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Abstract— As the focal position of a line-focusing electromagnetic acoustic transducer (LF-
EMAT) affects the intensity of the focal signal, we measure the displacement signal and the
slection method of the focal line position is then studied in this work to improve the signal intensity
and detection precision for a shear-vertical (SV) wave LF-EMAT. We calculate the magnetostatics
filed and bulk wave propagation utilizing the finite element method (FEM). We simulate the
characteristics of the SV wave, and we find that the radiant distance and propagation direction has
a great influence on the amplitude of the displacement of the specimen. The superposition area of
SV waves from different sources possesses better focusing ability, and the triangular area
(normalized amplitude of the SV waves lower than 10%) near the surface of a specimen should be
avoided to be chosen when designing the meander line coils. As for the line-focusing EMAT
described in this manuscript, the selection of focal positions for different thickness specimens or
detection depth is completely different. Moreover, we perform an experiment to validate the
simulation results and lead to a conclusion that the position of the focal point is required to be
appropriately close to the excitation coils to enhance the intensity of the signal, while the best focal

position should be calculated.
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1. Introduction

Electromagnetic ultrasonic detection technology is widely used in the industry as a part of
ultrasonic guided wave detection technology. As an ultrasonic nondestructive testing (NDT)
method, it has great advantages for detecting cracks, interlayers, and folds on the surface or inside

the materials caused by fatigue, aging, and thermal expansion. The electromagnetic acoustic
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transducers (EMATSs), which use electromagnetic mechanisms for non-contact ultrasound
generation and reception, may be expected to replace conventional piezoelectric (PZT) in many
applications [1-4]. The contact or couplant between the transducers and the surface of the
specimens is not required in an EMAT as the ultrasonic is directly generated within the material
adjacent to the transducer. Therefore, it has a wide range of applications for the EMAT such as
rough material surface, high temperature and high speed available, etc. [5,6]

Typically, the sensitivity of EMATSs 1is affected by the transmit power, coil turns, constant
external magnetic field, electrical conductivity, magnetic permeability and acoustic impedance,
which is about 40 dB lower than that of PZTs. The weak transduction efficiency is currently the
main challenge of EMATSs in practical applications, so different types of signal processing
techniques are required to enhance the signal and isolate noise [7-0]. In practical applications, in
order to improve the electromagnetic ultrasonic transduction efficiency, a high-power transmitting
device with a tuning circuit is required to obtain a strong sound pressure. Moreover, due to the
effect of the high transmitting power, there must be a protection device at the input of the receiving
circuit. A low noise signal amplifier is also required because the received signal input to the
amplifier after two transmissions has a relatively small amplitude (usually at the level of uV).
Also, the broad radiation patterns of elastic waves also diminish the ultrasonic energy. It means
that the elastic wave generated by an EMAT propagates nearly all the directions in the specimen,
which is undesirable for flaw detection purposes. Therefore, many methods of concentrating the
wave energy and sharpening the directivity were proposed.

The shear-vertical (SV) wave is generated with longitudinal waves and Rayleigh waves
simultaneously by an EMAT and propagates along the oblique direction in the specimen. Contrary
to the surface propagation characteristics of the Rayleigh waves [10, 11], SV wave EMAT has
great advantages in detecting internal and bottom defects of the specimen. Moreover, SV waves
focusing is an important method due to the weak transduction efficiency of the transducers.
Therefore, in recent years, the proposal and optimization of different focusing methods have
attracted more and more attention. Ogi first developed a line-focusing EMAT (IF-EMAT) by
changing the spacings of the meander line so that the SV waves generated from all sources become
coherent on the focal line[12, 13]. The focal line was selected firstly at a fixed frequency, and then
the spacings of the meander line are adjusted through an equation. In order to concentrate the SV

wave on the focal line, the spacing between the predetermined focal line and the coil segment is



an integer multiple of a half wavelength, which is not a constant value at a fixed frequency. The
point-focusing EMAT (PF-EMAT) was developed in recent years by utilizing curved meander line
coils, then the resolution and intensity of the EMAT were improved [14]. Then the defect
detectability of an EMAT has been enhanced by focusing shear waves generated by concentric
line sources at a focal point [15]. According to the latest research by Jia in 2018, the effect of the
aperture angle of the coils has been investigated as well as the design focal offset for the focusing
SV wave EMATSs [16]. It should be noted that the selection of the focal line or point is not
considered in those works. The driving frequency and the focal position have always been the first
step in the implementation of the focusing method, and they are almost ignored in the existing
literature. As one of the conditions mentioned above, the selection of the focal position has been
investigated in detail herein.

In this manuscript, numerical simulation on the EMAT is achieved by utilizing finite element
&metaphysical field methods. The magntostatics field and bulk wave propagation are investigated
by solving the electromagnetic model and the elasto-dynamic model. The effect of different focal
lines on the focal intensity is also discussed. Also, normalized amplitudes at different horizontal
lines are carefully studied with the change of the focal positions. Simulation and experimental

analysis of the SV wave focal position for multi-radiation sources is performed.

2. Model description

Lorenz force is the main force of the ultrasonic excitation for non-ferromagnetic materials.
Therefore, in order to study the EMAT, the working process of the transducer is divided into two
phases according to the structure of the EMAT. The initial phase is the production process of the
Lorenz’s force. The eddy current produced by the electric coil in the specimen generate the Lorenz
force under the effect of the external bias magnetic field during this phase. This phase is the
conversion process of electromagnetic energy. In the second phase, the specimen effected by the
Lorenz force will produce elastic deformation in the interior and surface of the specimen. The
vibration and displacement transfer process of the specimen shows the generation and propagation

of the ultrasonic wave, and this phase can be described by the elasto-dynamic model.



2.1 Electromagnetic model
The electromagnetic field model corresponds to the first phase of the EMAT. According to the
electromagnetics theory, the description of this process utilizes the Maxwell equation and the

Lorenz force formula.
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Where H, is the alternative magnetic filed generated by the alternating current in the coils; J; the
conduction current density; B; the magnetic induction intensity produced by the alternating
current; U,,the relative permeability of the specimen; E the electric field of the eddy current field;
J. the eddy current density; o the conductivity; B the static magnetic field produced by the
permanent magnet; F the Lorenz force.

The frequency of the dynamic Lorenz force excited by the dynamic magnetic field generated by
the alternating coil is two times that of the static Lorenz force, so the weak dynamic magnetic field

can be omitted [17,18].

2.2 Elasto-dynamic model

The ultrasonic wave generated by the EMAT makes the stress and strain of the interior particle of
the specimen displaced. The force produced by the displaced particle and the surrounding particle
will spread the force, then the ultrasonic wave forms. Therefore, the fundamental equation and
wave equation of the elasto-dynamic can describe the second phase of the EMAT. The Lorentz
force F in Eq. (5), which is determined by Fleming’s right-hand rule of thumb, is applied as the
source term Fy of the elasto-dynamic equation in this model. The Lorentz force calculated by the

electromagnetic model affects both the surface and the interior of the specimen in the model.
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Fig. 1. Two-dimensional schematic diagram of the EMAT in the simulation.
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The wave equation shown above equals to the Navier’s equation in the isotropic elastic solid
medium though they represent in the different form. Elastic waves displacement of the model is

calculated by applying the various properties of the aluminum specimen in this equation.
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Where u is the displacement vector, t the time; p the mass density; S the stress tensor; Fy the
volume force vector which can be obtained from the calculation of the Lorenz force in the
electromagnetic filed model; C the elasticity tensor which relates to the Lame’s constants A and
of the material; “:” stands for the doubt-dot tensor product; &,; is the difference between the total

strain € and all inelastic strains €;,,,;, and €;,,; = 0 in this manuscript.

2.3 Model configuration
Schematic diagram of the EMAT is shown in Fig. 1 and a 2-D space is considered here. The

permanent magnet is located on the top of the coil and the specimen, the S-pole of the magnet is



on the top with the N-pole underneath. The liftoff of the coil in the model is only 25 um, which
can increase the weak coupling efficiency of the EMAT. Coordinates of the coils in the Cartesian
coordinate system are (x;, 0.025mm) and the distances between the two coils are [;. In order to
facilitate the analysis process, the coordinates of each point in the simulation are corrected. The
electromagnetic model is calculated in both air and the specimen while the elasto-dynamic model
is utilized in the specimen only.

Table 1

Parameters of burst signals for the coils

Parameters Value
B(A) 3.5
a 5x10M
T(us) 3
fc (MHz) 1
0 () 0

The fundamental theory of the point-focusing EMAT is developed by Ogi et al. the major
radiation angle ¢ of the SV waves is determined by the coil’s distances [;, the wave velocity ¢ and

the frequency f of the pulsed current in the coil [19].

si.m:%f, (11)

Then the coordinates of the coils could be calculated using the equation:
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Where the shear wave velocity Cs = (u/p)%° = 3.2 x 10® mm/s; f= 1 MHZ; ¢ =45 ° ; R =28.28mm.
Therefore, the coordinates of x1, ----x16 is calculated in this work. Moreover, the focal line locates
at (20mm, 20mm) in this manuscript.

The excitation current is a burst wave with an amplitude of 3.5 A. The expression of the

excitation burst current for the EMAT coils is

i(t) = peF cos[2x f.(t - 7) + 0] (13)



Where f is the amplitude of the signal, a is the bandwidth factor, 7 is the arrival time, fc is the
central frequency, and 6 is the phase delay. The value of the parameters above is shown in Table

1, and the waveform of the excitation current is shown in Fig 2.

2.4 Numerical algorithm

The skin effect exists near the surface of the specimen due to the induced current. Therefore, in
order to reduce oscillations and overshoots in our simulations, the mesh in the computing area
needs to be subdivided carefully. A fine meshing method is utilized in Fig. 3 and the mesh
parameters are shown in Table 2. Time steps in this model are automatically determined by the
specified relative (0.01) and absolute (0.001) tolerances. Backward Differentiation Formulas are

utilized for time differentiation according to the algorithm [20].
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Fig. 2. The waveform of the excitation current.



i

Fig. 3. The meshing of the computational domain: (a) Meshing of the overall calculation domain;

(b) Meshing of the local calculation domain.

Table 2

Unit dimension parameter of mesh generation

Number of elements Average element quality Average growth rates

75478 0.932 1.093

3. Results and discussions
3.1 Magnetostatics field and bulk wave propagation

The static magnetic field produced by permanent magnets is calculated in the steady simulation
first, and the distribution of the magnetic field inside the specimen is obtained and shown in Fi.4.
It is shown in this figure that the maximum value of the magnetic flux density exists at the four
corners of the permanent magnet. It can be explained that the magnetic lines of force are distributed
along the direction of less magnetic reluctance. It can be seen from the changes in the size and

direction of the arrow that the magnetic flux density perpendicular to the surface of the specimen



is mainly located near the central position of the permanent magnet. Therefore, the tangent Lorenz

force that forms the SV wave mainly exists in this area.
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Fig. 4. Distribution of the magnctostatics field

The induced current of the pulse current in the coil is calculated in the specimen and the Lorenz
force at each point inside the specimen can be obtained when taken the calculated magnetostatics
field above as the background magnetic field. Then the Lorenz force is applied to the aluminum
material and the stress, strain and displacement of the specimen are calculated. The transient

calculation method is utilized at this stage and the total time of the simulation is 15 us.

In order to indicate the amplitude and the direction of the displacements of each point in the
specimen clearly, the simulation result at 5 ps, 10 us, and 15 us is taken as a special case and

shown in Fig 5 (a-1).

As shown in Fig. 5 (a-c), the displacement in the specimen decreases when far away from the
surface, and the maximum value of the displacement exists around the middle of the specimen’s
surface. Due to the influence of the periodic Lorenz force, the SV wave will propagate in two
directions. Therefore, it can be proved in this figure that the propagation direction of the SV waves
is approximately symmetric of the center line and spread obliquely. Figure 5 (d-f) shows the
distribution of the displacement field when the coil has constant spaces of 2.3mm. It can be seen
from the figure that there is mutual interference and superposition between the various radiation

sources. Compared with the figure, the focusing coil is utilized in Fig. 5 (g-1). It can be clearly
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seen that the amplitude of the displacement at the focal point is large, which proves the existence

of the focusing effects.
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Fig. 5. Distribution of the displacement field at 5000ns, 10000ns, and 15000ns: (a-c) Single-
source EMAT, (d-f) Constant-spaced EMAT and (g-1) Focusing EMAT.

For comparison purposes, uniformly-spaced coils are utilized in another simulation, which has

a constant space of 2.3 mm shown in Fig, 5(d-f). When other conditions remain unchanged, the

displacements at the same point (focal line) are shown in Fig. 6. It can be seen from the figure that

the LF-EMAT successfully focused the SV wave at the position as expected while the uniformly-

spaced EMAT has a smaller displacement amplitude than the LF-EMAT.
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The direction of the transverse wave is perpendicular to the direction of the vibration, then the
amplitude of the SV wave cannot be obtained accurately by the calculation of total displacement

above.
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Fig. 6. The displacement at the same point (focal line) radiated by LF-EMAT and constant-
spaced EMAT.

3.2 Selection of focal position

The displacement u, of the SV wave generated by a strip source is perpendicular to the

propagation direction and can be expressed as follows [21].

Gy (A + 2p) cos 2 cos @g

I'mtr‘ ﬁayj = L,j|i.‘i.'-1m—i'_.l-r| (]'1}

v’; 2p sin 2gp g sin g, cos g + (A4 2u) cos? 2
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I

Where C is a constant; A and p are Lame’s constants which equals to 58 GPa and 26 GPa
respectively; Ks = w/cg is wave number of the SV wave; ¢ is the SV wave’s propagation
direction; ¢; is the angle of the longitudinal wave. The normalized amplitude and phase

distribution of u,, generated from a line source is shown in Fig.7 (a,b). It is obtained fron Fig. 7(a)
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that there is a maximum value at around 28° and beyond which the amplitude drops. According to

Fig. 7 (b), we can conclude that the radiant distance has a great influence on the amplitude of the

displacement p,,. In previous studies, the focal line is selected firstly as a prerequisite. However,

the effect of different focal positions does not fully consider by these papers. Therefore, it is

necessary to select a better radiant angle and distance of the SV waves to improve the efficiency

of the EMAT.
According to the equation
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Fig. 7. The normalized amplitude and phase distribution of 1, generated from a line source; (a)

Normalized amplitude at different propagation angles of SV waves and (b) Distribution of

Uy (1, @s ) ina2-D plane.

Therefore, in order to generate the SV wave, the spaces of the coils li > 1.6mm should be

satisfied. In this manuscript, the radiant point refers to the center point at which the eddy currents
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induced by two adjacent coils on the surface of the specimen. The distance a between the two
radiant points of SV waves satisfies equation a > (li + li + 1)/2 > 1.6mm. To simplify the process
of the simulation, two radiate points are utilized to calculate the equation p,, (7, @5 ). One point
locates at the origin of the coordinates, and another point locates at a distance of a from the first
one. Here a is chosen as 2mm, 3mm and 4mm as three cases, and the calculation data is normalized
to facilitate the comparison. The distribution of the normalized amplitude represents the focusing
efficiency. Although the maximum SV wave intensity appears near the surface of the specimen, it
is hard to put into use in the practice. Therefore, the reasonable efficiency values 10%-30% are
chosen and shown as contour lines in Fig.8 (a-c). Assume that the efficiency value of 20% is

acceptable in this manuscript, the distribution of different @ are shown in Fig. 8(d-f).
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Fig. 8. Distribution of normalized focusing SV waves; (a) a= 2mm, (b) a = 3mm, (¢) a= 4mm, (d)

a=2mm (20%), (¢) a =3 mm (20%) and (f) a=4mm (20%)
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We can conclude from Fig. 8 (a-f) that the selection of the focal line’s position is significant to
improve the efficiency of the EMATSs. It is known that the SV waves propagate symmetrically in
two directions, so the superposition area of SV waves from different sources possesses the better
focusing ability. As the distance a increases, the overall focusing level in the region has been
reduced, and the “effective area” is also narrowed. It should be noticed that in a triangular area
near the surface of a specimen, the amplitude of the SV wave is shown extremely weak. Therefore,

the focal line should be avoided to set here.

The LF-EMAT was usually utilized in the detection of shallow notch on the surface of an
aluminum block, and the focal line always located on the surface of the block. In order to
investigate the influence of the focal position, 5 horizontal lines at different positions ( y=0.5mm,
1.0mm, 2.0mm. 3.0mm, 4.0mm) are selected when the distance fixed at a=3mm. Normalized
amplitudes along each horizontal line are shown in Fig.9. We can conclude from this figure that
the amplitude along each horizontal line shows common characteristics. The two peaks in the
figure are both below the radiate points and the amplitude decreases when the focal line moves far
away. As the intensity of the SV wave is related to the direction of radiation and it is proved that
there is a maximum value at around 28°. Therefore, there are two symmetrical peaks at the
maximum amplitude under each radiation source. Moreover, due to the superposition of the waves,
the maximum value appears in the middle of the two radiant points when y = 3 mm. We can
conclude that the position of the focal line should be chosen near the radiation point when the
aluminum block is thin enough. However, the focal line needs to be located at the middle of the

radiation points when the thickness of the aluminum plate is larger than 4mm.
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Fig. 9. Normalized amplitudes at different horizontal lines
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3.3Experiment

A simple model of two radiation sources is studied above, and the influence of the focal position
selection on the intensity of the focused signal is analyzed when the specimen is thin. However,
the number of the meander line coils should be more to ensure that the signal is strong enough in
the practical application of defect detection, and the thickness of the aluminum block is larger.
Moreover, changes in the focal position also lead to the change of the coil spacing, which is more
complicated for the analysis. Therefore, simulation and experimental analysis of the SV wave
focus position for multi-radiation sources are also important. The schematic diagram of the

experimental setup is shown in Fig.10.
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Fig. 10. Experimental configuration for the SV wave EMAT

The signal generation and reception in the experiment are modulated and amplified before being
processed for signal generation purposes. Therefore, RPR-4000 pulser/receiver is selected in the

experiment.

The coils inside the transmitter and the receiver are well-designed and made by the PCB method.
The arrangement of the coils in the experiment is a meanderline coil structure. The material of the
specimen is aluminum, and the size is 150x50x50 mm? in the experiment, and the coils are excited
by a burst current with an amplitude of 3.5 A and bandwidth factor of 5 x 10!!, which can be
controlled by the RPR-4000 power and the programming method. The focal point and structures
of the transmitter and the receiver are the same, and the experimental conditions are consistent
with the simulation conditions. Due to the low energy conversion efficiency of EMAT, high-power

pulse current excitation is required. Therefore, in order to obtain the maximum output power of
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the excitation source, it is required to match the impedance of the load with the internal impedance
of excitation source, then 150 ohms matching impendance are utilized in the experiment to

improve the accuracy and the efficiency of the EMAT.

In the defect detection, the position of the defect is generally on the surface of the specimen.
Therefore, the y coordinate of the focal point should be kept constant when selecting the focal
position, and the absolute value of the y coordinate is equal to the thickness of the specimen. The
effect of the focal position can also be explained as the effect of the horizontal distance between
the first coil and the focal point position on the signal intensity. Therefore, it is only necessary to
study the relationship between the x coordinate at the focal point and the intensity of the focused
signal when the position of the first coil x1 (20mm, 0.025mm) is determined. Since the number of
coils also affects the intensity of the signal, the number of the coils is fixed to 10in both simulation
and experiment. In this study, different focal positions with different coil spacing are investigated.
The relationship between the normalized amplitudes of the SV waves and the x coordinates of the
focal points in both simulation and experiment is shown in Fig. 11. It can be seen that the intensity
of the signal decreases as the x coordinate increases non-linearly when x > 12 mm, and the
phenomenon is different when x < 12mm. Moreover, the experiment results show good agreement
with the simulation results. The amplitude of the signal reaches a peak at x =12mm, and it is found
by calculation that the radiation angle of the radiation source, which is closest to the focal point,
is about 30° in this study. Therefore, it can be concluded that when designing the coil structure of
the transducer, the position of the focal point is required, to be appropriately close to the excitation

coils, and the best focal point is then selected after the calculation.
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Fig. 11. Normalized amplitude of the displacement signal at different x-coordinates of the focal position
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4. Summary and conclusion

In summary, in order to study the effect of the focal position selection, an electromagnetic model
coupled with an elasto-dynamic model are simulated to analyze the characteristics of the line-
focusing EMAT. The magnetostatics field and bulk wave propagation are calculated and analyzed
utilizing the finite element method. The displacement distribution of the specimen is shown under
the burst driven current, which proves the symmetric propagation direction of the SV waves. We
conclude from the simulation result that the selection of the focal line’s position is significant to
improve the efficiency of the EMATs. For thin aluminum blocks, as the distance between the two
radiate points increases, the overall focusing level in the region has been reduced, and the
“effective area (20% normalized amplitude)” is also narrowed. It is proved that the focal line
should not be located in a triangular area around the surface of the specimen. Moreover, the
position of the focal line should be chosen near the radiation point when the aluminum block is
thin, while it should be located at the middle of the radiation points when the aluminum block is
thicker. Although 30° radiation angle will result in higher signal intensity for a thick plate in the
experiment, different focal points can affect the distribution of all the radiant points ( or coils), so
we perform the simulation and experiment. The simulation agrees well with the experiment and
the overall error is less than 10%. We lead to a conclusion that the position of the focal point is
required to be appropriately close to the excitation coils to enhance the intensity of the signal,
while the best focal position should be calculated. Therefore, it is significant to process the

necessary calculation before selecting the focal line.
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