in the next
subsection, the frequency dependence of each signal is discussed.
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Figure 10. Lissajous curves of the differential vector at a frequency of 1 kHz: (a) vertical line-scan
result of the non-crack area; (b) vertical line-scan result of the crack area; (c) tilted line-scan result of the
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4.4. Frequency Dependence of the Crack Signal

9of 14

The peak-to-peak values of the differential parameters at frequencies between 200 Hz and 5 kHz
with the vertical and tilted sensor probe are shown in Figure 11. In regards to the peak-to-peak values
of each liftoff, the real part decreased while the imaginary part increased as the frequency increased.
Considering that the real part was easily affected by the liftoff compared to the imaginary part, it was
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expected that high frequency would be suitable to discriminate the crack signal. The peak-to-peak values
of the vertical line-scan were large compared to those of the tilted line-scan. However, the gradients of
the crack signal O¢c were assumed to be almost the same.
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Figure 11. Peak-to-peak values at frequencies between 200 Hz and 5 kHz with different liftoff: (a) real
part of the vertical line-scan; (b) imaginary part of the vertical line-scan; (c) real part of the tilted
line-scan; (d) imaginary part of the tilted line-scan.

Figure 12 shows the gradients of the crack signal O¢. There is almost no difference in O¢ between
the vertical line-scan and the titled line-scan. This means that the crack signal appears in a certain
direction regardless of the tilt of the sensor probe. In regards to the gradient of each liftoff, the gradient
increased as the frequency increased. This result indicates that the difference between the crack signal
and the signal change caused by the liftoff variation of tilted probing becomes apparent and the crack
signal can be easily distinguished from the signal change due to the liftoff. Thus, the applied field of
high frequency is considered to be needed for the extraction method.

However, also of consideration is that the gradient of the liftoff signal also increases as the frequency
increases, which makes it difficult to extract the crack signal. To confirm these effects, the subtracted
gradient Oc — 61, which was the angle formed by the crack and liftoff signal was calculated, as seen in
Figure 13. The data was obtained by tilted line-scan. Even if the gradient of the liftoff increased with
frequency, the gradient of the crack signal was large enough to discriminate. Consequently, the subtracted
gradient at 5 kHz was maximum and this frequency was optimum in the range of frequency between
200 Hz and 5 kHz. This result suggests that the crack signal can be clearly extracted using the Lissajous
curve even when the liftoff variation occurs due to the manual probing of complicated structures. In the
next subsection, the measurement of the crack signal in the complicated structures is demonstrated using
the developed method.
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Figure 12. The gradient of the crack signal at frequencies between 200 Hz and 5 kHz with different

liftoff: (a) the vertical line-scan; (b) the tilted line-scan.
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4.5. Steel Cracks in A Complicated Structure

Figure 14 shows Lissajous curves of the differential vector. The data was obtained by manual
probing of a U-shaped rib sample with different-length cracks and measured at frequencies between
1 kHz and 5 kHz. The signal change of the non-crack area was observed (Figure 14a); this change was
caused by liftoff variation which occurred during the manual probing. The lines of liftoff signal were
decided as shown in Figure 14a. The gradients of the line were the 01, which increased as the frequency
increased. Meanwhile, the Lissajous curves of each crack are shown in the Figure 14b—d. The crack
signal appeared in a different direction from that of the liftoff signal and the signal intensity of this
direction may be considered to be almost the same for the different lengths of slit. This is because all
the cracks were longer than the thickness of a side of the induction coil, the eddy current flowed along
the induction coil, and the local signal change was measured. On the other hand, the signal intensity
which appeared in the direction of the liftoff signal line was different. This difference indicates that
the liftoff change occurred due to manual probing and the liftoff variation for the 30 mm crack can
be considered to be large. Hence, it was possible to discriminate the crack signal from the non-crack
signal using the Lissajous curve. Therefore, if the signals of non-crack area including the liftoff effect
are first measured, the signal change caused by the cracks can be detected and the proposal method is
useful for the actual inspection of complicated steel structures.
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Figure 14. Lissajous curves of the welded part of the U-shaped rib with different-length cracks at
frequencies between 1 kHz and 5 kHz: (a) non-crack area; (b) 10 mm length crack; (c) 20 mm length
crack; (d) 30 mm length crack.

5. Conclusions

In this work, an extraction method for the detection of cracks in complicated structures was
developed. It was shown by simulation and measurement that crack signals could be obtained with
a small sensor probe using a dual-channel TMR sensor and that the differential parameters reduced the
influence of the liftoff signal. The Lissajous curves of the differential parameters clearly differentiated
between the crack signal and liftoff signal, which occur when probing the complicated structure. Hence,
the extraction technique can be applied to inspections not only for welds but also for other complicated
steel structures to detect cracks reliably.



Sensors 2019, 19, 3001 14 of 14

Author Contributions: Conceptualization, K.T.; investigation, M.H., T.S., and Y.N.; resources, I.T.; writing—original
draft preparation, M.H.; writing—review and editing, K.S. and K.T; supervision, K.S., TK., and K.T.

Funding: This research was funded by Japan Science and Technology Agency, the Council for Science, Technology
and Innovation, Cross-Ministerial Strategic Innovation Promotion Program, Infrastructure Maintenance,
Renovation, and Management.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ghoni, R; Dollah, M.; Sulaiman, A.; Ibrahim, EM. Defect Characterization Based on Eddy Current Technique:
Technical Review. Adv. Mech. Eng. 2014, 6, 1-11. [CrossRef]

2. Martin, ].G.; Gil, ].G.; Sanchez, E.V. Non-Destructive Techniques Based on Eddy Current Testing. Sensors
2011, 11, 2525-2565. [CrossRef] [PubMed]

3. Alatawneh, N.; Underhill, PR.; Krause, T.W. Low-Frequency Eddy-Current Testing for Detection of Subsurface
Cracks in CF-188 Stub Flange. IEEE Sens. ]. 2018, 18, 1568-1575. [CrossRef]

4. Ramos, H.G; Ribeiro, A.L. Present and Future Impact of Magnetic Sensors in NDE. Procedia Eng. 2014, 86,
406-419. [CrossRef]

5. Rifai, D.; Abdalla, A.N.; Ali, K.; Razali, R. Giant Magnetoresistance Sensors: A Review on Structures and
Non-Destructive Eddy Current Testing Applications. Sensors 2016, 16, 298. [CrossRef] [PubMed]

6. Bailey, J.; Long, N.; Hunze, A. Eddy Current Testing with Giant Magnetoresistance (GMR) Sensors and
a Pipe-Encircling Excitation for Evaluation of Corrosion under Insulation. Sensors 2017, 17, 2229. [CrossRef]
[PubMed]

7.  Tsukada, K.; Kiwa, T.; Kawata, T.; Ishihara, Y. Low-Frequency Eddy Current Imaging Using MR Sensor
Detecting Tangential Magnetic Field Components for Nondestructive Evaluation. IEEE Trans. Magn. 2006,
42,3315-3317. [CrossRef]

8.  Hesse, O.; Pankratyev, S. Usage of Magnetic Field Sensors for Low Frequency Eddy Current Testing.
Meas. Sci. Rev. 2005, 5, 86-93.

9.  Tsukada, K.; Yoshioka, M.; Kawasaki, Y.; Kiwa, T. Detection of back-side pit on a ferrous plate by magnetic
flux leakage method with analyzing magnetic field vector. NDT E Int. 2010, 43, 323-328. [CrossRef]

10. Tsukada, K.; Majima, Y.; Nakamura, Y.; Yasugi, T.; Song, N.; Sakai, K.; Kiwa, T. Detection of Inner Cracks
in Thick Steel Plates Using Unsaturated AC Magnetic Flux Leakage Testing With a Magnetic Resistance
Gradiometer. IEEE Trans. Magn. 2017, 53, 1-5. [CrossRef]

11. Tsukada, K.; Hayashi, M.; Nakamura, Y.; Sakai, K.; Kiwa, T. Small Eddy Current Testing Sensor Probe Using
a Tunneling Magnetoresistance Sensor to Detect Cracks in Steel Structures. IEEE Trans. Magn. 2018, 54, 1-5.
[CrossRef]

12. Ribeiro, A.L.; Alegria, F.; Postolache, O.A.; Ramos, HM.G. Liftoff Correction Based on the Spatial Spectral
Behavior of Eddy-Current Images. IEEE Trans. Instrum. Meas. 2010, 59, 1362-1367. [CrossRef]

13.  Lu,M.;Zhu, W,; Yin, L.; Peyton, A.].; Yin, W.; Qu, Z. Reducing the Lift-Off Effect on Permeability Measurement
for Magnetic Plates from Multifrequency Induction Data. IEEE Trans. Instrum. Meas. 2018, 67, 167-174.
[CrossRef]

14. Ricci, M,; Silipigni, G.; Ferrigno, L.; Laracca, M.; Adewale, LD.; Tian, G.Y. Evaluation of the lift-off robustness
of eddy current imaging techniques. NDT E Int. 2017, 85, 43-52. [CrossRef]

15. D’Angelo, G.; Laracca, M.; Rampone, S.; Betta, G. Fast Eddy Current Testing Defect Classification Using
Lissajous Figures. IEEE Trans. Instrum. Meas. 2018, 67, 821-830. [CrossRef]

16. Hayashi, M.; Nakamura, Y.; Sakai, K.; Kiwa, T.; Tsukada, K. Detection method using a dual-channel magnetic

sensor for steel cracks in complicated structures. In Proceedings of the 7th Asia-Pacific Workshop on
Structural Health Monitoring (APWSHM-2018), Hong Kong, China, 12-15 November 2018; pp. 597-603.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1155/2014/182496
http://dx.doi.org/10.3390/s110302525
http://www.ncbi.nlm.nih.gov/pubmed/22163754
http://dx.doi.org/10.1109/JSEN.2017.2782799
http://dx.doi.org/10.1016/j.proeng.2014.11.054
http://dx.doi.org/10.3390/s16030298
http://www.ncbi.nlm.nih.gov/pubmed/26927123
http://dx.doi.org/10.3390/s17102229
http://www.ncbi.nlm.nih.gov/pubmed/28956855
http://dx.doi.org/10.1109/TMAG.2006.879754
http://dx.doi.org/10.1016/j.ndteint.2010.01.004
http://dx.doi.org/10.1109/TMAG.2017.2713880
http://dx.doi.org/10.1109/TMAG.2018.2845864
http://dx.doi.org/10.1109/TIM.2010.2043981
http://dx.doi.org/10.1109/TIM.2017.2728338
http://dx.doi.org/10.1016/j.ndteint.2016.10.001
http://dx.doi.org/10.1109/TIM.2018.2792848
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Test Sample and Measurement System 
	Simulation of Eddy Current and Magnetic Field Distribution 
	Results and Discussion 
	Crack Signal of Single Sensor 
	Liftoff Dependence of the Differential Parameters 
	Lissajous Curve of the Differential Vector 
	Frequency Dependence of the Crack Signal 
	Steel Cracks in A Complicated Structure 

	Conclusions 
	References

