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Abstract: In traditional meander line coil electromagnetic acoustic transducer (MLC-EMAT) structures, the bias
magnetic field is usually set to be along the normal direction of plate surface. However, since the particle vibration of
the antisymmetric Lamb wave is always dominated by out-of-plane components, using bias magnetic field
perpendicular to plate surface is kind of inefficient. In this paper, the performance of both the normal bias magnetic
field EMAT (NB-EMAT) and the parallel bias magnetic field EMAT (PB-EMAT) for transmitting and receiving
A0 mode Lamb waves are thoroughly studied. The mechanisms of these two structures are elaborated. First, the
finite element models of both structures are established. The magnetic fields of these two EMATs are numerically
calculated and the results are compared with experiments. Then, the Lorentz force distributions excited by the two
EMATSs are compared to prove the feasibility of improving the excitation efficiency of MLC-EMA'T by selecting the
direction of bias magnetic field. Furthermore, the excitation efficiencies of NB-EMAT and PB-EMAT are
quantitatively analyzed and compared in simulation software. Results show that the excitation efficiency of PB-EMAT
is 108% higher than NB-EMAT. Finally, several groups of comparative experiments are conducted to verify the
conclusion obtained through numerical calculation. Experimental results show that by simply replacing the tradition
NB-EMAT with PB-EMAT, the excitation efficiency can be greatly increased by more than 50%. If PB-EMATs are
used as both the receiver and transmitter, the excitation efficiency can be further increased by 113%.
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0 Introduction

Electromagnetic ultrasonic transducer
(EMAT) is one kind of novel devices which direct-
ly excites ultrasonic waves in metallic conductors
with electromagnetic fields. Compared with piezo-
electric transducer, EMAT does not need coupling
agent while working and can generate ultrasonic
waves In the specimen without direct contact. Be-
sides, using EMAT can selectively excite almost all
types of ultrasound, such as Lamb waves, shear-

horizontal waves, Rayleigh waves, bulk waves,
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etc. These advantages make EMAT attractive in
the fields of non-destructive evaluation (NDE),
non-destructive testing (NDT), and structural
health monitoring (SHM) of conductive materials.
The earliest studies on EMATSs and its further appli-
cations on exciting various types of ultrasonic waves
were conducted by Thompson and his coworkers'"™.

Meander line coil EMATs (MLC-EMATSs)
have been shown to have good directivity. Howev-

er, the low excitation efficiency of MLC-EMATSs

makes their engineering application limited"”. Based
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on simulation and experiment methods, large
amounts of researches have been carried out for the
optimization of MLC-EMATsSs, especially the exci-
tation efficiency. Zhang et al.'" and Du et al.'” re-
ported their work on optimizing the MLC-EMAT
structure and proposed an approach of changing the
local bias magnetic field strength using periodic per-
manent magnets to increase the amplitude of the AO
mode Lamb wave. Liu et al.'® and Peng et al.'”
demonstrated that in addition to changing the static
bias magnetic field, the coil can also be optimized at
the same time. The combination of sector-shaped
magnet and focused meander-line coils containing
uneven split wires not only significantly improves
the purity of the AO wave but also avoids signal dis-
tortion. Guo et al.""” proposed an EMAT consisting
of a racetrack coil and a group of periodic permanent
magnets (PPMs) that can selectively generate pure
symmetric or antisymmetric mode LLamb waves. Pei
et al."""! symmetrically arranged two square magnets
with opposite polarities above the meander coil, the
local magnetic flux density was then increased, and
the excitation efficiency of the MLC-EMAT for sur-
face wave generation and detection was also en-
hanced. However, the current performance of MLLC-
EMAT still cannot meet the demands in some spe-
cific applications'* .

Previous studies were mainly focused on im-
proving the strength of the magnetic field by optimiz-
ing the structure of coil or magnet to enhance the
output performance. Almost all these studies were
conducted based on the assumption that the bias
magnetic field is perpendicular to the surface of the
plate. Although some scholars have used horizontal
bias magnetic field to excite pure A0 mode Lamb
wave in their research, these studies are based on
periodic magnet structures and cannot explain
whether these effects are caused by horizontal bias
magnetic field. In recent years, some researchers
studied the generation of omnidirectional l.amb
waves, and also discussed the influence of different
direction of the bias magnetic field' ', It was men-

tioned in these work that the vertical and horizontal

magnetic field should be respectively selected for
the excitation of SO and A0 modes. However, the
reasons for this selection were not explained.

It is well known that the displacement of the
guided wave in a certain direction is proportional to
the corresponding excitation load. Hence, the out-
put performance of EMAT can be enhanced by opti-
mizing the dominant excitation force through adjust-
ing the bias magnetic. This work focuses on study-
ing the influence of bias magnetic field on the excita-
tion efficiency of MLC-EMAT. Firstly, the effect
of the bias magnetic field is theoretically analyzed
based on the theory of Lorentz force and some quali-
tatively conclusions are obtained. Furthermore, the
magnetic field distribution of a square magnet is cal-
culated and the results are verified by experiment.
Finally, the output amplitude of A0 mode Lamb
wave excited by both vertical and horizontal bias
magnetic field is obtained numerically and experi-
mentally, and the effect of bias magnetic field on
the output performance of EMAT is discussed.
Through comparative analyses, an optimal magnet-
ic field layout of MLLC-EMAT is finally proposed.

1 Fundamental Physics Principle in
MLC-EMAT

A typical EMAT consists of a permanent mag-
net (provides bias magnetic field) , a coil on the sur-
face of specimen powered with alternating current,
and a specimen. With the design of bias magnetic
field and coil structure, various forms of ultrasonic
waves can be generated. We only focus on the gener-
ation of LLamb wave in this paper. According to the
direction of the bias magnetic field, EMATSs can be
classified into biased EMATs (NB-
EMATS) biased EMATs (PB-
EMATSs). The bias magnetic field of NB-EMAT is
perpendicular to the surface of the specimen, while
that of PB-EMAT 1is parallel to the surface of the

specimen. Fig.1 shows the configuration of these

normal

and parallel

two types of EMAT, where I is the exciting cur-
rent, J the eddy current density, L the wire spacing,

B the bias magnetic field, and A the wavelength.
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(a) NB-EMAT

(b) PB-EMAT
Fig.1 Configurations of the two kinds of MLC-EMAT

1.1 Lorentz force

The operation principle of EMAT is mainly
based on the theories of Lorentz force and magneto-
striction. When testing a non-ferromagnetic conduc-
tive material, only Lorentz force mechanism exists.
The basic equation for Lorentz force can be ex-
pressed as

F=JXB (1)
where F' represents the Lorentz force.

When an alternating current flows through the
coil, an eddy current arises within the skin depth of
the plate. The electrons in the skin depth region vi-
brate with the deflection of the bias magnetic field,
and then generate an alternating Lorentz force. Actu-
ated by this Lorentz force, the material particles in
plate will correspondingly vibrate and thereby gener-
ate ultrasonic waves.

Expanding Eq.(1) into a scalar form, we have
F,=J,+B.—J.*B,
F,=J.-B,—J,+B. (2)
F.=J,+B,—J,B,

where F,, F,, F., J., J,, J., B,, B,, and B, are re-
spectively the components of Lorentz forces, eddy
currents, and magnetic flux in 2=, y-, z-directions.
Assume the current in the meander line coil is only
in y-direction, i.e. J,=J.=0, Eq.(2) can be simpli-
fied to

It can be seen from Eq.(3) that, when any one
of the eddy current density J and the magnetic field
strength B is fixed, the magnitude of Lorentz force
is proportional to the other. When the excitation cur-
rent is determined, increasing the magnetic field
strength is the only way to increase the amplitude of
the ultrasonic wave. This gives an explanation on
why previous studies focused on improving the mag-

netic field strength in the excitation region.
1.2 Lamb wave mode

Under the boundary condition that the upper
and lower surfaces of the plate are free surfaces, by
means of potential function analysis, the displace-
ment and stress can be obtained as

u,=[ kA, cos( pz)+ ¢gB, cos(gz) ]+
[ikA, sin ( pz)— ¢B, sin(gz) ]
u.=—L pA,sin( pz )+ kB, sin (gz) ]+
[ pA, cos( pz)— kB, cos(qz)]
T, = p[— 2ikpA, sin ( pz )+ (k* — ¢*) B, sin(gz) |+
w [ 2ikpA, cos( pz)+ (£ — ¢*) B,y cos(gz) ]
t.=ul[(F — ¢*) A, cos( pz)— 2ikgB, cos(gz) ]+
p (B — q¢*) Ay sin( pz)+ 2ikgB, sin (gz) ]
(5)

where 4 is the Lame’ s constant of material, i the

(4)

imaginary unit, and % the wave number; A,, A,, B,
and B, represent the unknown coefficients of the
equation set, respectively; p and ¢ are determined by

2 wZ

@ 2
pzziﬁ*k“,qzzz*kz (6)

where w denotes the angular frequency, and ¢, and
¢ are the longitudinal wave velocity and shear wave
velocity, respectively.

From Eqs.(4, 5), it is clear that the analytical
expressions for displacement and stress are compos-
ite functions of sine and cosine containing the vari-
able z, where the sine (and cosine) functions are
odd (and even) functions with respect to x=0.
Thus, the modes propagating in the plate can be
classified into two types.

(1) Symmetric mode (S-mode )

u, =[ikA, cos( pz )+ gB, cos(gz)]
{az[ PpA,sin( pz)+ ikB; sin(gz) ]
r., = p[— 2ikpA, sin( pz )+ (k" — ¢ )B, sin(gz) |

{ra:,a [(£— ¢°) A, cos( pz)— 2ikgB, cos(qz) ]
(8)

(7)
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(2) Antisymmetric mode ( A-mode)
u, =[ikA, sin( pz)— gB,sin(gz) ]
{uz—[/l]pcos(pz) i£B, cos(qz) ]
r., = pu [ 2ikpA, cos( pz )+ (£ — ¢°) B, cos (gz) ]
{z—u—p[(kz q°) A, sin( pz)+ 2ikgB, sin (gz) |
(10)
where the constants A,, A,, B,, B, remain un-

(9)

known. Consider the free boundary condition for the

plane strain case with z.,[.— 4, = 0, 7..

ey =0atz=
+h==+d/2. Whereas the displacement, stress and
strain fields depend on the structure of the modes,
applying the boundary condition yields a system of
chi~square equations for A,, B, and A,, B, such that
the determinant of the coefficient matrices is zero,
giving them non-trivial solutions. Substituting the
boundary condition into Egs.(8,10), we have

(/ezfqz)sin(qh): — 2uikq[ cos(gh)]
2ikp [sin(ph) 1 (Ak*+ Ap”* + 2up®) cos( ph)

(11)
where A is the Lame’s constant of the material. Us-

ing the relationship between wave speed and p, g,
and A= c¢?o — 2¢, and further simplifying, we have

the symmetric mode as

t h 4k*
an(qh) Hpg : (12)
tan ( ph) (p*—F)

And the antisymmetric mode as
tan (gh PR
an(gh) _ (q : ) (13)
tan ( ph) 4%* pg

Eqgs.(12, 13) are the well known Rayleigh-
Lamb frequency equations. These equations can be
used to determine the phase velocity corresponding
to the thickness product of a wave propagating in a
plate at a certain frequency.

For LLamb wave mode, the in-plane displace-
ment and out-of-plane displacement are proportional
to their corresponding excitation force F, and F., re-
spectively"™ ', In order to further illustrate the rela-
tionship between Lorentz force and displacement,
we applied vertical and horizontal load to the alumin-
ium plate to simulate the vertical and horizontal
Lorentz force in the plate, respectively. Figs.2(a,
b) show the propagation of Lamb waves in the plate
under vertical and horizontal loading, and it can be
seen that the amplitude of the A0 wave is larger
than that of the SO wave in both cases, but the am~-
plitude of the SO wave for the horizontal load is larg-

er with respect to that of the SO wave for the vertical
load. Figs.2(c,d) show the displacement amplitude
of inplane displacement « and out-of-plane displace-
ment v in the plate under vertical and horizontal
loading, respectively. By comparison, it can be
found that the A0 wave amplitude of the out-of-
plane displacement v is larger than the in-plane dis-
placement « under vertical loading, while the SO
wave amplitude of the in-plane displacement u is
larger than the out-of-plane displacement v under
horizontal loading. The in-plane displacement main-
ly correspond to the resulting SO wave and the out-
of-plane displacement mainly correspond to the re-
sulting A0 wave.

It is worth noting that, as shown in Fig.2, the

SO wave propagates faster than the AO wave. How-
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Fig.2 Lamb wave modes under vertical and horizontal

loadings
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ever, the SO wave is not observed in the reflected
wave. This is because the SO wave experiences
greater attenuation during propagation and reflec-
tion, and the amplitude of the excited SO wave is in-
herently smaller than that of the A0 wave. As a re-
sult, the reflected SO wave is nearly obscured by
noise.

Therefore, to maximize the output amplitude
of A0 mode, we should make F. as large as possible
and F, as small as possible so as to attenuate the in-
terference of SO mode wave. Then, one needs to
carefully design the configuration of EMAT to
achieve maximum F. is particularly important. In
next section, the arrangement of magnet will be
studied and an optimal configuration which can ex-

cite maximum F, will be proposed.

2 Analysis of Bias Magnetic Field
and Distributions of Lorentz Force

In this section, the bias magnetic field provided
by a permanent magnet is simulated first, and the
simulation result is compared with the experimental
one. Then distributions of Lorentz force excited by
normal and parallel bias magnetic field are also simu-
lated. The excitation efficiencies of these two types
of EMATs (NB-EMAT and PB-EMAT) are quan-
titatively evaluated through comparison.

In order to correctly simulate the distributions
of Lorentz force, we need to obtain some necessary
parameters of the working point. The dispersion
characteristic curve of Lamb wave in the aluminium
plate of non-ferromagnetic material is shown in
Fig.3. With increasing the frequency-thickness prod-
uct, multiple modes appear in the Lamb wave.
Therefore, the selected operating point should be as
small as possible to reduce the modes of the L.amb
wave. The working point chosen for this study is
shown in Fig.3. The frequency-thickness product is
1 100 kHz*mm. The phase and group velocities of
the A0 and SO modes are 2 387 m/s and 5 285 m/s,
3 148 m/s and 5 036 m/s, respectively. The thick-
ness of the aluminium plate used is 3 mm. There-
fore, it can be determined that the excitation fre-
quency f of the MLC-EMAT in this paper is

8
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Fig.3 Lamb wave dispersion characteristic curves of alu-

minium plate of non- ferromagnetic material

367 kHz and the wavelength A of A0 wave is
6.5 mm.

The EMAT models are set up in well-devel~
oped finite element software COMSOL multiphys-
ics. For the analyses in this paper, the coupling be-
tween electromagnetic field and mechanical field
needs to be considered. The “AC/DC, Magnetic
Fields” module (provided in the software) is add-
ed, and the “Ampere’s Law” and “Coil” interfaces
are used to create static bias magnetic field and in-
duce eddy current in the plate. The bias magnetic
field 1s provided by a cubic magnet with a side
length of 30 mm, and the residual magnetic flux
density of this magnet is 1.2 T. The lift-off of the
magnet is 2 mm. The coil is made of square-section
copper wire with the width of 1 mm, the thickness
of 0.5 mm, and 10 turns to ensure sufficient eddy
current density. The aluminium plate is made of
7 075 aerospace aluminium alloy, with material
properties shown in Table 1. In the model, the alu-
minium plate has the diameter of 1 000 mm and the
thickness of 3 mm. The Lorentz force is determined
by the bias magnetic field and eddy current density,

and is calculated using the “Body Load” interface in
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Table 1 Performance parameters of 7075 aerospace aluminium alloy material

Material Tensile strength/  Electrical conductivity/ Elastic modulus/ Poisson’ s ratio Density/(g=cm~)
i rati i .
designation MPa (10" Sem™") GPa ye
7075 524 3.774 71 0.33 2.81

the “Solid Mechanics (Elastic Waves)” module.
The balance between fine mesh and computational
storage resources in simulation studies plays a deci-
sive role in the accuracy of the solution results. A tri-
angular mesh was selected in this study due to its
better robustness. To maintain both accuracy and
computational efficiency, the mesh size for critical
components (coils, magnet, and aluminium plate)
was set to 1/10 of the wavelength. And eight bound-
ary layers were set on the surface of the aluminium
plate, while the remaining mesh was divided using a
regular grid. An observation line (Line 1) is set un-
der the magnet from x=—25 mm to x=25 mm for

the discussion and comparison of calculated results.
2.1 Analysis of bias magnetic field

The spatial distributions of static magnetic flux

Magnetic flux
density / T

Length / mm
(a) Vertically polarized magnet

density are shown in Fig.4. For quantitative compar-
ison, we experimentally measure the magnetic field
distribution of a real magnet with a nominal magneti-
zation of 1.2 T. The size of the experimental mag-
net model is the same as the finite element model. A
Tesla meter with a Hall sensor probe is used to mea-
sure the magnitude of magnetic field. The measur-
ing positions are set on the observation line as de-
fined in the simulation model, and the measured da-
ta is collected every 0.5 mm. After measurement,
we obtained the B, and B. values corresponding to
several points. By using data fitting, we can get the
B, and B. curves corresponding to the actual mag-
net. Results of the magnetic field distribution on the

observation line obtained by simulation and experi-

ment are both shown in Fig.5.

Fig.4 Spatial distribution of static magnetic flux density
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(b) Parallel bias magnetic field

Fig.5 Distribution of static magnetic flux density on the observation line
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From the comparison, the accuracy of simula-
tion results and the experimental results can be veri-
fied. Fig.5(a) shows the magnetic field distribution
on the observation line when the magnet is vertically
polarized. The experimentally measured B, is small-
er than the simulated value, while the experimental-
ly measured B, is larger than the simulated value.
Besides, the experimentally measured distribution
line of B, is obviously asymmetric along x-direction,
with a larger value on the right half side. Fig.5(b)
shows the magnetic field distribution on the observa-
tion line when the magnet is horizontally polarized.
The maximum amplitude of experimentally mea-
sured B, and B, are smaller than the simulated one.
The inconsistencies of the magnetic field distribu-
tion mentioned above are mainly induced by uneven

polarization in real magnet.
2.2 Analysis of Lorentz forces

A modulated five-peak sinusoidal current is fed
into the coil with an amplitude of 20 A and a fre-
quency of 367 kHz. The time step of transient solu-
tion is set to be 1/20 of a signal period. The local
transient distribution of the Lorentz force density F
in the plate is shown in Fig.6. The size and direction
of the red arrow respectively indicate the magnitude
and direction of the Lorentz force. From Fig.6(a)
we can find that the Lorentz force generated by NB-
EMAT is dominated by its horizontal component,
especially in the central area where the magnetic di-
rection is almost vertical to the plate surface. As for
the Lorentz force generated by PB-EMAT, shown
in Fig.6(b) , the out-of-plane component is domi-
nant.

The transient distributions of the Lorentz force

on the observation lines (defined in Fig.4) are

Lorentz force /
(10°N - m”)

(a) Generated by NB-EMAT

8

6

2/ | 4

“ 2
(b) Generated by PB-EMAT

Fig.6 Transient distribution of Lorentz force density in

aluminum plate

shown in Fig. 7. The curve shapes of the Lorentz
force components F, and F. generated by NB-
EMAT and PB-EMAT are nearly opposite, which
is because the magnetic field of the normal bias mag-
net is opposite to that of the parallel bias magnet. It
is worth noting that the amplitude of F. induced by
PB-EMAT is 64% larger than F, induced by NB-
EMAT although their curve shapes are similar,
which means that the excitation efficiency of PB-
EMAT to exciting out-of-plane displacement is
higher than that of NB-EMAT.
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Fig.7 Calculation results of the distribution of induced

Lorentz force

We compared and analyzed the magnetic field
and Lorentz force generated by the two EMATSs.
According to Eq.(3), when the excitation current
remains unchanged, increasing B, increases the cor-
responding F., which contributes to the correspond-
ing AO wave. The simulation results of the PB-
EMAT are in complete agreement with the theoreti-
cal analysis. Therefore we can conclude that PB-
EMAT is more suitable for exciting A0 mode LLamb

waves.
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3 Influence of Bias Magnetic Field
on Guided Wave Mode

3.1 Finite element analysis

Generally, the spacing L of the meander line
coil approximately equals to the half-wavelength
A/2 of the guided wave. In the following descrip-
tions, one coil wire is defined as a “channel”. For
the generation of A0 mode in EMAT model, to
make the magnet cover the coil completely, the
number of channel is taken to be 8. The measuring
point is 250 mm away from the EMAT. Fig.8
shows the excited displacement amplitude under dif-
ferent bias magnetic fields. The propagation speed
of the first wave packet and second wave packet are
5051 m/s and 3 246 m/s, respectively. Their prop-
agation velocities are all close to the theoretical
group velocities of the SO mode and AO mode L.amb
waves at the excitation frequency of 367 kHz. The
relative errors are only 0.3% and 3.1%. Therefore,
it can be determined that the first wave packet of
PB-EMAT in Fig.8 is the SO wave and the second
wave packet is the AO wave. Through comparison,
we can find that the amplitude of A0 mode excited
by PB-EMAT is 108% larger than that excited by
NB-EMAT. The simulation results also indicate
that the out-of-plane displacement amplitude is posi-
tively related to the magnitude of out-of-plane

Lorentz force.

g 80 ——NB-EMAT
# A0  —PB-EMAT
g 601 S0 Reflected AO
% W
Z a0f
& A0
g 20l
g S0 Reflected AO
8 00
=
&
A 20
0.0 0.5 1.0 1.5 2.0
Time /10™ s
Fig.8 Displacements generated by NB-EMAT and

PB-EMAT

3.2 Experimental analysis

To evaluate the influence of the bias magnetic
field direction on MLLC-EMATSs, experimental anal-

yses are conducted and are introduced in this sec-
tion. The actual EMATs parameters are the same
with the simulation model. Fig.9 shows the schemat-
ic diagram of the instrumentation set up for the ex-
perimental studies. To generate a strong current ex-
citation signal, a RITEC RPR-4000 gated power
amplifier is applied to the transmitter excitation coil.
An arbitrary function generator is used to provide a
modulated five-peak signal with a center frequency
of 367 kHz. Between the power amplifier and the
transmitter coil, an impedance matching network is
configured. Two EMATSs are placed on a 3 mm-
thick aluminum plate as transmitter and receiver.
The distance between the transmitter and the receiv-

er 1s 500 mm.

Arbitrary function
signal generator
Power amplifier
RPR-4000 Oscilloscope
Impedance matching Preamplifier
network
EMAT EMAT
transmitter receiver
Aluminjumplate ]
Arbitrary function Power lifier
KPR% Oscilloscope

"signal_generator

—_ —_

Magnetic
pole: N

e — e -

Fig.9 Schematic diagram of the experimental setup

To verify the conclusion obtained in previous
section that the excitation efficiency of PB-EMAT
for AO mode Lamb waves is significantly stronger
than NB-EMAT, four groups of experiments are
of PB-
EMAT and NB-EMAT as transmitters and receiv-

ers. It is worth stating that these two structures used

conducted with different combinations
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have the same setup except for the different magneti-
sation direction of the magnet. Fig.10 shows the sig-
nals tested with the four different experimental
groups. For ease of comparison, we have placed
them in one graph and appropriately raised the base-
line of each signal. When the transmitter and receiv-
er are both NB-EMATSs, the tested signals are
shown in Fig.10(a), marked as NB—~NB. When
the transmitter is NB-EMAT and the receiver is PB-
EMAT, the tested signals are shown in Fig.10(b),
marked as NB—PB. When the transmitter is PB-
EMAT and the receiver is NB-EMAT, the tested
signals are shown in Fig.10(c), marked as PB—
NB. When the transmitter and receiver are both PB-
EMATSs, the tested shown in
Fig.10(d) , marked as PB—>PB. According to the
reciprocity theorem, the amplitude of NB—PB and

signals  are

PB—NB should be the same, the tested signals
shown in Fig.10(b) and Fig.10(c) are according
with this conclusion, only with some minor errors
which may be caused by the uneven magnetic field
distribution of the magnet. The peak-to-peak ampli-
tudes of tested signals in Fig.10(¢) (PB—~NB) and
Fig.10(d) (PB—>PB) are respectively 61% and
113% larger than that in Fig.10(a) (NB—>NB).
The comparison of these experimental results well
proves that PB-EAMT can improve the excitation
efficiency of AO mode MLC-EMAT.
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Fig.10 Different signals excited and received at 367 kHz

4 Conclusions

In this paper, the influence of bias magnetic
field direction on the excitation efficiency of AO
mode Lamb waves in MLC-EMAT is investigated.

The comparison of the magnetic field distribution of
vertical and horizontal polarized magnets shows that
the horizontal polarized magnet which has a domi-
nated horizontal component of bias magnetic field
can greatly increase the out-of-plane component of
Lorentz force. Compared with traditional NB-
EMAT, PB-EMAT is more suitable for exciting
AO mode Lamb waves whose displacements are
mainly in the out-of-plane direction.

Further numerical and experiment results show
that simply changing the magnets in the receiver or
transmitter {rom vertical polarization to horizontal
polarization, the excitation efficiency of the AO
mode can be increased by 61% (or 113% if the po-
larization directions of the magnets in both receiver
and transmitter are changed from vertical to horizon-
tal).

The results obtained in this paper can help us
better understand the configuration rationality of the
bias magnetic field in traditional MLC-EMAT, and
offer a novel and convenient approach of using the
bias magnetic field direction to improve the EMAT
excitation efficiency. The method proposed here
does not require complex design or optimization pro-
cess as was introduced in Refs.[10, 12]. We also
want to mention here that the optimizations of the
magnet or coil structure are still important, and
should be regarded as complementarity with the ap-
proach proposed in our work. The excitation effi-
ciency of EMAT can be significantly improved by
using our method in conjunction with other forms
(magnet lift-off distance, magnet size, coil style,

coil turns, etc.) of optimization in the next studies.
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BT o T 2k B AL AL B S MR BE AR 1Y A 0 B 35 38 B 7T R

BER, % AL, kmir, Ks’
(1 bR R KA ML TR Be B bk 541004, WP 2. B RMT ML), BEAK 541004, Fh H 5
3P EL A R KA As 24 BE , Bt 210016, 1 )

WE. A% WK BB R F #H A % (Meander line coil electromagnetic acoustic transducer, MLC-EMAT) %
My MBS BT REATRBEE TG, Rf, B TANSHRZBEGE TR BL DI E£F, KA F
ATHEGHIEGHEBRIK, KRXBRT & Al E#D &R B H 4 % (Normal bias magnetic field EMAT,
NB-EMAT) 5 471 & #% 3 % 5 A% # #: 48 % (Parallel bias magnetic field EMAT, PB-EMAT) /& & 4t #= 420 AO
BEZBRNGMERIL, T HERMET XA LMY TN, BRELT BHALMOARTER 8T
WM ERBLEG A G ERE FHR BRI IE, KRG, @E b AA & B B Bk B0 K 6 &1
HA LA IER T BT kB E RS H & T A KRS MLCEMAT # 8 2 & o s, £ 45 &8 F 2
NB-EMAT 5 PB-EMAT ## Fh & F #1477 £ o4 5 sk, 4 R A PB-EMAT #9835 1)k NB-EMAT &
H108%. RE, AN FRBIET KM AMFLER, FBREREN AT HH% NBEMAT %4 %
PB-EMAT, # sk F B T4 A 50% vh L R oK A PB-EMATAE AR R B 8w Tt —FRA113%,
KB AR B A B AT A B 2 AN F AR B



