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In this paper, we describe a modal expansion approach for the analysis of the selective generation of ultrasonic Lamb
waves by electromagnetic acoustic transducers (EMATSs). With the modal expansion approach for waveguide excitation, an
analytical expression of the Lamb wave’s mode expansion coefficient is deduced, which is related to the driving frequency
and the geometrical parameters of the EMAT’s meander coil, and lays a theoretical foundation for exactly analyzing the
selective generation of Lamb waves with EMATs. The influences of the driving frequency on the mode expansion coefficient
of ultrasonic Lamb waves are analyzed when the EMAT’s geometrical parameters are given. The numerical simulations
and experimental examinations show that the ultrasonic Lamb wave modes can be effectively regulated (strengthened or
restrained) by choosing an appropriate driving frequency of EMAT, with the geometrical parameters given. This result
provides a theoretical and experimental basis for selectively generating a single and pure Lamb wave mode with EMATs.
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1. Introduction

An electromagnetic acoustic transducer (EMAT) can be
effectively used for the non-contact nondestructive testing and
evaluating (NDT & E) of metallic material/structure. The
main advantage of the inspection technique using EMATSs
over that using piezoelectric transducers is that no couplant
18 required.“‘3J As is well known, the ultrasonic Lamb wave
technique can be widely used in NDT & E of the plate-like
structure.[*-®! Recently, investigations on the generation and
detection of ultrasonic Lamb waves with EMAT have received
considerable attention. Dhayalan and Balasubramaniam used
a finite element model and a time-frequency analysis to sim-
ulate the generations of Lamb wave modes with a meander-
coil EMAT, and to analyze the interaction of Lamb wave
modes with defects.!”) Masahiko and Hirotsugu systemati-
cally analyzed the EMAT’s physical principle and its detection
technology.!®! Rueter and Morgenstern investigated the EMAT
concepts including only the coil and generated ultrasound with
high pulsed power.!°! Zhai er al. proposed an approach to re-
moving the effect of multiple wavelengths by changing the ge-
ometric pattern of the EMAT’s meander coils.!!"!

As is well known, ultrasonic Lamb waves generated
by meander-coil EMATSs generally include multi-modes, ']
which will hinder the application of the EMAT inspection
technique that often requires the selective generation of a sin-
gle and pure Lamb wave mode. Therefore, it is of impor-
tant significance to find an approach to controlling or regu-
lating the generations of Lamb wave modes by appropriately
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choosing the geometrical parameters of the EMAT’s meander
coil and/or the driving frequency. In previous work, the in-
fluences of the EMAT’s geometrical parameters on the gen-
eration of ultrasonic Lamb waves were investigated.['?! It is
found that at a given driving frequency, a single and pure Lamb
wave mode can be effectively generated with the meander-coil
EMAT through appropriately changing its geometrical param-
eters. However, in practical applications, changing the driving
frequency is more convenient than changing the EMAT’s ge-
ometrical parameters. Based on the analytical expression of
the Lamb wave’s mode expansion coefficient that is closely
related to the driving frequency and the EMAT’s geometri-
cal parameters, this paper focuses on investigating the selec-
tive generations of Lamb wave modes at different driving fre-
quencies of EMAT when its geometrical parameters are set.
Theoretical analyses and experimental results show that a sin-
gle and pure Lamb wave mode can be selectively generated at
some appropriate driving frequencies. This result is of practi-
cal significance for the non-contact NDT & E of metallic ma-
terials/structures using the EMAT inspection technique.

2. Theoretical fundamentals

When the EMAT technique is used to inspect a fer-
romagnetic material/structure, the mechanisms both of the
Lorentz force and the magnetostrictive effect must be taken
into account simultaneously.!®) However, the basic mecha-
nism of the magnetostrictive effect is rather complicated, and
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so far little work on it has been conducted. For simplicity,
the material/structure to be inspected is assumed to be non-
ferromagnetic, and only the mechanism of the Lorentz force
needs to be considered.

The two-dimensional model of a meander-coil EMAT for
generating Lamb waves in a non-ferromagnetic plate (alu-
minum sheet) with a thickness of 2d is shown in Fig. 1, where
the oz- and oy-axis directions, respectively, indicate the direc-
tion of the Lamb wave propagation and that of the sheet thick-
ness. The parameter a is the width of the single wire of the
meander coil, and D and L are, respectively, the spatial period
and total length of the meander coil. The lift-off distance of
the coil (denoted by g) is assumed to be unchanged through-
out the whole analyses. The uniform static bias magnetic field
B produced by a permanent magnet is applied to the mean-
der coil, and typically its width is slightly larger than the total
length L of the meander coil.

o, B R

+d meander coil
(o} L

Al sheet —d z

Fig. 1. Two-dimensional model of an EMAT for selectively generating
Lamb waves.

An alternating current i(¢) = Iexp(jor) with the driving
frequency f (angular frequency @ = 27f) is applied to the
meander coil (see Fig. 1). For simplicity, it is assumed that the
current within the single wire is uniformly distributed. Thus
the dynamic magnetic field H" beneath the meander coil will
be induced by the alternating current i(¢). Further, based on the
boundary condition of the magnetic field that passes through
the surface of the material, the dynamic magnetic field HM
in the sheet can also be determined.!®!? Tt is known that the
dynamic magnetic field HM in the aluminum sheet decreases
exponentially along the sheet thickness due to the electromag-
netic skin effect. So it can be regarded as the dynamic mag-
netic field in the aluminum sheet existing only within the elec-
tromagnetic skin depth & beneath the upper surface y = +d
(see Fig. 1).117]

The previous studies have shown that the electric eddy
current J, induced by the dynamic magnetic field HM (within
the electromagnetic skin depth &) generated by the alternating
current i(¢) in the meander coil is along the ox-axis direction,
and the magnitude of its density can approximately be given
by:18:12]

_ oH;!

J
e ay?

ey

where HZM denotes the oz-axis component of the dynamic
magnetic field HM in the aluminum sheet, generated by the
meander coil, and its mathematical expression has been pre-
sented in Ref. [12].

Generally, both the static magnetic field B and the dy-
namic magnetic field H™ will contribute to the Lorentz force
occurring in the solid sheet. It is known that the magnitude
of HM is far less than that of By when the magnitude of the
driving alternating current i(¢) is relatively small.’¥! For sim-
plicity, only the static magnetic field will be considered in the
subsequent analyses. Herein, the mathematical expression of

the Lorentz force can be given by!®1?!
oHM
F.=—-Bsx ——4%, )
dy

where £ is the unit vector along the ox axis.

As is well known, the Lorentz force Fj, generated by the
eddy current is a body force only with the oz-axis compo-
nent, and both the eddy current and the Lorentz force exist in
the same depth (mainly within the electromagnetic skin depth
8).1"?I Generally, the skin depth § is far less than the acoustic
wavelength at the same frequency.!3! Thus, the Lorentz force
occurring within the electromagnetic skin depth & can approx-
imately be regarded as a shear stress P,y exerted on the sheet
surface y = +d in Fig. 1 (called the Lorentz surface stress), and
it can formally be written as P,y = [¢ 5 (Fy-2)dy,!'” where 2
is the unit vector along the oz axis.

It is assumed that the Lorentz surface stress P, be-
comes zero outside the EMAT coverage [z € (—L/2,L/2)].
According to the modal analysis approach for waveguide
excitation,'>~14! the Lorentz surface stress P,, can be regarded
as an excitation source for the generation of a series of Lamb
wave modes. In other words, the acoustic fields [including the
fields of the mechanical displacement U (y, z), velocity v(y,z)
and stress tensor P(y,z)], generated by the Lorentz surface
stress Py, = P,y (z)[z € (—L/2,L/2)], can be regarded as the
sum of a series of Lamb wave modes, namely 214!

U(5,2) = Lan()Un(y),
v(5:2) =Lan(2)vn (), 3)
P(y,2)-2=Lan()Pa(y) 2,

where a,(z) is the mode expansion coefficient of the n-th
Lamb wave, and U, (y), v,(y), and P,(y) are the correspond-
ing fields of the mechanical displacement, velocity, and stress,
respectively. The equation governing the Lamb wave’s expan-

sion coefficient a,(z) takes the following form:[!>-14]
J . z
(Bz —m) an(z) = 22 )
nn

where the surface excitation source f,(z) caused by the
Lorentz force within the skin depth is given by

fin(2) = [2-8a(0)] - Poy(2)ly=1ar 2 € (=L/2,L/2).  (5)
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In Eq. (5) and the subsequent mathematical equations, the
superscript “~” denotes the complex conjugate of the corre-
sponding physical quantity. P,, is the average flow power
(per unit length along the ox axis) of the n-th Lamb wave
mode (with the wave-number k,), and it takes the following

form:[12-14]

1 +d 0
PnnziRe/_d {[_&Un(y)'Pn(y)‘| 2} dy' (6)

Integration of Eq. (4) yields, ']

- 1
4Py,

% [ Py exp(-ikid)aL. )

an(z) [2-Ba(V)]ly=+a - exp(jknz)

Considering the fact that the Lorentz surface stress P.y(z)
exists only in the EMAT coverage [namely z € (—L/2,L/2)],
equation (7) can be further written as!!?!

1

an(2) = gp & OnO)lly=ra- exp(ikn?)

L)2
X PZ\(C) exp(—jk,£)dg
L/2

1

= 25 B0 exp(3hnd)

—o0

AL rewt-itiacf
T

=2 2 Bn()]ly=+a - Pry(kn) -exp(jknz),  (8)

where Pz*v(k,,) is the magnitude of the spatial Fourier transform
on P,\(z) (under the condition of k = k), and is determined
py!812]

* 1 te :
P = 5 [ (o) expl-ike)dz

1 L/2  pd 8HM
= —_— _BS ! -2
27 /4/2./0!75 [( x dy x) Z}

x exp(—jkz)dydz. )

Based on the mathematical expression of HZM given in
Ref. [12], equation (9) can be further written asH?!

Py (k)
_ ?715 ;sz‘_"%% [exp(gm®) — 1]exp[—E&n(g+d)]
X {cos <émzL) sin (kZL> — % sin <€m2L> coS (kzLﬂ ,

(10)

where A,, = 4sin[(2m+ 1)za/D]/[(2m+ 1) 7], &, = 27(2m+
1)/D, 6 = V 2/onf,;, and g, = \/(‘azz/.ayy) %+2j/52.

Moreover, the condition Re(g,,,) < 0 is required.!®! The param-

eters fl,, (r =y, z) and N are, respectively, the relative mag-
netic permittivity and the conductivity of the plate material. It

has been found that the shape of the P, (k)/BsI curve is com-
pletely determined by the EMAT’s geometrical parameters. ']
The magnitude of the wave-number k corresponding to the
peak in the main lobe of the P (k)/BsI curve is largely de-
pendent on the space period D (approximately k = 27t/D), but
is still associated with parameters L and a. It is also known that
the longer the total length L of the EMAT’s coil, the narrower
the main lobe of the P} (k)/BsI curve will be.

When the EMAT’s geometrical parameters and the prod-
uct of By and I (i.e., BI) are given, the magnitude and shape of
the P, (k) curve will be completely determined. For a specified
mode such as the n-th Lamb wave, different driving frequen-
cies will result in different values of wave-number k, based
on the Lamb wave dispersion curve. Thus, the magnitude of
P, (kn) in Eq. (8) can also be adjusted by changing the driv-
ing frequency f even if the EMAT’s geometrical parameters
and the product Bl are given. Thus, the expression of the
Lamb wave’s mode expansion coefficient a,(z), determined
by Egs. (8)—(10), is closely associated with the EMAT’s geo-
metrical parameters (a, D, L) and the driving frequency, when
the coil lift-off distance g (see Fig. 1) and the product B¢l are
given.

The displacement field of the n-th Lamb wave mode can
formally be expressed as follows:

Py (kn)

U,(y,z) = ( P

[zﬁn(y)nw) U, () exp(jk2). (1)

Equation (11) shows that the displacement field of the n-th
Lamb wave mode is proportional to the magnitude of the spa-
tial Fourier transform on P,y (z) under k = k,. Clearly, it is ex-
pected that the n-th Lamb wave mode can be selectively gener-
ated (strengthened or restrained) by choosing the appropriate
EMAT’s geometrical parameters (a, D, L) and/or the driving
frequency f.

3. Numerical analyses

It is known from the analytical results presented in Sec-
tion 2 that the ultrasonic Lamb wave modes generated by
EMAT are closely related to the driving frequency and the
EMAT’s geometrical parameters. In previous work, the in-
fluences of the EMAT’s geometrical parameters on generation
of the ultrasonic Lamb wave have been investigated, with the
driving frequency f kept unchanged.!'?] Tt is found that the
Lamb wave’s mode expansion coefficient can be appropriately
adjusted by changing the EMAT’s geometrical parameters, and
thus the unwanted Lamb wave modes can be effectively re-
strained. Here, we will focus on analyzing the influences of
the driving frequency on the selective generation of ultrasonic
Lamb wave by EMAT, with the geometrical parameters given.

In the numerical analyses, the aluminum sheet is 1.82-
mm thick, and its longitudinal and transverse speeds are
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6.350 mm/ps and 3.100 mm/us, respectively. The EMAT’s
geometrical parameters are set to be a = 0.5 mm, D = 3 mm,
L =20 mm, and g = 0.5 mm.

3.1. Influence of the driving frequency on the Lorentz sur-
face stress

When the EMAT’s geometrical parameters are given,
through Eq. (10), the curve of the spatial Fourier transform,
denoted by P;(k), of the Lorentz surface stress Py = Pry(z)
exerted on the surface of the aluminum sheet (y = +d) is cal-
culated and shown on the left side of Fig. 2. The dispersion
curves (wave-number k versus f) of Lamb wave propagation
in a 1.82-mm-thick aluminum sheet are simultaneously pre-
sented on the right side of Fig. 2. Both the P (k) curve and
the Lamb wave dispersion curves have the same wave-number
axis. Clearly, from the mapping means shown in Fig. 2, it is
easy to determine directly the magnitude of Pz*)(kn) that con-
tributes to the generation of the n-th Lamb wave mode at a
given driving frequency (see Eq. (11)).

Wave-number k/(1/m)
a=0.5 mm

— D=3 mm
L =20 mm

Py

P,

72 1 .: |
1.0 1.5 2.0 2.5
Frequency f/MHz

1200 900 600 300 00.5
|Py(k)/ B

Fig. 2. (color online) Curves of the spatial Fourier transform of the Lorentz
surface stress (left) and Lamb wave dispersion curves (right).

As an example, when the meander-coil EMAT (shown in
Fig. 1) is driven at the frequency f = 1.15 MHz (given by
the vertical dash line V; in Fig. 2), the Lamb wave modes Ay,
So, and A (determined by the intersections between the verti-
cal dash line V, and the dispersion curves) may be generated.
The corresponding magnitudes of P (k,) that contribute to the
generations of the Ag, So, and A; modes are, respectively, de-
termined by points P;, Py, and Ps in Fig. 2, which are the in-
tersections between the horizontal dash lines (H3, Hy, Hs) and
the P} (k) curve. Considering the fact that the magnitudes of
P, (k,) determined by points P5 and Py are roughly equivalent,
it is expected that the same magnitude order of the Ay and
So modes may be generated simultaneously at the frequency
f =1.15 MHz. As another example, when the driving fre-
quency f is adjusted to be f = 0.87 MHz, only the Ay and Sy
modes (determined by the intersections between the vertical
dashed line V| and the Lamb wave dispersion curves in Fig. 2)
may be generated. The corresponding magnitudes of P (k,)
that contribute to the generations of the Ay and Sy modes are

determined, respectively, by points P; and P in Fig. 2, which
are the intersections between the horizontal dashed lines (Hj,
H>) and the P;; (k) curve. Clearly, the magnitude of P} (k) for
the generation of the Agp mode (determined by point P;) is near
the peak of the main lobe and is far larger than that by point
P,. Thus, it is expected that the Ag mode will play a domi-
nant role and the Sy mode will be considerably restrained at
the frequency f = 0.87 MHz.

Based on the previous numerical analyses, the magnitude
of P}, (k,) for the generation of the n-th Lamb wave mode
can readily be controlled by adjusting the driving frequency
(via horizontally moving the vertical dash line like V| or V,
in Fig. 2). The unwanted ultrasonic Lamb wave mode gen-
erated by EMAT can be effectively restrained by choosing an
appropriate driving frequency.

3.2. Influence of the driving frequency on generations of
Lamb wave modes with EMAT

Because the meander-coil EMAT (shown in Fig. 1) can
detect only the horizontal displacement component of the ul-
trasonic wave propagation, ®! the corresponding vertical dis-
placement component is thus no longer considered here. Ac-
cording to Eq. (11), the horizontal displacement component of
the n-th Lamb wave mode is given in the following form:

_ 7Py (k)

= —p — L OW)]h=sale- Un(y)]exp(iknz). - (12)

Based on Egs. (9)—(11), at several driving frequencies,
Tables 1 and 2 show the calculation results of the Lamb wave’s
mode expansion coefficient and the corresponding horizontal
displacement component U, at the surface (y = +d) of the
1.82-mm-thick aluminum sheet, where the Lamb waves are
generated by the EMAT with the same geometrical parameters
in Fig. 2.

The four driving frequencies (0.87 MHz, 1.15 MHz,
1.85 MHz, and 2.06 MHz) listed in Tables 1 and 2 are given,
respectively, by the vertical dash lines Vi, V,, V3, and V4 in
Fig. 2. It is deduced from Tables 1 and 2 that the meander-coil
EMAT can generate the Ag and Sy modes while restraining the
generation of the A} mode at f = 1.15 MHz. Moreover, the
magnitude of U,; of the Sy mode is 1.92 times that of the Ag
mode. When the driving frequency f is set to be 0.87 MHz,
the magnitude of U, of the Ag mode is 19.7 times that of the
So mode. It is expected that the Ag mode can be effectively
generated while the Sp mode will be considerably restrained.
When the driving frequency f is 1.85 MHz, the A; mode is
the dominant one in these Lamb wave modes generated by the
EMAT while the other modes such as Sy, Ag, and S; can be
largely restrained. Similarly, when the driving frequency f is
set to be 2.06 MHz, only the S| mode can be generated, while
the other modes such as Ag, A1, So, and Sy will be effectively
restrained.
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Table 1. Magnitudes of mode expansion coefficient a,(z) of the n-th
Lamb wave generated by EMAT at different frequencies.?

Lamb wave modes Ao Ay So M S
f=1.15MHz 0.83 3.04 6.60 - -
f=0.87 MHz 12.82 - 0.795 - -
f=185MHz 0.0434 7.70  0.0367 0.117 -
f=2.06 MHz 0.0169 0.427 0.0254 19.8 0.474

2 The scale of |a,(z)| is 107'3. The EMAT’s geometrical parameters are
a=0.5mm, D=3 mm, L=20mm, and g =0.5 mm.

Table 2. Magnitudes of the horizontal displacement component Uy,
(at y = +d) of the n-th Lamb wave generated by EMAT at different
frequencies®.

Lamb wave modes Ao Aq So S S>
f=1.15MHz 1.44 0.230 2.77 - -
f=0.87 MHz 4.97 - 0.252 - -
f=1.85MHz 0.0938 2.50 0.0584  0.0371 -
f=2.06 MHz 0.0522 0.0217 0.0618 7.07 0.0479

2 The scale of |Uy;/Bgl| is 10713 m>.N~!. The EMAT’s geometrical pa-
rameters are ¢ = 0.5 mm, D = 3 mm, L = 20 mm, and g = 0.5 mm.

Numerical simulations indicate that the change tendency
of the horizontal displacement components of Lamb wave
propagation is approximately consistent with that of spatial
Fourier transform of the Lorentz surface stress, which is de-
pendent on the EMAT’s geometrical parameters. Except for
f = 1.15 MHz where both the Ay and Sy modes can be gener-
ated simultaneously, the magnitude of P, (k,) that contributes
to the generation of a single and pure Lamb wave mode is
roughly near the peak of the main lobe of the P (k) curve.
Therefore, at a given driving frequency, the relative magni-
tude of ultrasonic Lamb wave displacement field generated by
EMAT can be roughly determined through the P, (k) curve di-
rectly.

The above numerical analyses indicate that the driving
frequency has an important role in selectively generating or re-
straining ultrasonic Lamb wave modes when the Pz*y(k) curve
of the Lorentz surface stress is given, which is determined
by the parameters a, D, and L of the EMAT.[!'?] That is, the
mode expansion coefficient and displacement field of Lamb
wave propagation can be appropriately adjusted by choosing

the driving frequency of the meander-coil EMAT.

4. Experimental examinations

Some experimental examinations are performed to ver-
ify the above theoretical and numerical analyses. The exper-
imental setup for Lamb waves is illustrated in Fig. 3. The
Ritec 5000 SNAP system is used to generate tone-burst volt-
ages for the excitation of the meander-coil EMAT Tx,[>! and
to perform the signal receiving and processing from the re-
ceiving EMAT Rx. The meander coil of the two EMATSs
(Tx and Rx) is fabricated by the printed circuit board (PCB)

technique, and its geometrical parameters are a = 0.5 mm,
D =3 mm, L =20 mm, and g = 0.5 mm. The spatial sep-
aration Az between the two EMATSs Tx and Rx is changeable
from 180 mm to 280 mm. The elastic sheet used in the ex-
perimental examinations is a 1.82-mm-thick aluminum sheet
(500 mmx500 mm). For simplicity, the material of the alu-
minum sheet is assumed to be homogeneous and isotropic. In
order to facilitate the experimental observation and signal pro-
cessing, the duration of the tone-burst excitation voltage is al-
ways set to be T = 20 ps and the magnitude of the receiving

signal is enhanced by a 90-dB gain amplifier.

computerk= Ritec 5000 SNAP N M
® ® oscilloscope
output input
|attenuat0r| | amplifierl
Fria] e
Al sheet Az .

Fig. 3. (color online) Diagram block of experimental setup for ultrasonic
Lamb waves generated and detected with meander-coil EMATS.

4.1. Lamb waves generated by EMAT at the frequency
f=115MHz

According to the numerical results (shown in Tables 1 and
2), the Ag and Sy modes may be generated by the EMAT Tx at
the driving frequency f = 1.15 MHz. The magnitude of U,
of the Sp mode is slightly larger than that of the Agp mode (the
magnitude of U, of the Sp mode is 1.92 times that of the Ag
mode). Figure 4(a) displays the time-domain ultrasonic pulse
signal detected by the EMAT Rx when the spatial separation
Az between the centers of the two transducers Tx and Rx is set
to be 280 mm.

Clearly, two ultrasonic pulse signals are shown in
Fig. 4(a), and the corresponding times of occurrence are
around 102 ps and 90 us, respectively. At the driving fre-
quency f = 1.15 MHz, the theoretical group velocities of the
Ao, So, and A modes are calculated, and their magnitudes are,
respectively, 2.890 mm/us, 3.240 mm/us, and 4.680 mm/us.
Thus, the theoretical time delays of the Ay, Sp, or A; signal
should be, respectively, 280/2.89 = 96.9 (us), 280/3.24 = 86.4
(us), or 280/4.68 = 59.8 (us). Therefore, the two ultrasonic
pulse signals with time delays of 102 us and 90 pus (shown in
Fig. 4(a)) should correspond to the Ag and Sy modes, respec-
tively, where the relative errors of time delay are 5% and 4%,
respectively. In order to further identify the ultrasonic Lamb

wave modes in the received signal shown in Fig. 4(a), the
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corresponding short-time Fourier transform (STFT) spectro-
gram is calculated and shown in Fig. 4(b), where the straight-
through signal from the tone-burst excitation voltage is not
taken into account. Figure 4(c) shows the slice at the driv-
ing frequency f= 1.15 MHz, through which the magnitudes of
the Sp and Ap modes can be determined directly. According to
Fig. 4(c), the magnitude of the Sp mode is 1.64 times that of
the Ap mode, which is approximately consistent with the theo-
retical prediction (the magnitude of U,,; of the Sy mode is 1.92
times that of the Ag mode).

g 0% ight-through signal

b= stra, t-thro S a e
Z 04 straight-through sign (a) |
5

& 0.02

3

L 0

g

S —0.02

ﬁ 4
g —0.04 f=1.15 MHz
<

= —0.06

= 0 0.3 0.6 0.9 1.2 1.5

Time/10™"s

g0 ()] Mo.06
S 0 s ] 0.04
o= 1
£ ™05 0.02
= 0.3 0.6 0.9 1.2 1.5
Time/10™"s
0.10
o ©w
T = f=1.15 MHz S, (©)
= % 0.05 Ao
o)
g%
< 0 L h
0 0.3 0.6 0.9 1.2 1.5
Time/10™"s

Fig. 4. (color online) Ultrasonic signals at f = 1.15 MHz: (a) time—
domain signal at Az = 280 mm, (b) STFT spectrogram, (c) slice of STFT
spectrogram at f = 1.15 MHz.

4.2. Lamb waves generated by EMAT at the frequency

f=0.87 MHz

Based on the calculation data shown in Tables 1 and 2,
the EMAT Tx may generate the Agp mode and restrain the S
mode at the driving frequency f = 0.87 MHz. To identify
the ultrasonic pulse signal received by Rx, the values of spa-
tial separation Az between the EMATs Tx and Rx are set to
be Az; = 280 mm and Az, = 180 mm (the position of Rx is
always kept unchanged), and the corresponding time—domain
ultrasonic signals detected from the EMAT Rx are displayed in
Figs. 5(a) and 5(b) (horizontal scale: 20 ps/div), respectively.

Clearly, if the reflected signal induced by the end of the
Al sheet is not taken into account, only one ultrasonic pulse
signal can be observed. The time widths of the square win-
dow (yellow) in Figs. 5(a) and 5(b) are set to be the same,
i.e., t = 35 us. The group velocity of the ultrasonic pulse sig-
nal in Fig. 5 is calculated by (Az; — Azp)/t, and its magnitude
is around 2.857 mm/us. The theoretical group velocities of
the Ap and Sp modes at the driving frequency f = 0.87 MHz
are calculated to be 2.760 mm/us and 4.770 mm/us, respec-

tively. Therefore, the ultrasonic pulse signal in Fig. 5 should

correspond to the Ag mode (the relative error of group veloc-
ity is around 3.5%). Similarly, to further identify the ultrasonic
Lamb wave mode, the corresponding STFT spectrogram of the
ultrasonic pulse signal at Az; = 280 mm (shown in Fig. 6(a)) is
calculated and shown in Fig. 6(b). Figure 6(c) shows the slice
at the driving frequency f = 0.87 MHz. Through the above
analyses, when the driving frequency f is set to be 0.87 MHz,
the EMAT can generate only the Ag mode and restrain the gen-

eration of the So mode effectively.

Az, =280 mm

reflected by the end

Az, = 180 mm

reflected by the end

Fig. 5. (color online) Ultrasonic pulse signals at f = 0.87 MHz, (a)
Az; = 280 mm, (b) Az = 180 mm.
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Fig. 6. (color online) Ultrasonic signals at f = 0.87 MHz: (a) time—
domain signal at Az = 280 mm, (b) STFT spectrogram, (c) slice of STFT
spectrogram at f = 0.87 MHz.

4.3. Lamb waves generated by EMAT at the frequency
f=1.85MHz
According to the numerical results (shown in Tables 1
and 2), when the driving frequency is set to be 1.85 MHz, the
EMAT may generate only the A mode and restrain the other
modes. Similarly, the values of the spatial separation between
the two EMATSs Tx and Rx are set to be Az; = 280 mm and

Az = 180 mm, and the corresponding time—domain ultrasonic
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signals detected from the EMAT Rx are displayed in Figs. 7(a)
and 7(b), respectively.

Az =280 mm

Az, =180 mm

Fig. 7. (color online) Ultrasonic pulse signals at f = 1.85 MHz: (a)
Az; =280 mm, (b) Az; = 180 mm.
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Fig. 8. (color online) Ultrasonic signals at f = 1.85 MHz: (a) time—
domain signal at Az = 280 mm, (b) STFT spectrogram, (c) slice of STFT
spectrogram at f = 1.85 MHz.
Clearly only one ultrasonic pulse signal can be observed.
The time widths of the square window (yellow) in Figs. 7(a)
and 7(b) are set to be the same, i.e., t = 26 ps. The group
velocity of the ultrasonic pulse signal in Fig. 7 is calculated
from (Az; — Azp)/t, and its magnitude is around 3.85 mm/ps,
which is very close to the theoretical group velocity of the A;
mode (3.71 mm/us) in all Lamb wave modes generated by
EMAT at the driving frequency f = 1.85 MHz (the relative
error of group velocity is 3.6%). Similarly, figures 8(b) and
8(c) are, respectively, the STFT spectrogram and the corre-
sponding slice at the driving frequency f = 1.85 MHz of the
ultrasonic pulse signal at Az; = 280 mm (shown in Fig. 8(a)).

Through the above experimental examination, when the driv-
ing frequency f is set to be 1.85 MHz, only the A; mode can
be generated while the other modes such as Sp, Ag, and S are

restrained effectively.

4.4. Lamb waves generated by EMAT at the frequency

f=2.06 MHz

The calculation data listed in Tables 1 and 2 indicate that
the EMAT Tx can generate only the S| mode while restraining
the generations of the other modes at the driving frequency
f =2.06 MHz. When the values of spatial separation be-
tween the EMATs Tx and Rx are set to be Az; = 280 mm
and Az = 180 mm, the corresponding time-domain ultrasonic

pulse signal detected from the EMAT Rx is displayed in Fig. 9.

straight-through signal Az = 280 mm

reflected by the end

reflected by the end

Fig. 9. (color online) Ultrasonic pulse signals at f = 2.06 MHz: (a)
Az; =280 mm, (b) Azp = 180 mm.

Clearly, if the reflected signal induced by the end of the
Al sheet is not taken into account, only one ultrasonic pulse
signal can be observed in Fig. 9. The time widths of the
square window (yellow) in Figs. 9(a) and 9(b) are set to be
the same, i.e., t = 20 ps. The group velocity of the ultra-
sonic pulse signal in Fig. 9 is calculated from (Az; — Az)/t,
and its magnitude is around 5.00 mm/us, which is very close
to the theoretical group velocity of the S| mode (4.75 mm/us)
in all Lamb wave modes generated by EMAT at the driving
frequency f = 2.06 MHz (the error of group velocity is round
5.5%). Similarly, figures 10(b) and 10(c) are, respectively,
the STFT spectrogram and the corresponding slice at the driv-
ing frequency f = 2.06 MHz of the ultrasonic pulse signal at
Az = 280 mm (shown in Fig. 10(a)). It is obvious that when
the driving frequency f is set to be 2.06 MHz, only the S
mode can be generated, and the other modes such as Ag, A1,
So, and S are restrained effectively.

Through the above experimental examinations that are
consistent with the theoretical predictions, it is experimentally
verified that ultrasonic Lamb wave modes generated by EMAT
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can be effectively regulated (strengthened or restrained) by
choosing an appropriate driving frequency when the EMAT’s
geometrical parameters a, D, and L are given.
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Fig. 10. (color online) Ultrasonic signals at f = 2.06 MHz: (a) time—
domain signal at Az = 280 mm, (b) STFT spectrogram, (c) slice of STFT
spectrogram at f = 2.06 MHz.

5. Conclusions

As described above, a modal expansion approach is pro-
posed for investigating the generations of the ultrasonic Lamb
waves with a meander-coil EMAT. The formal solution for
the Lorentz surface stress exerted on the surface of a non-
ferromagnetic sheet is derived, and then the spatial Fourier
transform on the Lorentz surface stress that contributes to the
generations of the ultrasonic Lamb waves is obtained. On this

basis, with the modal expansion approach for waveguide exci-

tation, the analytical expression of the Lamb wave’s mode ex-
pansion coefficient is deduced, which is closely related to the
driving frequency and the EMAT’s geometrical parameters.
The obtained analytical expression of the displacement field of
the Lamb wave mode lays a theoretical foundation for exactly
analyzing the generations of Lamb waves with a meander-coil
EMAT. Further, the numerical analyses and experimental ex-
aminations indicate that the Lamb wave’s mode expansion co-
efficient and displacement field can be appropriately adjusted
by choosing the driving frequency when the EMAT’s geomet-
rical parameters are given. This result provides a theoretical
and experimental basis for selectively generating a single and

pure Lamb wave mode with EMATs.
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