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This paper focuses on the use of a Lamb wave-based methodology for ultrasound imaging
of immersed plate structures. In these cases Lamb waves can be strongly attenuated due to
leaky waves and viscous losses in the liquid, but there are low attenuation frequency bands
that may be used for NDT applications. Experimental measurements were conducted to
validate the existence of these low attenuation frequency bands, which were also theoret-
ically predicted for some propagation modes, between the frequencies-thickness products
of 0.5 MHz mm and 9.0 MHz mm. Using a 5 MHz linear-array and phased-array techniques,
A1 and S1 modes are used to obtain images of an immersed aluminum plate with artificial
defects. The signals are post-processed in order to select the desired propagation mode and
to obtain an image with dynamic focusing in reception. While the A1 mode is strongly
attenuated, the S1 mode, at 3.4 MHz mm, can be used to detect and localize defects in
the immersed plate.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Lamb waves are appealing for non-destructive testing (NDT) of plate and pipe structures, and structural health monitor-
ing (SHM) in the aerospace and civil engineering industries, due to their characteristic to propagate relatively long distances
(in dry conditions), allowing inspection of a significant large area without having to move the transducers [1–3]. Lamb wave
techniques can be used to detect and monitor corrosion [4,5], cracks [6], and/or delaminations [7] in fiber and reinforced
carbon composite materials. Other applications include oil, water and food pipes [8]; off-shore immersed structures [9];
or medical diagnostics [10]. Different modes can propagate simultaneously, each one with a particular frequency-velocity
relationship, given by the dispersion curves. The possibility of multimode propagation provides more information in a mea-
surement process when compared to ultrasonic systems based on monomode longitudinal or shear waves. On the other
hand, the attenuation and dispersion characteristics must be taken into account for correct interpretation of results, since
they may interfere with each other.
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Most NDT applications with Lamb waves are focused on air-coupled or dry structures. For example, Zhu and Rose [11]
study the generation of Lamb waves by using periodic linear arrays, in contact with a dry plate. When one or both sides
of a plate are in contact with a liquid, there is an important mechanical coupling at the solid-liquid interfaces and strong
attenuation can occur due to leaky waves and viscous losses in the fluid [12,13]. This attenuation significantly reduces
the propagation range of the waves and limits its practical application in NDT.

When dealing with leaky waves, analytical approaches appropriate for gas-coupled plates and pipes are no longer valid,
because fluid-solid coupling must be considered and, as a consequence, multidimensional systems arise. Different methods
and numerical tools have been described in the literature to deal with this problem: the transfer-matrix method and the
global-matrix method [14,15] the last being used in the software DISPERSE [16]; the semi-analytical finite element (SAFE)
method [17–19], based on the coupling of harmonic function to a finite element method; the distributed point source
method (DPSM) [20], based on the interface discretization to solve the coupling equations. The effect of a viscous loading
layer on the attenuation of Lamb modes and shear horizontal modes were studied by Simoneti [21].

In spite of the acoustic coupling between the solid structure and the fluid, low attenuation frequency regions can be found
for some guided modes. The attenuation drops when the out-of-plane oscillations at the solid-fluid interfaces tend to zero. In
the case of cylindrical structures, these bands of minimal attenuation were investigated by Pavlakovic et al. [22], and can also
be appreciated in the attenuation vs. frequency plots of many other works [23–25]. In plates, such bands have been studied,
for example, by Zernov et al. [9] and Sharma and Mukherjee [26], although these attenuation plots are not shown as often as
the sound velocity dispersion curves.

A variety of emitter/receiver configurations and propagation modes are reported in the literature when considering the
inspection of immersed structures. Leinov et al. [25] analyzed the propagation through buried pipes to detect corrosion using
a pulse-echo configuration, where the wave was excited by a ring of transducers around the pipes; Djili [27] analyzed
immersed copper tubes using a similar pulse-echo arrangement, but exciting the tube with a single transducer; Mijarez
et al. [28] used a pitch-catch configuration with a pair of transducers for SHM of sub-sea tubular structures. The Time-
Reversal technique [29] has also been used in the detection of cracks in a hollow cylinder immersed in water [30].

Chen et al. [5] used the A0 mode for analyzing liquid layers in contact with the plate using two immersion transducers
operating in pitch-catch mode. Rizzo et al. [31], used a laser to excite the A0, S0 and quasi-Scholte modes and two immersion
transducers were used for reception. In [32], a similar technique was used to detect Leaky Lamb waves by using an array of
ultrasonic receivers. Immersed fiber reinforced carbon plates were analyzed by Chimenti and Martin [33] using leaky waves,
but performing C-scans with a pair of immersion transducers. Recently, Sharma and Mukherjee [26] analyzed the mode
propagation and defect detection in immersed plates exciting S0, A1 and S1 modes with a pair of immersed transducers.
Zhang et al. [34] used a single transducer in a pulse-echo configuration with varying angle to detect cracks in immersed
plates by means of lower order Lamb waves. Propagation of guided waves in plate structures was used to characterize fluids
in contact with them [35], as well as in pipes [23].

This work is motivated by the industrial interest on NDT tools for the analysis of immersed structures. A linear array
can be directly coupled to the structure under inspection, or by using wedges of appropriate geometries to excite the
desired propagation modes. The use of Lamb wave arrays reduce the scanning requirements, as fast images of a given
area can be obtained by placing the array at a fixed position. Special attention is given to mode selection and bandwidth
limitation imposed by the low attenuation bands, as well as by employing an experimental inspection system with no
moving parts. Such moving parts would not be practical in some applications, for example those involving difficult access
to the structure. Depending on the desired range, the array can be moved, but even so the mechanical scanning require-
ments would be reduced in comparison with B- or C-Scan techniques, for example, which have been described in several
works.

The underlying theory and mathematical models involving the propagation of Lamb waves in immersed plates are
described in Section 2, along with experimental verifications of the low attenuation frequency bands. The model and asso-
ciated theoretical curves are employed in Section 3 to properly select frequency bands and modes to propagate waves in
immersed plates for NDT purposes. Low and high attenuation Lamb modes are excited by a linear array coupled to an alu-
minum plate with artificial defects. After signal acquisition and post-processing, an image of the structure is obtained for
both dry and immersed conditions, showing the application of the proposed methodology. To the authors’ knowledge, it
is the first time that phased array technology combined with Lamb waves is used for imaging defects in immersed plate
structures. Practical issues related to the use of this technology to NDT are discussed in Section 4.
2. Dispersion and attenuation curves in immersed plates

2.1. Theoretical description

Consider a 2d-thick isotropic solid plate immersed in a fluid, as illustrated in Fig. 1. The structure is unlimited along the x
and y axes and wave propagation occurs in the x direction. A geometrical discontinuity (plate-fluid) occurs only in the z
direction.

For fluid modeling, the equation of motion for a Newtonian viscoelastic fluid can be described by the Navier-Stokes equa-
tion [36], where shear and bulk viscosity coefficients were considered in the model. The shear viscosity of the liquid is



Fig. 1. Plate and fluid geometry for Lamb wave analysis.
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responsible for a transversal stress coupling with the solid structure. On the other hand, both viscosity coefficients play a role
as the imaginary part of the longitudinal wavenumber in the liquid, which is related to wave attenuation.

The dispersion characteristics for an immersed plate in a viscous fluid can be found by formulating particle velocity and
stress components of the fluid and solid at the interfaces, yielding a set of eight equations, four corresponding to each side of
the plate [15]. The symmetry obtained when the fluids on both sides of the plate are the same can be used to separate the
problem in two homogeneous systems of four equations. The solutions of both 4� 4 systems provide the symmetric and
antisymmetric modes. The dispersion characteristic is obtained from (1) for the symmetric modes, and for the antisymmetric
modes from (2), where A;B; . . ., and G are constants which depend on the excitation, and j ¼

ffiffiffiffiffiffiffi
�1

p
.

ðk2 þ s2Þ cosh qd 2jks cosh sd �rðk2 þ c22Þ �2jrkc2
2jkq sinh qd �ðk2 þ s2Þ sinh sd �2jrkc1 rðk2 þ c22Þ
q sinh qd jk sinh sd �c1 �jk
jk cosh qd �s cosh sd �jk c2

266664
377775

A

D

E

G

26664
37775 ¼ 0; ð1Þ
ðk2 þ s2Þ sinh qd 2jks sinh sd �rðk2 þ c22Þ �2jrkc2
2jkq cosh qd �ðk2 þ s2Þ cosh sd �2jrkc1 rðk2 þ c22Þ
q cosh qd jk cosh sd �c1 �jk

jk sinh qd �s sinh sd �jk c2

266664
377775

B

C
E

G

26664
37775 ¼ 0; ð2Þ
For the solid, qs is the mass bulk density; k is the wavenumber of the guided mode; q2 ¼ k2 � k2ls; and s2 ¼ k2 � k2ts, where
kls and kts are the longitudinal and transversal wavenumbers, respectively, and
k2ls ¼
x2

c2ls
; ð3Þ
k2ts ¼
x2

c2ts
; ð4Þ
where x is the angular frequency, and cts and cls are the transversal and longitudinal phase velocities in the solid,
respectively.

For the fluid, g and f are the shear and second (volume) viscosity coefficients, respectively. c21 ¼ k2 � k2lf and c22 ¼ k2 � k2tf ,
where klf and ktf are the longitudinal and transversal wavenumbers for the fluid, respectively, and
k2tf ¼
jxqf

g
; ð5Þ
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jxqf
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where qf is the mass bulk density of the fluid; kfluid ¼ x=clf is the wavenumber (bulk); and clf is the longitudinal phase veloc-

ity in the fluid. The ratio r is defined as r ¼ �jgk2ts=qsx. This model provides similar expressions to those obtained using the
bulk elastic modulus for the fluid employed by Nayfeh and Nagy [15], when the second viscosity is disregarded (Stokes
model).



Table 1
Material properties.

Property Water Aluminum

Density (kg/m3) 1000 2700
Longitudinal velocity (m/s) 1500 6400
Shear velocity (m/s) – 3000
Shear viscosity (Pa s) 0.001 –
Bulk viscosity (Pa s) 0.0028 –
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Zero determinants of the homogenous systems (1) and (2) are necessary conditions for a non-trivial solution. The solu-
tions for k in (1) and (2) are complex and provide information about phase velocity (c), and attenuation (a), of the guided
modes,
Fig. 2.
circle fo
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c
þ ja: ð7Þ
From the dispersion curve (c versus x) the group velocities are (following [37])
cg ¼ 1
c
�x
c2

dc
dx

� ��1

: ð8Þ
The dispersion equations were solved for an aluminum plate immersed in water. Plate and fluid material properties used
in these simulations are shown in Table 1. The corresponding phase velocity and attenuation as a function of frequency-
thickness product are presented in Fig. 2, in solid lines. The symbols show experimental results that will be described later.

As the frequency-thickness product increases, the velocity of the fundamental modes approaches the Rayleigh velocity in
an immersed plate (Fig. 2a). These propagation velocity curves are very little influenced by the fluid (gas or liquid) surround-
ing the aluminum plate.
(a)

(b)

(a) Dispersion curves and (b) attenuation curves. Simulated (solid lines) and experimental results were obtained for some propagation modes (blue
r 1 mm-thick plate; green plus for 2 mm-thick plate and magenta triangle for 3-mm thick plate). (For interpretation of the references to colour in
ure legend, the reader is referred to the web version of this article.)
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Fig. 3. Out-of-plane vibration velocities: (a) S1 mode around the attenuation minimum at 3.4 MHz. (b) A1 mode at 2, 3, and 4 MHz.
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On the other hand, liquid loading can result in high attenuation due to leaky waves, and the attenuation characteristic
(Fig. 2b) is very dependent on fluid properties. Despite the large attenuation, most modes show a band where the attenuation
approaches zero. These attenuation minima can also be seen in [9] for the S1 and A2 modes. Similar relative minima can be
found for higher order symmetric and antisymmetric modes. These minima are related to vanishing out-of-plane particle
velocities at the plate surfaces. The vibrational profiles at these frequencies decrease the acoustic energy coupling from plate
to fluid. In such cases, only in-plane vibration velocities exist at the interface, which results in some wave attenuation due to
viscous losses but, ideally, no leaky waves.

As an example, the out-of-plane particle velocity profiles of the S1 mode for three frequencies around the minimum
attenuation are shown in Fig. 3a. Out-of-plane vibration velocity vanishes at the plate surface only at 3.4 MHz mm, which
corresponds to the minimum attenuation point of operation of the S1 mode in Fig. 2. In the inset, a close view of the vibration
distribution at the solid-liquid boundary confirms the zero and shows typical profiles of the viscous layer in the fluid phase.
These attenuation minima allows the propagation of guided waves in immersed plates for structural evaluation purposes, for
example by imaging an area of interest, as discussed in Section 3. On the other side, for the A1 mode around 3 MHz the out-
of-plane particle velocity (Fig. 2b) does not vanish at the plate surface, and there is no local minimum of attenuation. This
non-zero particle velocity improves the wave coupling between the plate and the liquid, which results in a higher attenu-
ation for this antisymmetric mode (Fig. 2b).
2.2. Experimental verification of the low attenuation bands

The existence of the low attenuation frequency bands of Lamb modes in an aluminum plate immersed in water is verified
by using the experimental setup shown in Fig. 4. Lamb waves were generated by longitudinal wave transducers coupled to
acrylic wedges operating in pitch-catch mode. The wedges were attached to a rail to ensure alignment between emitter and
receiver. The transmitter (5 MHz central frequency) was excited either with a short pulse (Olympus 5077PR Pulser-Receiver)
or with a Gaussian envelope tone burst, obtained from a function generator (Tektronix AFG3101, 14 bits resolution) and a
Fig. 4. Experimental setup for measurement of dispersion and attenuation curves.
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power amplifier (E&I 240L, 40 W). The received echoes were digitized by an oscilloscope (Agilent MSO7014B, 10 bits reso-
lution in average mode) and transferred to a computer for post-processing.

The phase velocity of the guided mode coupled to the plate was obtained from the Snell-Descartes law: c ¼ cw= sin hw,
where cw is the longitudinal propagation velocity in the wedge, and hw is the incidence angle relative to the plate normal.
For example, using an acrylic wedge (cw ¼ 2700 m/s) and hw ¼ 30� and 25�, phase velocities of 5400 and 6388 m/s were
obtained, respectively. Since there is beam spreading and a finite bandwidth of operation, there is also a range of angles,
and consequently a range of velocities, that can be coupled to the plate. For example, at approximately 3.5 MHz, using
the 25� wedge, A1 and S1 modes could be coupled. Aluminum plates with 1, 2, and 3 mm thicknesses were used to obtain
the frequency-thickness product range used in the simulations.
2.2.1. Mode propagation
To compare the effects of mode attenuations in air-plate-air and water-plate-water configurations, the transducers were

coupled to a 1-mm thickness plate by a 25� wedge and a pulser-receiver was used to excite the transmitter with a wideband
pulse. Signals were obtained for the 1 mm-thick aluminum plate in air and then immersed in water.

Received signals and the respective spectrograms (time-frequency, in gray scale) for the plate in air are shown in Fig. 5.
The theoretical arrival times (group delays) obtained from the group velocity of each Lamb mode are also shown (solid lines)
superposed to the experimental results. These group delays were obtained from cg ¼ L=Dt, where Dt is the time of flight of
each Lamb mode, i.e., the group delay, and L is the distance between transducers. Except for the A0 mode, which cannot be
(a)

(b)

Fig. 5. Wave propagation in an aluminum plate in air, using wideband excitation: (a) time-domain received signal, and (b) spectrogram of the received
signal (gray scale) superposed on the simulated dispersion curves with respect to group velocity (solid lines).
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coupled due to its low phase velocity, five modes, up to S2 and A2, can be observed when using these transducers and
wedges.

The echoes and spectrogram for the plate immersed in water are shown in Fig. 6. The antisymmetric modes are strongly
attenuated due to the leaky waves, while the symmetric modes are somewhat less attenuated.

2.2.2. Measurement of mode attenuation
The distance L between the emitter and receiver wedges was varied from 15 mm to 85 mm, with 1 mm step. Time traces

were acquired for each distance, and the spectrum SmðxÞ of each signal was obtained, which is modelled as:
Fig. 6.
receive
SmðxÞ ¼ eAe�aðxÞxmej/ðxÞ ð9Þ
where AðxÞ ¼ eAe�aðxÞxm is the wave magnitude, aðxÞ is the attenuation, /ðxÞ is the phase of the wave with angular fre-
quency x, and xm is the distance between the wedges. Linear fitting of lnðAÞ � x and /� x were performed, allowing the cal-
culation of attenuations and phase velocities, respectively.

The experimental results, obtained with 1, 2, and 3 mm thick plates and different frequencies, are superposed to the sim-
ulated dispersion and attenuation curves in Fig. 2 as , , and symbols, respectively.

There is good agreement between the theoretical and experimental velocity dispersion curves. The attenuation curves
clearly have the same behavior and the lower attenuation regions can be found at approximately 1 MHz mm (S0 mode),
2.5 MHz mm (A1 mode), 3.5 MHz mm (S1 mode), 5.5 MHz mm (A2 mode), and 8 MHz mm (S2 mode).
(a)

(b)

Wave propagation in an aluminum plate immersed in water using wideband excitation: (a) time-domain received signal, and (b) spectrogram of the
d signal (gray scale) superposed on the simulated dispersion curves with respect to group velocity (solid lines).
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3. Ultrasonic imaging of immersed plates

A 5 MHz linear array with 128 elements, 0.65 mm pitch, and 73% bandwidth (Imasonic, Besançon, France) was coupled to
a 25� incidence angle acrylic wedge (longitudinal velocity of 2700 m/s), which generated the A1 and S1 modes at approxi-
mately 3.5 MHz in a 1 mm-thick aluminum plate. An array system (SITAU, 32:128, DASEL S. L., Spain) was used to control the
array, which was excited with wideband square programmable pulses (�90 V peak, 12 bits acquisition, 40 MHz sampling
rate).

The aluminum plate has dimensions of 200 mm � 300 mm and the array was positioned at one of the borders of the plate,
as shown in Fig. 7. Five artificial defects (drilled holes) were produced with 5 and 1.5 mm diameters (defects a to e). The
approximate area considered for imaging is delimited by the dashed line in Fig. 7.

A fixed aperture of 32 elements operating in phased-array mode was used, with fixed focus in emission, at 150 mm. The
array system was not used to process the received signals, but these were transferred to the computer for post-processing.
Different from the excitation and processing used in the previous section for characterizing the low attenuation bands, the
array system excites the transducer elements with a one-cycle square wave pulse. This wideband excitation generates the
propagation of more than one mode simultaneously, in general at different frequencies and with different propagation veloc-
ities. Interpolation and dynamic-focusing in reception were implemented in the computer, using Matlab.
Fig. 7. Aluminum plate with artificial defects. Top: schematic, with dimensions in mm. The dashed line limits the approximate area considered for imaging.
Bottom: photo of the linear array and wedge attached to the plate.
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The ultrasonic images were obtained by using the group velocities for beamforming. The A1 and S1 modes show high dis-
persion, and phase and group velocities are very different. For example, for the S1 mode at 3.4 MHz, the phase velocity is
around 6500 m/s, whereas the group velocity is 3858 m/s. In post-processing and prior to beamforming, the wideband
echoes are bandpass filtered at the frequencies of interest (bandwidth of 300 kHz), resulting in narrowband wave packets
that are used in the imaging algorithm. The group velocity is defined in terms of a narrowband signal [38], and consequently
for the signals considered in this work the group velocity is more adequate to characterize the pulse propagation than the
phase velocity. In the case of dispersive signals, there are techniques for dispersion compensation [39] that have been
employed by the authors in a previous work [40], where a high-dispersive A1 mode was used. In the noncompensated image,
the defects appeared at wrong positions, even using a correct group velocity. Nevertheless, the narrowband operation used in
the present work helps to minimise the effects of dispersion, and the additional amount of calculus does not improve the
images considerably, consequently no dispersion compensation was applied in this work.

In order to compare the images and the attenuation influence, the plate was first inspected in air and then in water. First
the frequency response of the system is experimentally obtained, in order to select adequate frequencies for operation in air
and in water. These frequencies are then used to produce images that highlight the effects of attenuation of the guided
waves.

3.1. Experimental results

Using the 25� wedge and the 5 MHz center frequency array, A1 and S1 modes were selected to highlight the attenuation
effects, because the A1 mode has high attenuation in water, while the S1 mode has a lower attenuation frequency band that
can be explored for imaging.

The frequency response is an important characteristic in mode selection, and depends on the array-wedge-plate system.
The frequency responses of both modes were obtained by using the signal transmitted by element 1 of the array, which trav-
els until a known reflector (defect a) and is received by element 32. This known reflector could be also a small rod bonded to
the plate, for example, and not necessarily a through-hole.

The results are shown in Fig. 8, for the plate in air (red and blue) and immersed in water (black and green). From the
knowledge of the velocity dispersion curves, the wideband signals were windowed to select the A1 and S1 modes and then
narrowband filtered at the various frequencies, from 2.5 to 4.75 MHz. The results were then normalized by the peak of the A1
mode in air, at 3 MHz. The S1 mode in air shows a lower amplitude than the A1 mode in air up to 3.6 MHz. For higher fre-
quencies, the A1 mode magnitude decreases and the S1 mode magnitude increases up to 4.35 MHz.

When the plate is immersed in water, there is a strong attenuation of the A1 mode, by more than 50 dB, while the S1
mode, at 3.4 MHz, is substantially less attenuated, by around 10 dB. The effect of attenuation can be clearly observed for
the S1 mode, where the minimum attenuation is around 3.4 MHz, as predicted from Fig. 2b.

Using this information, frequency bands and the corresponding modes were selected for image beamforming in air and in
water to highlight the attenuation effect: A1 mode in air and in water at 3 MHz (group velocity cg ¼ 3390 m/s); S1 mode in
air at 4.35 MHz (cg ¼ 3997 m/s) and S1 mode in water at 3.4 MHz (cg ¼ 3858 m/s). The group velocities were obtained from
(8).

The image of the plate in air, for both modes, is shown in Fig. 9, normalized by the A1 response. This image was obtained
by using the propagation velocity of the S1 mode at 4.35 MHz (cg ¼ 3997 m/s). The defects detected by the S1 mode
(aS1; bS1; . . .) appear at their correct positions, approximately y ¼ 15 cm for defects b; c and d (see solid line), for example.
The defects that appear with higher intensities (around y ¼ 17:7 cm, or defects bA1; cA1 and dA1, see dashed line) are resulting
from the A1 mode at 3 MHz, whose beamforming was made using the propagation velocity of the S1 mode, and, conse-
quently, these defects do not appear at their correct positions. The difference in magnitude is expected because of the higher
response of the A1 mode at 3 MHz (see Fig. 8), and, in this dry condition, the defects are detected by both modes.
Fig. 8. Frequency responses of the A1 mode (squares) and S1 mode (circles). Propagation with plate in air (red and blue) and in water (black and green). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 9. Image of the plate in air, using the S1 mode propagation velocity of 3997 m/s.

Fig. 10. Image of the plate in water, using the S1 mode propagation velocity of 3858 m/s.
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Fig. 10 shows the image of the plate when it is immersed in water, using a different dynamic range. This image was
obtained with the propagation velocity of the S1 mode at 3.4 MHz. The A1 mode at 3 MHz is strongly attenuated because
of the leaky waves, preventing detection of defects. On the other hand, the defects can still be visualized using the lower
attenuation S1 mode at 3.4 MHz.

To compare the relative amplitudes between the images in air and in water, the intensity of the pixels at the center of
each defect from Figs. 9 and 10 are shown in Table 2. The S1 mode suffered a maximum attenuation of 19.6 dB, for defect
a, while for the A1 mode in water it was not possible to obtain significant values (asterisks), due to the strong attenuation
effect, as predicted by the frequency response.
Table 2
Image values (in dB) at defects positions, obtained from Figs. 9 and 10.

Mode Medium/defect a b c d e

A1 Air �1.2 �3.8 0 �1.3 �8.4
Water � � � � �

S1 Air �6.7 �14.7 �14.4 �14.3 �13.1
Water �26.3 �29.1 �29.3 �27.2 �32.3
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In the beamformed image, there is contribution of all array elements, and this will include several propagation effects,
such as mode coupling, reflection coefficients, radiation pattern and attenuation. Although the dispersion and attenuation
curves, as well as the frequency response, were obtained from only a particular condition (a pair of transmitter-receiver),
this procedure, of analyzing the velocity and attenuation curves as a function of frequency, is extremely important and effec-
tive to determine an optimized operation point for imaging purposes using Lamb waves. A useful aspect is the ‘‘mode clean-
ing” effect in the immersed plate, because modes with higher attenuation tend to disappear, and there are less artifacts
produced by spurious modes in the final image.
4. Conclusions

The main contribution of this article is the establishment of a procedure for the characterization and selection of adequate
Lamb modes to be used in image beamforming using a phased-array system and post-processing in immersed structures.
Although there is still some attenuation involved when compared to the propagation in dry conditions, the linear array cou-
pled to a wedge can be moved to some parts of the structure, resulting in less mechanical moving parts than a conventional
B- or C-Scan technique, and can be used to help to locate defects positions. Signal processing was important in the problem
analysis and image beamforming, in order to select the desired propagation modes and reach adequate image resolution.

The authors have not observed imaging of immersed plates using this methodology in the literature. These experimental
results have a great interest, since it confirms that propagation of high frequency Lamb waves is also possible in immersed
conditions by suitable choice of frequency band and mode. Moreover, under these circumstances the attenuation spectrum
shows that only one Lamb mode presents a minimum attenuation value for a given frequency. Consequently, when the plate
is immersed in a fluid, an increase in operating frequency does not give rise to modal interference as occurs in air-coupled
plates.
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