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Abstract: Metal sheets have good performance and have been widely used. Different kinds of defects
can be generated during the preparation and service of metal plates, which will cause the structural
performance of the metal plates to decline, thus requiring structural health monitoring (SHM). This
study proposes an electromagnetic ultrasonic (EMUS) surface wave detection technique for metal
sheet defects via simulation. The numerical results show that after the excitation parameters of
the EMUS transducer are optimized through orthogonal experimental design, the amplitude of the
EMUS signal generated is increased by about 80%. The power spectrum density (PSD) of the EMUS
response signal is used to detect defects. Compared with the peak-to-peak detection, the accuracy is
higher, and the reliability is better. The accuracy of the proposed “central zero-point” method for
measuring the time delay of the EMUS signal wave packet is higher than that of the “peak-to-peak
amplitude” method and the “vibration starting point” method and is close to the accuracy of the
“cross-correlation” method.

Keywords: EMAT; surface wave; defect detection; orthogonal test

1. Introduction

Plate-like metals and their alloys have been widely applied, such as in aircraft fuse-
lages, wings and cabin doors, ships and submarine shells, rails, and storage tanks, etc., due
to their good physical and chemical properties and structural strength [1]. In the process
of mechanical manufacturing, the forged and shaped metal plates will inevitably have
various defects such as cracks, inclusions, and delaminations [2—4]. These metal plates will
also endure long-term cyclic loading, temperature alternation, and mechanical vibration,
leading to the formation of new defects and the further extension of the existing defects,
which will then induce structural deterioration. Structural deterioration might cause huge
economic loss and affect operating safety. To ensure the safety and reliability of equipment
in long-term operation, structural health monitoring (SHM), fault damage early warning,
and timely maintenance systems can help to eliminate safety hazards, avoid catastrophic
accidents, and reduce maintenance costs [5].

Various non-destructive testing (NDT) techniques have been applied to sheet metal
defects, including eddy current testing, X-ray testing, ultrasonic testing, magnetic particle
testing, infrared testing, and so on [6-8]. The ultrasonic testing method can detect surface
and internal defects and accurately determine the position and size of the defects, with
simple operation, low cost, and high efficiency. At present, the main excitation method of
ultrasound is piezoelectric ultrasound. In recent years, there have been some new excita-
tion methods, such as electromagnetic ultrasound (EMUS), laser ultrasound, air-coupled
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ultrasound, and so on. Traditional piezoelectric ultrasonic technology needs to use a cou-
plant, which is mainly used in the laboratory testing and is incapable of online testing [9].
EMUS testing is a type of ultrasonic NDT technique that has developed since the 1960s.
Unlike the generation mechanism of piezoelectric ultrasound, the excitation and reception
process of EMUS is realized through the mutual transformation of electromagnetic force
and mechanical force. Therefore, it does not need a couplant. The main detection device of
EMUS is the electromagnetic acoustic transducer (EMAT). In addition to avoiding the use
of a couplant, EMAT can also conveniently control the excitation parameters of the EMUS
transducer to generate multiple modes of ultrasound and change its amplitude, frequency,
and propagation direction. What is more, compared with the traditional piezoelectric
transducer, the excitation method is more operable and flexible [10].

For EMUS detection of structural defects, researchers have achieved a lot of scientific
research results. EMUS technology has been used for pipeline defect detection since its
inception. Thompson used Lamb waves excited by EMAT to detect gas pipelines, and
the sensitivity of the detection to various design parameters is discussed as well as the
amplitude of signals reflected from defects [11]. Cawley considered that when ultrasound
propagates along the axial direction of the pipeline, the guided wave can be regarded as a
cylindrical Lamb wave. What is more, if the ultrasound propagates along the circumference
of the pipeline and when the excitation and reception probes are relatively close, the pipeline
under such conditions can be regarded as a flat sheet [12]. Hirao et al. proposed using
EMAT to generate shear-horizontal(SH) waves along the circumference of the pipeline to
detect corrosion defects in the inner pipeline wall [13]. The SHO and SH1 waves generated
by EMAT can be used to detect defects such as cracks, corrosion, and coating detachment.
Gauthier et al. used EMAT to generate multiple modes of SH waves to detect groove
defects on the outer surface of the pipeline and performed B-scan imaging of the results [14].
Luo studied the pipeline axial crack detection and its description technology [15]. Zhao
studied the quantification of defect features and the mode selection of guided waves
by establishing a three-dimensional boundary element model of EMUS. They used the
boundary element method (BEM) to calculate the reflection and refraction coefficients
of SH waves propagating through the crack. Then, they analyzed the characteristics of
the received signal and used SH waves propagating along the pipeline wall to analyze
and describe the pipeline pit defect [16-18]. Wang found that the vibration amplitude of
Rayleigh waves due to the dynamic magnetic field is almost proportional to the reciprocal
of the ratio of wire width to spacing interval between neighboring wires (RWWSI), whereas
that due to the static magnetic field decreases slowly with the increase of the RWWSI [19].
Li established a three-dimensional model for Rayleigh wave electromagnetic acoustic
transducers. Rayleigh waves generated by Lorentz forces due to the static magnetic field
and the dynamic magnetic field were calculated [20]. Thring used finite element analysis
(FEA) to model the effects of the spatial width of the racetrack generation coil and focused
geometry, and no significant difference was found between the focused and the unfocused
EMAT response [21]. Jozef developed a pulse excitation and reception system for EMAT,
which can drive up to four EMAT coils with a programmable phase delay, to realize
the diagnosis and detection of steel plates at high temperatures [22]. Lsla analyzed the
possibility of surface defects detection using EMUS phased array technology by combining
theoretical derivation and model simulation [23]. Jaime excited orthogonally polarized
shear waves by designing an orthogonal coil. They studied different types of crack defects
by finite element (FE) analysis and verified the feasibility of orthogonally polarized shear
waves for thickness measurement and crack detection [24]. Trushkevych used a small EMAT
inspection system to detect surface corrosion defects, and the detection results showed that
defects with a length of 1-11 mm and a depth of 0.5-2 mm could be measured [25].

EMUS NDT has achieved a lot of results in excitation coil design, mode analysis, and
relevant simulation and experimental research. It can be seen from the above research that
one of the main factors restricting the accuracy of EMUS NDT is the corresponding relation
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between EMUS signals and defect features; on the other hand, the time difference measure-
ment between EMUS wave packets is also an urgent need to solve in defect positioning.

This study simulates the EMUS surface wave detection of metal sheet defects in an
aluminum plate. The EMUS energy transduction mechanism of non-ferromagnetic mate-
rials based on Lorentz force and the design principle of EMUS surface wave zigzag coils
are theoretically analyzed; the electromagnetic field distribution of the EMUS transducer,
the propagation depth of surface waves, and the influence of grid accuracy on the EMUS
excitation signal amplitude are analyzed based on orthogonal experimental design (OED),
and the excitation parameters of the EMUS surface wave transducer are optimized; the
comparison of peak-to-peak amplitude and power spectral density (PSD) of the EMUS
signal in defect detection is analyzed; a “center zero point” method for measuring the
time difference of EMUS wave packet is proposed, and comparisons with the “peak-to-
peak” method, the “vibration starting point” method, and the “cross-correlation” method
are conducted.

2. Theoretical Background
2.1. Theory of EMUS Transducer

The EMUS transducer based on the Lorentz force is composed of a coil, a magnet,
and a non-ferromagnetic test piece. The magnet generally used is a permanent magnet
to provide a bias magnetic field, and a high frequency excitation current is applied into
the coil to generate an alternating eddy current field. The principle of EMAT exciting
EMUS Lamb guided waves in non-ferromagnetic materials is shown in Figure 1, where
Jc represents the excitation current, /. indicates the induced eddy current, By means the
horizontal bias magnetic field, F; indicates the Lorentz force, and & denotes the thickness
of the non-ferromagnetic material metal plate.

Zigzag coil

F. Non-ferromagnetic material h

\ 4

Figure 1. Schematic diagram of EMUS transducer.

For the EMUS transducer, the induced alternating eddy current in the skin layer of the
test piece will produce alternating Lorentz forces under the action of the bias magnetic field.
The Lorentz force acts on the material crystal lattice, causing the mass point in the material
to vibrate at the same frequency with the excitation current, thereby generating ultrasonic
waves inside the test piece. The above process can be described by the following equations:

1 A
EVZA oo = —Je 1)

where A means the vector magnetic potential, o denotes the conductivity of the material, and
Jc represents the source current density, t means the time, i1 denotes the magnetic permeability.

e e
S

where i means the total current; and S denotes the cross-sectional area of the coil.
Substituting Equation (2) into Equation (1) shall obtain

1 IA o IA i
“V2A—o 2 [ ds = —= 3)
7 I
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Je = _Ui 4)
fL =By x]Je (5)

where f] represents the Lorentz force, and By means the bias magnetic field.

2.2. Design Principle of Surface Wave Zigzag Coil

The zigzag coil is designed based on the wave coherence principle. When the coil turn
distance is half of the ultrasonic wavelength A, the ultrasonic waves excited by each single
coil turn satisfy the wave coherence principle, and its excitation and reception efficiency is
the highest. In this situation, the wavelength and the coil turn distance meet the following
condition [26]:

D=(2n+1)A n=0,1,2... (6)

where D means the coil turn distance of the zigzag coil, and A represents the wavelength of
the guided wave. In general, n =0, and D = A.

3. Model Description

Based on COMSOL Multiphysics software 5.4, a two-dimensional model for EMUS
surface wave detection of metal sheet defects was established, as shown in Figure 2. The
model mainly includes a thin metal plate (aluminum plate), an EMAT module, and an air
field. The size of the aluminum plate is 500 mm x 10 mm. The air field above the model
is also 500 mm x 10 mm. The enlarged view of the EMAT module is shown in Figure 3.
The EMAT module is composed of a permanent magnet and a zigzag excitation coil. The
permanent magnet is made of NdFeB with a size of 30 mm x 7 mm. The excitation coil is a
3-turn zigzag coil with a turn width of 1.0 mm and a turn thickness of 0.2 mm, the lift-off
distance is 0.5 mm, and the coil turn distance is 2.98 mm. A schematic of the coil geometry
is shown in Figure 4. Surface waves generally refer to signals propagating through the
surface of a semi-unbounded area. To reduce the influence of the reflected echoes of the left,
right, and bottom end faces on the received signals, the left, right, and bottom end faces are
set as low reflection boundary.

(LD
N

Figure 2. Two-dimensional model for EMUS surface wave detection.

Zigzag coil
® 0 00 ® ®~

Electromagnetic ultrasonic transducer area

Figure 3. Enlarged view of the EMAT module.

In the simulation, the calculation step is set to T/20; T is the time period of the
excitation signal; the calculation time is 200 T; the “generalized alpha” method is selected
in the solution process. The excitation current in the coil is a sinusoidally modulated tone-
burst signal, as shown in Figure 5. Each cycle contains five fundamental frequency signals;
Imax is the amplitude of the excitation signal; Imax = 10 A; the current signal equation is
as follows:

I=sin2xmx fxt)xsin(2xmwx fxt/10) x (t <5xT) X Imax|A] (7)
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Figure 4. Schematic of the zigzag coil geometry.
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Amplitude (A)

Time (us)
Figure 5. Time domain waveform of EMUS excitation current signal.

The density of the FE mesh directly determines the calculation accuracy of the FE
model. The finer the mesh size is, the more accurate the calculation result will be. To
improve the calculation accuracy, this study refined the skin depth area of the aluminum
plate where the electromagnetic field energy is concentrated and changed drastically during
the EMAT transduction process. The skin depth ¢ of the aluminum plate is as follows:

5= |t 8
Ttpotm f ®)

where p,, means resistivity of aluminum plate, and p,; = 2.62 x 10~8 Q)/m; ug represents
vacuum permeability, and yg = 47 x 1077 H/m; p,, denotes the relative permeability of
the aluminum plate, and y,; = 1; f indicates excitation current frequency, and f = 500 kHz.

Substituting the above parameters into Equation (8), the skin depth in the aluminum
plate is 115.2 um. In the process of dividing the mesh grid, at least two layers of grids need to
be set in the skin depth area. When the mesh size is set according to this principle, the mesh
density of the skin depth area is extremely high. If the whole model is meshed according to
this principle, the calculation amount will increase exponentially. The calculation accuracy
requirement of the air domain is not high; thus, the mesh size of this part can be set larger.
Therefore, the calculation complexity of the whole model is mainly determined by the
mesh size of the aluminum plate domain. The influence of the mesh size of the aluminum
plate domain on the calculation accuracy is mainly reflected in the wave packet shape,
wave speed, and amplitude of the surface wave. From the comparison of the simulation
results under different mesh accuracy, it can be obtained that when the grid is large, the
wave packet composition of the surface wave is more complex, the wave velocity is smaller
(compared with the actual wave velocity), and the wave amplitude is also smaller, as shown
in Figures 6 and 7. Comparing the results of different mesh size, the maximum size of
the aluminum plate domain is set to 1.5 mm. When the mesh size is smaller than 1.5 mm,
further refinement hardly affects the calculation result. Considering that the wavelength



Buildings 2022, 12, 235

6 of 20

of the surface wave in this model is about 3 mm, it can be concluded that when the mesh
size is less than half the wavelength of the surface wave, the calculation result is accurate.
To reserve a certain margin, the maximum mesh size of the aluminum plate domain is
set to 1.2 mm. The element number of the whole model is about 20,000 after the gradual
refinement of different domains. If the mesh grid is divided according to the principle
of skin layer, the element number of the whole model will reach 284,000. Gradual mesh
grid refinement can ensure calculation accuracy, reducing the complexity of the model
and the calculation amount. Considering the intensity and transduction severity of the
electromagnetic field decrease rapidly as the plate depth increases, the mesh grid at a
distance from the probe gradually becomes large. After the mesh grid is refined according
to the above principle, the mesh division of the whole model is shown in Figure 8.

Amplitude (<10~’mm)

“10F 4

L L L L L L
0 20 40 60 80 100
Time (us)

Figure 6. Time domain received signal when the maximum mesh grid is 10 mm.
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Figure 7. Time domain received signal when the maximum mesh grid is 1.2 mm.
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Figure 8. Meshing size of different domains after refinement.

Figures 9 and 10 are the distribution diagrams of the magnetic field generated by the
permanent magnet and the excitation coil separately. Comparing Figures 9 and 10, the
magnetic field generated by the permanent magnet in the aluminum plate is about (0.1, 0.4)
T, while the magnetic field generated by the excitation coil in the aluminum plate is about
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4 x 10~Y T. The intensity of the magnetic field generated by the permanent magnet is much
greater than that of the excitation coil. This is why the magnetic field of the excitation coil
can be ignored when analyzing the particle vibration in the EMAT transduction process.
It can be obtained from the magnetic field distribution of the permanent magnet that the
magnetic field intensity in the area where the excitation coil is located is basically the
same, which can eliminate the influence of the uneven bias magnetic field on the EMAT
transduction process. What is more, it can be obtained from the magnetic field distribution
of the excitation coil that the magnetic field below the coil turns is smaller than that of the
region between two adjacent coil turns, since the magnetic field generated by the coil is
distributed in a circular shape.
0.9
I 0.8

Magnetic flux density (T) 0.7

0.6
0.5
0.4

0.3
0.2
0.1

Figure 9. Magnetic flux density distribution of permanent magnet.

x107°
0.6

Magnetic flux density (T) 05

0.4
0.3

0.2

0.1

Figure 10. Magnetic flux density distribution of the excitation coil.

Figures 11 and 12 show the bias magnetic field and eddy current field of the EMAT.
The width of the magnet is 20 mm. Figure 11 shows the magnetic flux density in x and
y directions of the magnet at 0.01 mm depth in the aluminum plate. It can be obtained
from Figure 11 that the middle part of the magnet mainly produces a vertical magnetic
field, and the vertical magnetic density at the center position is the weakest and gradually
increases to both sides. On both sides of the magnet, due to the edge effect, there are strong
horizontal magnetic fields on the left and right sides of the magnet center with opposite
directions. The surface wave includes in-plane displacement and out-plane displacement.
The x-direction magnetic field mainly produces out-plane displacement of the surface wave,
and the y-direction magnetic field mainly produces the in-plane displacement. The eddy
current distribution in the aluminum plate under the excitation coil is shown in Figure 12.
Since the current direction of the two adjacent wires of the zigzag coil is opposite, the
direction of the eddy current generated in the aluminum plate is also opposite, and the
maximum value of the eddy current appears below each coil wire center.
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Figure 11. Magnetic flux density distribution in the aluminum plate.
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Figure 12. Eddy current distribution in the aluminum plate under the magnet.

Figure 13 shows the distribution of the Lorentz force in the x-direction and y-direction
produced by the interaction of the induced eddy current and the magnetic field in the skin
depth of the aluminum plate. The rectangular magnet mainly provides a vertical magnetic
field, so the Lorentz force generated in the aluminum plate by the EMAT is mainly in the x
direction. Moreover, due to the edge effect of the magnet, a large vertical Lorentz force is
generated in the aluminum plate below the edge of the magnet.

200

150
100 F -400 b

S0 -800 - B
-1200 - 1

-1600 b
=100

Lorentz force of x component (N/m?)

-150

Lorentz force of y component (N/m®)

-2000

~200 b—1 L -2400 —+
-5 -0 -5 0 5 10 15 -5 10 -5 0 5 10 15

X coordinate (mm) X coordinate (mm)

(a) (b)

Figure 13. Lorentz force distribution in the aluminum plate under the magnet, (a) Lorentz force of x
direction; (b) Lorentz force of y direction.

Figure 14 shows the time-domain waveform of the EMUS signal received at point
(200, —1). The first wave packet is the direct wave of the excitation signal, and the second
wave packet is the reflection wave from the left end surface. It can be calculated from the
length of the aluminum plate and the model parameters that the propagation velocity of
the surface wave in the aluminum plate is 2890 m/s. The acoustic field of the EMUS signal
in the aluminum plate is shown in Figures 15-17 at time 1.5 x 107> s. Figure 15 is the out-
plane displacement, Figure 16 is the in-plane displacement, and Figure 17 is the resultant
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displacement. The surface wave excited by this model is mainly out-plane displacement,
and the in-plane displacement is small because the permanent magnet mainly provides
a vertical magnetic field. Due to the edge effect of the permanent magnet, there is also
little horizontal component in the magnetic field, which is the reason for the low-amplitude
in-plane displacement in the acoustic field.

5T T T T T T T
4k 1
3k 1
g 20 1
£
g1 ]
30 Wik
=
=-1F q
S
£
<=2 q
3t 1
-4} 1
5L L L L L L L
50 75 100 125 150 175 200
Time (us)

Figure 14. Time-domain waveform of received EMUS signal.

Y component of displacement field (mm)

Figure 15. Y-direction component of surface wave (out-plane displacement).

X component of displacement field (mm) 2

Figure 16. X-direction component of surface wave (in-plane displacement).
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Figure 17. The resultant displacement of surface wave.

4. Results Analysis
4.1. Optimization of EMAT Excitation Parameters

The main factors affecting the amplitude of EMUS surface wave are magnetic field,
excitation current, and coil parameters. The magnetic field and excitation current are
positively correlated with the amplitude of the surface wave. The magnetic field and
excitation current is usually set to the maximum according to the external conditions.
Therefore, this section mainly studies the influence of coil parameters on surface wave
amplitude. As shown in Figure 18, the coil parameters include coil thickness, width, and
lift-off distance. According to the common specifications of EMAT in aluminum plate
and current coil manufacturing level, the value range of each factor can be determined in
Table 1. The three parameters affect each other. To determine the optimal coil parameter
combination, 43 tests are required, which requires a huge amount of calculation.

Coil width w

yybiay j10o
<>

Lift-off distance d

Figure 18. Parameters affecting the amplitude of surface wave.

Table 1. The value range of the three parameters to be optimized.

Lift-Off Distance (mm) Coil Width (mm) Coil Thickness (mm)
0.1 0.5 0.1
0.2 1.0 0.2
0.3 1.5 0.3
0.4 2.0 04

To obtain the optimal coil parameter combination and analyze the influence of each
parameter individually on surface wave amplitude, this study adopted the orthogonal
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experiment method to optimize the coil parameters. Orthogonal experimental design is a
design method for studying multi-factors and multi-levels. Some representative points are
selected from the overall test for experiments based on orthogonality. These representative
points have the features of uniform dispersion, regularity, and comparability. Orthogonal
experimental design is the main method of fractional factorial design, and it is a highly
efficient, fast, and economical experimental design method. For tests with three parameters
and each parameter with four levels, 64 experiments are required in the full test. However,
if the orthogonal experiment design method is adopted, only 16 experiments are required,
which greatly reduces the calculation amount.

The commonly used orthogonal test tables do not have the three-parameter four-
level table. By removing the last two columns from Li4 (45), the five-parameter four-level
orthogonal test table, the three-parameter four-level orthogonal test table can be obtained.
Table 2 shows the value combinations of the three-parameter four-level orthogonal test.
Experiments were carried out according to the value combinations in Table 2, and the
corresponding EMUS received signal amplitudes of different value combinations are shown
in Table 3.

Table 2. Value combinations of three-parameter four-level orthogonal test.

Numerical Order Parameter 1 Parameter 2 Parameter 3
1 1 1 1
2 1 2 2
3 1 3 3
4 1 4 4
5 2 1 2
6 2 2 1
7 2 3 4
8 2 4 3
9 3 1 3
10 3 2 4
11 3 3 1
12 3 4 2
13 4 1 4
14 4 2 3
15 4 3 2
16 4 4 1

Table 3. Received signal amplitude of different value combinations.

Value Amplitude (x10~% mm) Value Amplitude (x10~2 mm)
111 8.08 313 5.87
122 8.18 324 5.98
133 7.27 331 6.21
144 6.20 342 5.04
212 6.87 414 5.56
221 7.66 423 5.50
234 6.18 432 5.18
243 5.54 441 4.77

The commonly used orthogonal test tables do not have the three-parameter four-
level table. By removing the last two columns from Li¢ (45), the five-parameter four-level
orthogonal test table, the three-parameter four-level orthogonal test table can be obtained.
Table 2 shows the value combinations of the three-parameter four-level orthogonal test.
Experiments were carried out according to the value combinations in Table 2, and the
corresponding EMUS received signal amplitude of different value combinations are shown
in Table 3.
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From the comprehensive comparability of the orthogonal experiment, the influence of
each parameter on signal amplitude could be obtained by calculating the arithmetic mean
value of the signal amplitude ki of each parameter at the same level (where i represents
the serial number of the value level of each parameter, i = 1, 2, 3, 4). By analyzing the
influence of lift-off distance, coil width, and thickness on the amplitude of the received
signal (Figures 19-21), the following conclusions could be obtained: the amplitude of
received signal gradually decreased with the increase of lift-off distance and coil thickness;
it first increased and then decreased with the increase of coil width, and when the received
signal amplitude was maximal, the coil width was about 1/3 of the coil turn distance.
The best value combination of excitation parameters was 121, that is, a lift-off distance of
0.1 mm, a coil width of 1 mm, and a coil thickness of 0.1 mm. The time domain comparison
of the received signal of the optimized parameters and the excitation parameters commonly
used in previous simulations is shown in Figure 22. As shown in Figure 22, after the

orthogonal test optimization, the received signal amplitude is significantly enhanced by
about 80%.
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Figure 19. The influence of lift-off distance on the amplitude of received signal.

75

g
o
T

L

Amplitude (<10 °mm)
o o o
o ° o
I\
/ |
. . .

5.0 Lt L L L L L L L L

Coil width (mm)

Figure 20. The influence of coil width on the amplitude of received signal.
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Figure 21. The influence of coil thickness on the amplitude of received signal.
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Figure 22. Time domain comparison of received signals before and after optimization.

4.2. Surface Wave Attenuation with Propagation Distance and Depth

Figure 23 shows the amplitude of the EMUS surface wave received at 1 mm depth
positions in the aluminum plate. The attenuation of the surface wave was very small when
it propagated in the aluminum plate. After the ultrasonic signal propagated a 350 mm
distance, the attenuation of the amplitude was only 1.16 X 102 mm, and the loss was
about 25.7%. It can be estimated that the complete attenuation distance of surface wave in
the aluminum plate was about 1400 mm. When the ultrasonic signal propagated a 1000 mm
distance, the signal attenuation was 70% of the excitation signal. Effective detection could
still be achieved, indicating that the electromagnetic surface wave as the detection signal
for aluminum plate defects has the advantages of high amplitude, small attenuation, and
large detection range. What is more, the characteristic of large detection range also makes
the EMUS surface wave probe have certain advantages in the distributed detection of
ultra-large-scale specimens.
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Figure 23. Attenuation of EMUS surface wave with propagation distance.

The effective detection depth of surface wave was about a wavelength range below
the surface of the plate. The thickness of the aluminum plate was 10 mm. Figure 24 shows
the acoustic field distribution of surface wave propagation depth. The surface wave was
mainly distributed in the upper half of the aluminum plate. The area with the strongest
acoustic field appeared in the upper middle part of the effective propagation area. The
surface wave velocity in the aluminum plate was 2890 m/s, and the excitation current
frequency was 500 kHz. Thus, the wavelength could be calculated to be about 6 mm.
As is shown in Figure 25, the amplitude of surface wave was the largest with almost no
attenuation in the depth range of (0, 10) mm; in the depth range of (1, 6) mm, the signal
amplitude attenuated sharply; when the propagation depth was 6 mm, the amplitude of
the surface wave attenuated to 22% of the maximum amplitude, which was consistent with
the acoustic field distribution of propagation depth.
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Figure 24. Acoustic field distribution of surface wave propagation depth.
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Figure 25. The attenuation of surface wave amplitude with the propagation depth.

4.3. Analysis of Defect Detection of EMUS Surface Wave

To study the defect detection of the EMUS surface wave, a set of groove-shaped defects
with different depths (of which the width was 0.2 mm) and a set of groove-shaped defects
with different widths (of which the depth was 2 mm) were respectively set at 200 mm away
from the EMAT. Defects with different depths had a depth range of (0.2, 2) mm, with 0.2 mm
per division; defects with different widths had a width range of (0.1, 1) mm, with 0.1 mm
per division. A defect with a width of 0.5 mm and a depth of 2 mm is shown in Figure 26.
When studying the influence of defects on EMUS surface waves, the main consideration is
the influence on the reflected signal and the transmitted signal. The detection point A of the
reflected signal was located at 100 mm, in the middle of the EMAT module and the defect.
The detection point B of the transmitted signal was located at 300 mm, behind the defect,
as shown in Figure 27. According to the relation between the surface wave amplitude and
the propagation depth shown in Figure 24, the detection points of reflected signal and
transmitted signal were both located at 1 mm depth.

Figure 26. A defect with a width of 0.5 mm and a depth of 2 mm.

[ — A' (/-\\) 'B ]
N

Figure 27. The detection points of the reflected signal and the transmitted signal. (A: The detection
point of the reflected signal. B: The detection point of the transmitted signal.)

Influenced by the overlap and transformation of wave packets and noise interference,
the error was large when the peak-to-peak amplitude of the EMUS surface wave was used
to characterize the defect. The peak-to-peak amplitude and the maximum of power spectral
density (PSD) function were selected to characterize the defect. Since the PSD function
is the energy statistics of the whole wave packet, the peak-to-peak amplitude difference
caused by wave packet overlap and transformation could be eliminated. Moreover, because
the noise signal contained all the frequency components and had no periodicity, it could
be suppressed in PSD autocorrelation. The time domain waveform and PSD of a received
signal are shown in Figure 28.
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Figure 28. The time domain waveform (a) and PSD (b) of a received signal.

that it is more suitable for quantitative detection of groove-shaped defects.
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Figure 29. The influence of defect depth on the received signal (reflected wave).
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The influence of defect depth on reflected and transmitted signals of surface waves
is shown in Figures 29 and 30, respectively. The red curve represents the peak-to-peak
amplitude, corresponding to the left Y axis, and the blue curve represents the maximum
of the PSD function, corresponding to the right Y axis. Whether it was the peak-to-peak
amplitude or the maximum of the PSD function, the characteristics of the reflected signal
gradually increased with the increase of the defect depth; the characteristics of the trans-
mitted signal gradually decreased with the increase of the defect depth. The difference was
that the characterization curve of the maximum of the PSD function was smoother, and the
difference of different defect depths was more obvious, since the PSD function was less
interfered with by the overlap and transformation of wave packets and noise, which shows
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Figure 30. The influence of defect depth on the received signal (transmitted wave).

The influence of defect width on reflected and transmitted signals of surface waves is
shown in Figures 31 and 32, respectively. The red curve represents the peak-to-peak ampli-
tude, corresponding to the left Y axis, and the blue curve represents the maximum of the
PSD function, corresponding to the right Y axis. Similar to the defect depth characterization
curve, whether it was the peak-to-peak amplitude or the maximum of the PSD function,
the characteristics of the reflected signal gradually increased with the increase of the defect
width; the characteristics of the transmitted signal gradually decreased with the increase of
the defect width. Moreover, since the PSD function was less interfered with by the overlap
and transformation of wave packets and noise, the characterization curve was smoother
compared with the peak-to-peak amplitude, and the difference in signal characteristics
was greater under the same defect width difference, which means it is more suitable for
quantitative detection of groove-shaped defects. Unlike the influence trend of defect depth,
the influence of defect width on both reflected and transmitted signals was small. This is
mainly because the most important factor affecting the received signal characteristics is
whether there was a defect or not, and when there was already a defect, the influence of
defect width was less obvious.
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Figure 31. The influence of defect width on the received signal (reflected wave).
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4.4. Defect Localization of EMUS Surface Wave

The measurement of the time difference between EMUS wave packets is the most
important part in defect localization. The measurement methods of the EMUS wave
packet time difference mainly include the “peak-to-peak amplitude” method, “vibration
starting point” method, and “cross-correlation” method. The “peak-to-peak amplitude”
method measures the time difference of two wave packets according to the time difference
of the peak point. The “vibration starting point” method measures the time difference
of two wave packets according to the time difference of the vibration starting point of
the wave packet. The “cross-correlation” method uses the cross-correlation function to
calculate the time difference of two wave packets. Both the “peak-to-peak amplitude”
and the “vibration starting point” use point-to-point measurement to determine the time
difference of two wave packets. These measurement methods are simple, but the accuracy
is low in characterizing the defects if the ultrasonic wave is affected by the overlap and
transformation of wave packets; using these methods to characterize defects will lead to
low accuracy. The “cross-correlation” method calculates the time difference according to
the comparison of all data points of two wave packets. This measurement method is more
complex, but the accuracy is higher.

Figure 33 shows the direct wave packet and reflected wave packet of EMUS defect
detection signal. In the EMUS surface wave propagation process, the outline of the reflected
wave packet is greatly changed compared with the direct wave packet because of the
wave packet transformation and the overlap of different wave packets. Therefore, it
is not appropriate to choose the “peak-to-peak amplitude” method, “vibration starting
point” method, or “cross-correlation” method to calculate the time difference of the wave
packets since the outline, the peak point, and the vibration starting point of the EMUS
surface wave packet change during the propagation process, especially after reflection.
Through the analysis of the EMUS surface wave characteristics, this study proposed
a time difference measurement method called the “central zero-point” method. As is
shown in Figures 34 and 35, the direct wave packet and reflected wave packet showed the
characteristics of central energy concentration and center symmetry. The time difference of
the central zero-point of the two wave packets was selected as the time difference of the
two wave packets, which could ensure the uniqueness of the wave packet time difference
and the accuracy of the measurement result.
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Figure 33. The direct wave packet and the reflected wave packet.
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Figure 34. The central zero point of direct wave packet (Time coordinate: t;).
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Figure 35. The central zero point of reflected wave packet (Time coordinate: tp).

The velocity of the EMUS surface wave in an aluminum plate was 2890 m/s. Defect
positions measured by the four methods are shown in Table 4. The position data measured
by the “peak-to-peak amplitude” method were generally larger than the actual position,
while the position data measured by the “vibration starting point” method were generally
smaller. The error of the position data measured by the two methods was about 5 mm.
The location data measured by the “cross-correlation method” and the “central zero-point”
method proposed in this study were close to each other, and the error was less than
2 mm, indicating that the accuracy was higher than the previous two methods. By further
comparing the position data measured by the “cross-correlation” method and the “central
zero-point” method, it could be obtained that for those data points with higher accuracy
of the “cross-correlation” method, the accuracy of the “central zero-point” method was
slightly higher than that of the “cross-correlation” method; and for those data points with
lower accuracy of the “cross-correlation” method, the accuracy of the “central zero-point”
method was much higher than that of the “cross-correlation” method. For most data points,
the error of the “central zero-point” method was less than 0.5 mm, which is only about one-
tenth of the “peak-to-peak amplitude” method and the “vibration starting point” method,
although these three methods are all point-to-point measurement methods. What is more,
compared with the “cross-correlation” method, which considers all the data points of two
wave packets, the accuracy of the proposed “central zero-point” method was also greatly
improved, but the proposed measurement method is simpler, since this method only uses
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one point rather than all the data points. This indicates that the proposed method is suitable
for the time difference measurement of the wave packet of the EMUS detection signal.

Table 4. Defect localization measurement data of four methods.

Defect Peak-to-Peak  Starting Point  Cross-Correlation  Central Zero-Point
Location (mm) Method (mm) Method (mm) Method (mm) Method (mm)
50 52.74 49.13 49.42 49.40
100 102.74 105.05 99.42 99.39
150 152.59 146.67 149.27 149.25
200 202.44 196.67 202.30 199.12
250 252.44 246.66 252.15 250.56
300 305.33 296.66 302.15 300.43
350 355.18 346.66 352.00 352.03
400 405.18 396.65 401.85 401.90

5. Conclusions

This study proposes EMUS surface wave detection of metal sheet defects aiming at
improving the efficiency of the EMUS transducer, accuracy of the corresponding relation
between ultrasonic signals and defect features, and measurement accuracy of the time delay
between EMUS packets using an aluminum plate. The electromagnetic field distribution of
the EMUS transducer, the propagation depth of the surface wave, and the influence of the
grid accuracy on the EMUS excitation signal are analyzed; the orthogonal experimental
design is used to optimize the excitation parameters of the EMUS surface wave transducer;
the peak-to-peak value and PSD of the EMUS signal in defect detection are compared; a
method for measuring the time delay of the EMUS signal wave packet is proposed; and the
maximum value method and the cross-correlation method are compared. The following
conclusions are drawn.

After optimizing the excitation parameters of the EMUS transducer through the
orthogonal experiment design, the amplitude of the EMUS signal generated is increased by
about 80%.

Using the PSD of the EMUS response signal to detect defects, the accuracy is higher
than the peak-to-peak value detection, and the reliability is better; the measurement accu-
racy of the proposed "center zero-point method" for the EMUS signal wave packet time
delay is higher than that of the peak-to-peak method and the starting point method, and the
accuracy is close to that of the cross-correlation method. Certainly the boundary condition
of this method should be further investigated and validated with experiments.

Author Contributions: Conceptualization, Y.Z. and L.H.; methodology, Y.Z.; software, L.H.; valida-
tion, Y.Z., EY. and ].X; formal analysis, Y.Z.; investigation, L.H.; resources, Y.Z.; data curation, L.H.;
writing—original draft preparation, Y.Z., EY. and ] X; writing—review and editing, Y.Z., FY. and
J.X,; visualization, Y.Z. and L.H.; supervision, Y.Z., FY. and ].X.; project administration, Y.Z.; funding
acquisition, Y.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research and the APC were funded by MOE Key Laboratory of High-Speed, Railway
Engineering, Southwest Jiaotong University: 2020 Open Fund.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: This study is technically supported by the Infrastructure Inspection Research
Institute, China Academy of Railway Sciences Corporation Ltd.

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



Buildings 2022, 12, 235 20 0f 20

References

1. Staszewski, W].; Boller, C.; Tomlinson, G. Health Monitoring of Aerospace Structures: Smart Sensor Technologies and Signal Processing;
John Wiley & Sons: Chichester, UK, 2004.

2. Zhou, Z.G,; Feng, Z.Y.; Gao, Y.F.; Zhu, X. Application of ultrasonic waves to defect inspection of large thin plate. Acta Aeronaut.
Astronaut. Sin. 2008, 29, 1044-1048. (In Chinese)

3. Li, Y,; Wang, K.S.; Liu, C.R. Development status of surface defects inspection for metal plants. Mater. Rev. 2011, 25, 238-241.
(In Chinese)

4. Duan, Z.; Li, C.; Zhang, Y.; Dong, L.; Bai, X.; Yang, M.; Jia, D.; Li, R.; Cao, H.; Xu, X. Milling surface roughness for 7050 aluminum
alloy cavity influenced by nozzle position of nanofluid minimum quantity lubrication. Chin. ]. Aeronaut. 2020, 34, 33-53.
[CrossRef]

5. Toozandehjani, M.; Matori, K.A.; Ostovan, F.; Mustapha, F.; Zahari, N.L; Oskoueian, A. On the correlation between microstructural
evolution and ultrasonic properties: A review. . Mater. Sci. 2015, 50, 2643-2665. [CrossRef]

6. Rossini, N.S.; Dassisti, M.; Benyounis, K.Y.; Olabi, A.G. Methods of measuring residual stresses in components. Mater. Des. 2012,
35, 572-588. [CrossRef]

7.  Draudviliene, L.; Meskuotiene, A.; Mazeika, L.; Raisutis, R. Assessment of Quantitative and Qualitative Characteristics of
Ultrasonic Guided Wave Phase Velocity Measurement Technique. J. Nondestruct. Eval. 2017, 36, 22. [CrossRef]

8.  Yang, R.; He, Y,; Zhang, H. Progress and trends in nondestructive testing and evaluation for wind turbine composite blade. Renew.
Sustain. Energy Rev. 2016, 60, 1225-1250. [CrossRef]

9. Gao, H; Alj, S.; Lopez, B. Efficient detection of delamination in multilayered structures using ultrasonic guide wave EMAT. NDT
E Int. 2010, 43, 316-322. [CrossRef]

10. Rouge, C.; Lhémery, A.; Ségur, D. Modal solutions for SH guided waves radiated by an EMAT in a ferromagnetic plate. J. Phys.
Conf. 2012, 353, 012014. [CrossRef]

11.  Thompson, R.; Alers, G.; Tennison, M. Application of Direct Electromagnetic Lamb Wave Generation to Gas Pipeline Inspection.
In Proceedings of the Ultrasonic Symposium, New York, NY, USA, 4-7 October 1972; pp. 91-93. [CrossRef]

12.  Cawley, P; Alleyne, D. The Use of Lamb Waves for the Long Range Inspection of Large Structures. Ultrasonics 1996, 34, 287-290.
[CrossRef]

13. Hirao, M.; Ogi, H. An SH-Wave EMAT Technique for Gas Pipeline Inspection. NDT E Int. 1999, 32, 127-132. [CrossRef]

14. Gauthier, ].; Mustafa, V.; Chabbaz, A. EMAT Generation of Horizontally Polarized Guided Shear Waves for Ultrasonic pipeline
Inspection. In Proceedings of the ASME International Pipeline Conference, Calgary, AB, Canada, 7-11 June 1998; pp. 327-334.

15. Luo, W.; Rose, J.; Kwun, H. Circumferential Shear Horizontal Wave Axial-Crack Sizing in Pipes. Res. Nondestruct. Eval. 2005,
15, 149-171. [CrossRef]

16. Zhao, X. Quantitative Defect Characterization via Guided Waves;, Pennsylvania State University: State College, PA, USA,
2003; pp. 100-108.

17.  Zhao, X.; Rose, J. Guided Circumferential Shear Horizontal Waves in an Isotropic Hollow Cylinder. |. Acoust. Soc. Am. 2004,
115, 1912-1916. [CrossRef]

18.  Zhao, X.; Venugopal, K.; Mei, G. In-Line Nondestructive Inspection of Mechanical Dents on Pipelines with Guided Shear
Horizontal Wave Electromagnetic Acoustic Transducers. J. Press. Vessel Technol. 2005, 127, 304-309. [CrossRef]

19. Wang, S.; Li, Z.; Kang, L.; Zhai, G. Influence of Coil Parameters on Rayleigh Waves Excited by Meander-Line Coil EMATS:.
Commun. Comput. Inf. Sci. 2012, 355, 94-103.

20. Li, Z.; Zhai, W.; Su, R; Kang, L. Coil parameter analysis of meander-line coil electromagnetic acoustic transducer-based Rayleigh
waves. Trans. Inst. Meas. Control 2014, 36, 155-163. [CrossRef]

21. Thring, C.B,; Hill, S.J.; Dixon, S.; Edwards, R.S. The Effect of EMAT Coil Geometry on the Rayleigh Wave Frequency Behaviour.
Ultrasonics 2019, 99, 105945. [CrossRef]

22. Tkocz, J.; Greenshields, D.; Dixon, S. High power phased EMAT arrays for nondestructive testing of As-cast steel. NDT E Int.
2019, 102, 47-55. [CrossRef]

23. Isla,].; Cegla, F. Phased Array a Feasibility Study of Surface Crack Detection. Ultrasonics 2017, 78, 1-9. [CrossRef]

24. Parra-Raad, J.; Khalili, P.; Cegla, F. Shear waves with orthogonal polarisations for thickness measurement and crack detection
using EMATs. NDT E Int. 2020, 111, 102212. [CrossRef]

25. Trushkevych, O.; Edwards, R.S. Characterisation of small defects using miniaturised EMAT system. NDT E Int. 2019, 107, 102140.
[CrossRef]

26. Xiang, L.; Greenshields, D.; Dixon, S.; Edwards, R.S. Phased Electromagnetic Acoustic Transducer Array for Rayleigh Wave

Surface Defect Detection. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2020, 67, 1403-1411. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cja.2020.04.029
http://doi.org/10.1007/s10853-015-8855-x
http://doi.org/10.1016/j.matdes.2011.08.022
http://doi.org/10.1007/s10921-017-0404-x
http://doi.org/10.1016/j.rser.2016.02.026
http://doi.org/10.1016/j.ndteint.2010.03.004
http://doi.org/10.1088/1742-6596/353/1/012014
http://doi.org/10.1109/ULTSYM.1972.196035
http://doi.org/10.1016/0041-624X(96)00024-8
http://doi.org/10.1016/S0963-8695(98)00062-0
http://doi.org/10.1080/09349840490915627
http://doi.org/10.1121/1.1691037
http://doi.org/10.1115/1.1991879
http://doi.org/10.1177/0142331213499808
http://doi.org/10.1016/j.ultras.2019.06.007
http://doi.org/10.1016/j.ndteint.2018.11.001
http://doi.org/10.1016/j.ultras.2017.02.009
http://doi.org/10.1016/j.ndteint.2019.102212
http://doi.org/10.1016/j.ndteint.2019.102140
http://doi.org/10.1109/TUFFC.2020.2968151
http://www.ncbi.nlm.nih.gov/pubmed/31976888

	Introduction 
	Theoretical Background 
	Theory of EMUS Transducer 
	Design Principle of Surface Wave Zigzag Coil 

	Model Description 
	Results Analysis 
	Optimization of EMAT Excitation Parameters 
	Surface Wave Attenuation with Propagation Distance and Depth 
	Analysis of Defect Detection of EMUS Surface Wave 
	Defect Localization of EMUS Surface Wave 

	Conclusions 
	References

