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Abstract: This paper presents the possibility of enhancement of the generation and detection of
poorly energetic acoustic-guided waves in multilayered structures using a new design for a V(z)
transducer. By defining a modified V(z) transducer composed of segmented piezoelectric elements,
the acoustical energy can be directed towards specific angles in such a way as to generate guided
waves that are poorly energetic. By comparing the results using this new design to those obtained
with a classical V(z) transducer, it is shown that the generation and detection of such waves is greatly
improved, especially for poorly energetic waves that belong to a buried layer in a multilayered
structure. This is especially seen on the components of the spectra of V(z). The modeling of the
modified V(z) signature for a multi-element focused transducer is widely detailed first. Then, in order
to illustrate the advantages of our proposed method, a three-layer structure (aluminum/epoxy/steel)
is discussed. The interest of this method for the characterization of elastic properties of “buried”
layers through specific guided waves that are detected with great difficulty—or even not at all—with
a classical V(z) transducer is demonstrated, especially for the Ay and Sy modes corresponding to the
steel layer inside the three-layer structure. In this study, we also develop a specific tracking method
for particular guided waves possessing large phase velocity variations over the considered frequency
range, as is the case for the Sy mode of the steel sub-layer.

Keywords: V(z) acoustic signature; piezoelectric transducers; multilayer structures; guided waves

1. Introduction

Ultrasonic nondestructive testing and evaluation (NDT&E) techniques are the number
one method used in industry and are often either preferred to—or used in combination
with—other ones, such as Eddy currents, magnetic particles, thermography, or X-rays.
Indeed, they allow for the evaluation of mechanical parameters, such as elastic constants,
in a wide variety of materials and structures, including bulk and multilayered ones. For
the latter, structures are most often characterized through measurements of guided waves
velocities, i.e., generalized Lamb wave dispersion curves. When considering their polariza-
tion, these guided waves are most often called “guided modes” whose physical properties
are used, for example, to characterize the elastic properties of “buried” layers [1-4], inter-
facial layers [5-11], or coated plates [12-16]. As different mechanical properties influence
different guided modes, ideally each mode should be studied separately. Unfortunately,
in practice, many different guided modes are often generated depending on the chosen
frequency range. To overcome this difficulty, specific signal processing techniques, such as
two-dimensional fast Fourier [17] or wavelet transforms [18], need to be developed.

In order to generate and detect guided waves in plates or multilayer samples, planar
ultrasonic transducers are often used for material characterization, but other techniques are
based on phased-array transducers or focused transducers [19-21]. Among focused trans-
ducers, some are designed for use with the V(z) ultrasonic method since it is more practical
to use. Furthermore, it often allows for quantitative characterization of several elastic
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constants. A typical application of the V(z) method is the determination of the Rayleigh
wave velocity [22,23] on thick planar samples with high attenuation in the considered
frequency range. Since the method is based on the use of focused transducers that possess
a large angular aperture, it has the advantage of avoiding the delicate mechanical angular
scanning that is necessary with traditional goniometric set-ups [24,25]. Concerning layered
structures, Lamb waves are also widely used to control the health of interfacial bonds or
the elastic parameters of the different layers [26,27]. In this case, the V(z) method also has
the advantage of allowing the guided modes velocities to be measured at a specific location
in the sample. Thus, the V(z) method can detect defects or locally characterize some elastic
parameters, which has proven to be very useful for heterogeneous structures. This explains
why the use of this acoustic signature is very popular for the characterization of elastic
constants in plates, coated materials, or multilayers [28-33]. For example, previous studies
discussed the possibility of elastic constant determination with the simplex method of a
TiN layer deposited on a MgO substrate and those of a silicon single crystal, by measuring
the Surface Acoustic Waves (SAW) velocity with the V(z) method [34].

Unfortunately, there are cases when some guided modes, such as Lamb modes or
SAW, are not detectable or are inaccurately measured, which reduces the potential of the
V(z) method. Indeed, when different guided modes have phase velocities that are very
close to each other and/or if one mode is much more energetic than the others, an overlap
of resonance peaks in the spectrum of V(z) curves appears. This situation is illustrated
for example in [32], where the phase velocity of S; Lamb mode of a bronze plate, for a
frequency-thickness product roughly between 2.35 and 2.65 MHz-mm, is not observed with
the use of a classical V(z) transducer.

For multilayered structures, the fact that some modes are undetectable can hinder the
capabilities of the method, namely when such a mode is sensitive to the specific elastic
parameters of a given “buried” layer that needs to be characterized. Thus, this paper aims
at the possibility to generate and detect guided modes in a three-layer structure that are
too poorly energetic to be observed when using a standard V(z) transducer. To this end, a
new type of V(z) transducer we have designed is considered. Its use in the configuration
of a multilayer structure shows its great advantage to allow modes that were previously
undetectable to be measured and studied, thus allowing elastic constants to be derived
from their acoustic wave velocities. A second novelty of this study is the development of a
specific procedure to track such modes when they exhibit large phase velocity variations
versus frequency.

In Section 2, the non-classical case of modeling of the V(z) signature for a multi-element
focused transducer is specifically detailed at first. The formalism of reflection coefficient
and associated guided modes is then recalled in Section 2.2, followed by the justification of
the chosen spectral representation corresponding to the V(z) signal processing in Section 2.3.
Finally, Section 3 presents the results for a three-layer structure by comparison between
the determined guided wave velocity values with both the reflection coefficient and dis-
persion curves. These results allow us to demonstrate the superiority of the multi-element
V(z) transducer over the standard one when it comes to detection of poorly energetic
guided modes.

2. Theoretical Considerations and Methods

In this section, the interference principle for a classical V(z) transducer is first presented,
in order to illustrate how we define the new transducer design that also has to respect the
same interference principle. Then, the modelling of V(z) signature for the new transducer
design is fully described, before presenting the adopted spectral representation of the
V(z) signal processing that allow for results to be compared with reflection coefficient and
dispersion curves.
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2.1. Principles of V(z) Signature with Single and Multi-Element Focused Transducers

Figure 1a,b show the comparison of the interference principle for a standard V(z)
transducer and the new multi-element (or segmented) one, respectively. Figure 1a illustrates
the phenomena that occur when defocusing inside the sample is performed. The oscillations
that appear in the V(z) curves are mainly due to the interference between the specular echo
coming from the center of the piezoelectric element (black ray #1) and the echo coming
from the radiation of the guided mode (yellow ray #2), corresponding to a leaky Rayleigh
or leaky Lamb wave. As these leaky guided waves radiate their energy into the water at
the same angle as the incident angle 6, corresponding to their generation, they are also
detected at this angle. The new V(z) transducer design was imagined in order to allow a
specific mode to be favorized. Instead of being made with a single piezoelectric element,
it consists of several piezoelectric curved elements with a curvilinear abscissa along the
curvature ; and length Al, as defined in Figure 1b. The segmented elements are arranged
symmetrically on each side of a central one located at the top of the curved surface. In
this manner, the interference phenomenon that is the origin of V(z) curves is maintained
through the simultaneous excitation of one, or a few, among the elements located around
the top of the transducer, with one, or a few, among the elements corresponding to the
angle required to generate and detect the targeted guided mode. All elements are assumed
to be excited with the same voltage. The top element (or elements) generates and detects
the specular echo on the surface of the structure under test, while the other selected element
(or elements) generates and detects guided waves. Thanks to this geometrical and electrical
configuration, the acoustical energy is sent preferentially in a specific angular region, which
allows only a restricted number of guided modes to be generated in their specific frequency
ranges. These modes will thus be enhanced, while modes whose generation angles are
different will receive very little energy or may even not be generated at all. This will allow
modes that are undetectable or inaccurately measured with a classical V(z) transducer of
similar size and frequency to be studied. In Section 3, the geometrical parameters chosen
both for the classical V(z) transducer (its radius of curvature R, and half aperture angle
0ap) and the segmented V/(z) transducer (the same ones and the length Al) are given. The z
axis origin is chosen at the focus of the transducers. Hence, when the transducer focuses
inside the sample, the (z) coordinate of its top surface is negative. The numbering of the
piezoelectric elements in Figure 1b is as follows: the central piezoelectric element around
the (z) axis is numbered (0), the next one to its right is numbered (1) and symmetrically
(—1) for the next one to its left, and so on for all subsequent elements. This numbering will
be used in the following theoretical section. These piezoelectric elements have a curvilinear
abscissa I; as indicated in Figure 1b.

Piezoelectric
Piezoelectric multi-element

single element

(-1)_(0) (1)

(-2) (2)
K I by
coupling fluid S /" coupling fluid
) /A'l ()g
o R
#2 #1 ¢
multilayer
sample N | sample
- p p
0 (r) 0 (r)
(2) (2)

(@) (b)

Figure 1. (a) Principle of interference with a classical V(z) transducer; (b) corresponding scheme with
a segmented V(z) transducer.
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2.2. V(z) Curve Modelling for Single and Multi-Element Focused Transducers

The most rigorous approach to model the V(z) function consists of using a decompo-
sition of the radiated field of the transducer into an angular spectrum of plane waves. It
allows the V(z) function to be expressed as a Fourier integral over the product of character-
istic functions that describe both the transducer behavior and the sample response, in the
space of wave numbers:

V(z) = / " U (kUL (k)R (ki) exp(—2ikz) dks, (1)

where:

ky is the horizontal component of the wave vector k¢ in the coupling fluid;
Us(ky) is the angular spectrum of the incident field of the piezoelectric source (s)
defined at the focal plane (f);

. Usf (ky) is the angular spectrum of the transducer response when a plane wave of unit
amplitude is emitted from the focal plane (f) to the piezoelectric source (s);

o  R(ky) is the reflection coefficient of the fluid-loaded sample, as a function of the
incident wave number component ky;

o exp(—2ik,z) is the phase shift applied to the spectrum Uéf (kx) when the surface sample
is located at a distance (—z) from the focal plane during defocusing process, where k;
is the vertical component of the wave vector kj in the coupling fluid, thus given by

K, = /2 — K2,

In order to characterize both isotropic and anisotropic materials, a line-focused trans-
ducer is considered here. Hence, the V(z) transducer possesses a cylindrical shaped piezo-
electric element, i.e., without an acoustic lens, for which the focal distance is equal to its
radius of curvature. This configuration also implies that the angular spectra U}(kx) and

Ug{[ (kx) are equal.

The angular spectrum of a field is, by definition, the spatial Fourier transform of its
complex distribution in a given plane, which here corresponds to a plane perpendicular to
the z axis of the transducer. In the case of a field with cylindrical symmetry, the Fourier
transform takes the specific form of a cosine transform. The angular spectra U ( x) (equal

to U! (kx)) is thus evaluated at the focal plane by:

Uj(kx) = Uf _2/ Uy rf,zf> cos(k rf)drf, )

where ujc is the incident field evaluated at the coordinates (r 2 f) of the focal plane.

When considering the generalized case of a multi-element V/(z) transducer, the field
at the focal plane u; can be related to the sum of the incident fields emitted on the active
surface of the transducer and produced by the piezoelectric elements that are activated. As
described in the previous section, and referring to Figure 1b, the interference phenomenon
appearing in the V(z) curves is maintained by activating systematically the central element
(0), or a few symmetrically located around it—corresponding to the first summation term
in Equation (3)—with one, or a few, among the symmetrical elements corresponding to the
angle of excitation and detection of the desired guided mode-corresponding to the second
and third summation terms in Equation (3). Thus, when considering the activation of Nj
elements around the (z) axis (Np is odd) and N consecutive “oblique” elements that start at
the element (—n) and symmetrically (1), with n # 0, the field uy can be expressed by three
sums of a function I, such as:

s ik (No—1)/2 N
”f(rffzf): 272{2 ONO 1/21+Z NI, } ®G)
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where the function I = | (r FZfs i, zf) defines the field at the coordinates (r 2 f) of the

focal plane produced by piezoelectric element (i) defined by its left end coordinates (75, z¢):

S S ll+Al S(.,8 .S e_lkOD} S S
I(rf,zf,ri,zi) :/li uy(r3, z3) \/ﬁ Q(rf,zf,ri,zi)dl(rs). 4)
f
In Equation (4), dI(rs) is the infinitesimal curvilinear abscissa along the curvature of

each piezoelectric element of abscissa I;, u{ is the incident field distribution on the source
piezoelectric elements, D; is the distance between the local source point of coordinate

(rs,zs) and the local evaluation point of coordinate (r 2 f) in the focal plane:

D} = \/(rf - 1’5)2 + (zf — zs)z, (5)

and Q) (rf, zf, rs,zs) is a function called the obliquity factor, defined between each local

source point and each local evaluation point in the focal plane, according to Huygens'’s
principle. As the origin of the axes is taken at the center of curvature of the transducer, the
obliquity factor is expressed as:

Ts (Vs - rf) + z5 (zs — zf)
/12 +z§\/(rs - rf)2 + (Zs - zf)2

Equation (1) together with Equations (2)—(6) generalize the expression of the classical
V(z) signature obtained with a continuous shaped piezoelectric single element transducer.
Thus, one can retrieve this expression by considering in Equation (3) the activation of
all the transducer elements and the cancellation of the distance between them. It can
also be noted that the modelling of classical V(z) signature has already been validated
by comparison between simulations and experimental measurements on a silicon single
crystal substrate [34].

Furthermore, the calculation of the acoustic signature V(z) in Equation (1) requires
the knowledge of the reflection coefficient R beforehand. In addition, the comparison will
be made later between the minima of the modulus of the reflection coefficient R and the
associated dispersion curves. Thus, the analytical development details of the calculation
of the reflection coefficient, as well as the one of the associated guided waves has been
described by authors in a previously published work [35].

The V(z) processing and the choice of its spectral representation are described in the
following section. Indeed, its spectral representation can be defined in such a manner
that it facilitates the interpretation both with the reflection coefficient and associated
dispersion curves.

1+ (6)

NI~

Q(rf,zf,rs,zs) =

2.3. V(z) Processing and Associated Spectral Representation

The comparison between the reflection coefficient modulus and guided mode phase
velocities (dispersion curves) of the free guided waves is facilitated when choosing to repre-
sent them as a function of the incidence angle instead of velocity or wave number. Indeed,
according to Snell’s law, when identifying the free guided modes to the corresponding
leaky ones in the case of the presence of a coupling fluid, each free guided mode can be
represented by an equivalent incidence angle 6, such as:

. 0
V 7
0y = arcsm(v ), (7)

4
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where Vj is the wave velocity in the coupling fluid (here water), and Vj, is the phase velocity
of the considered guided wave.

In order to illustrate the V(z) processing and the choice that was made for the associated
spectral representation, an example of classical V(z) curve simulated for an aluminum plate
of 70 pm thickness and for a frequency of 30 MHz is given in Figure 2a. This material and
thickness correspond to the top layer of the layered structure that will be studied below.
The oscillations that appear with a spatial periodicity Az can be related to the phase velocity
V, of a leaky Lamb mode, using the well-known relationship [34]:

v, = i . ®)

- (1 - 2}/gz>z

where f is the working frequency of the piezoelectric element(s).

0.25, 1
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Figure 2. (a) Example of V(z) curve of an aluminum plate; (b) corresponding filtered V(z) curve;
(c) spectral representation in the wave number space; (d) corresponding spectral representation in

the incident angle space.

A high pass filtering technique is first used to eliminate the slowly decaying back-
ground, as illustrated in Figure 2b. Then, the periodicity Az of oscillations is determined
on the Fourier transform of the filtered V(z) curve, which is then in the spatial domain of
wave numbers k;. Such a spectrum is represented in Figure 2¢c. Thus, each wave number
value ¢, associated with a peak in the spectrum corresponds to a leaky guided mode, and

is linked to the periodicity Az by:
2r

&p = Az 9)

The comparison between the modulus of the reflection coefficient and guided mode
phase velocities is more convenient if a general abscissa ¢ of the spectral component is
defined, instead of the abscissa of the peaks §, in Equation (9). Hence, the choice was
made to adopt another representation of the V(z) spectrum. Thus, replacing ¢, by ¢ from
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Equation (9) into Equation (8), and the result into Equation (7), allows the spectrum of the
V(z) curves to be expressed as a function of an equivalent angle of incidence 6y:

: ¢\
fp = arcsin \/1— (1— 47TfVO> ) (10)

This angular spectral representation, as shown in Figure 2d, will be used from now on.
It can be noticed that modes Ay, Sy, and Ay are identified through the dispersion curves of
the aluminum plate that will be studied hereafter in Section 3.2. It can also be noted that in
regard to Equation (10) and Figure 2¢,d, low wave numbers ¢ correspond to low equivalent
incident angles 6, and conversely.

As in Section 3.2 it will be required to identify the nature of Lamb modes polarization
in an aluminum plate, we specify that their symmetric or antisymmetric nature, and their
associated numbering (corresponding to the number of displacement nods inside the plate
at the cut-off frequency of the modes), are obtained through their cut-off frequency value
by the following principle:

For symmetric modes, the cut-off frequency values f. are given by:

fe.d = n.Vr ,withn € N* for even symmetric modes Sy;,. (11a)

2n+1
fed = ( n2+ ) Vi ,withn € N for odd symmetric modes Sy;,41 (11b)

where d is the thickness of the plate, V1 and V| are the shear and longitudinal wave
velocities, respectively.
For antisymmetric modes, the cut-off frequency values f. are given by:

fe.d = n.Vp ,withn € N* for even antisymmetric modes Ay;,. (12a)

2n+1
fed = ( n2+ ) Vr ,withn € N for odd antisymmetric modes Ay, 1. (12b)

3. Results and Comparison

In this section, the guided wave velocities in a three-layer structure obtained with a
classical V(z) transducer and our new transducer design, are compared both in terms of re-
flection coefficients and corresponding dispersion curves. As mentioned in Section 2.3, this
comparison will be facilitated by using Equations (7) and (10) in order to transform into the
incident angle space, the dispersion curves, and guided wave velocity values, respectively.

3.1. Transducer and Material Properties

The piezoelectric element of the classical V(z) transducer shown in Figure 1a is defined
with a radius of curvature R. of 25 mm and a half angular aperture 0,, of 45°. Figure 1b
shows the corresponding segmented V(z) transducer with the same overall geometrical
dimensions but where the piezoelectric element is segmented, each element being a strip
with an angular aperture of 0.4°. Note that some companies propose, on demand, the
design of such focused transducer whose dimensions are far away from those of state-of-
the-art curved arrays. In Figure 1b, the segmented piezoelectric elements are sketched with
a certain distance between them for clarity of illustration, but this distance is assumed to be
negligible compared to the width of each segment. Thus, by activating several adjacent
elements, a global and larger angular aperture up to several degrees can be defined. The
resulting angular aperture is referred to as the “Rayleigh angular aperture” in the following
sections. Indeed, since historically the V(z) method was first used to generate Rayleigh
waves in substrates, we used this denomination and extended it to the case of leaky Lamb
waves. The frequency band of both transducers is assumed to be between 20 and 40 MHz.
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Discussions will also be led at the end of this section for a transducer working in this
frequency range, but with a smaller radius of curvature R..

We study the possibility to detect the guided waves in a three-layer structure, consist-
ing of a top aluminum layer (70 um thick), an epoxy layer (20 pm thick), and a steel layer
(100 um). For a given sample, the V(z) signature depends, in particular, on its reflection
coefficient R, that depends itself on the elastic parameters of the constitutive layers. Hence,
the elastic constants and attenuations of these three layers, and those of the coupling fluid
(water), are listed in Table 1, where the attenuation in epoxy is supposed to be constant
while that in aluminum, steel, and water are assumed to be negligible in the considered
frequency range. The attenuation in the epoxy layer is considered by taking into account
an imaginary part in the longitudinal and shear wave vectors, respectively, k;, and kr that
appear in the reflection coefficient determination [35]. The elastic properties of aluminum
and steel were measured by the authors, while those of epoxy were taken from [36].

Table 1. Material properties of aluminum, epoxy, steel, and water (coupling fluid).

Material Mass Density Longitudinal Wave Transversal Wave Longitudinal Transverse
(kg/m?) Velocity (m/s) Velocity (m/s) Attenuation (Np/m) Attenuation (Np/m)
Aluminum 2740 6190 3128 - -
Epoxy 1548 2380 1400 20 53
Steel 7850 5940 3240 - -
Water 1000 1500 - - -

Incident angle (°)

3.2. Detection and Measurement of Guided Waves on the Three-Layer Structure

Figure 3a shows the modulus of the reflection coefficient of the three-layer structure
between 0 and 50 MHz, and for incident angles that range from 0 to 50°, while Figure 3b
shows the corresponding dispersion curves. The modulus of the reflection coefficient is not
superimposed on the dispersion curves in order to allow the grey levels in the former to be
observed. As a reminder, the details of the calculation of the reflection coefficient, as well
as the one of the associated guided waves, can be found in [35].

50,

45

)
Incident angle (°)
>
T

20~
— M1
e . 15 ,
p_ = 10 /n
/ My {
, s AR o
Wy LI My My My ", L) g LA ) Mg W™ Wy,
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20 25 30 35 40 45 50 0 5 10 15 20 25 30 3B 40 45 50
Frequency (MHz) Frequency (MHz)

(@ (b)

Figure 3. (a) Modulus of the reflection coefficient in the aluminum/epoxy/steel three-layer structure;
(b) corresponding dispersion curves in the incident angle space.

The black color corresponds to the minima of the reflection coefficient (near zero) while
the white color corresponds to the modulus of reflection coefficient equal to 1. The reflection
coefficient is computed with its aluminum layer considered as the top surface that receives
the incident plane wave from water. Indeed, due to attenuation in the epoxy layer, it should
be noted that the reflection coefficient is not identical to the one obtained when reversing
the order of layers according to the incident wave. Moreover, as the structure does not
possess a symmetry plane, the guided waves are no longer symmetric or anti-symmetric.
Thus, these modes cannot be named S or A as it is the case of a homogeneous plate, but
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simply M, with an index (i) that is incremented according to the order of appearance of the
mode when increasing the frequency, except for the My and M; modes that do not possess
a cut-off frequency. It should be noted that the angular axis is limited to 50° for clarity,
but the M; mode tends toward 90° when frequency tends toward 0. In Figure 3a the label
of certain modes was repeated near the final frequency values, when the corresponding
resonant modes of the reflection coefficient seem to partially disappear, such as My, or seem
to intersect, such as M; and M3, which is not the case when looking at Figure 3b. It was
also verified that Mg and Mg modes do not intersect near 42.8 MHz. The minima of the
reflection coefficient modulus are found to be in excellent agreement with the positions of
the free guided modes.

In order to further study the enhancement of detection and measurement of specific
guided modes that correspond to propagation in specific layers of the three-layer structure,
the guided modes of the whole structure and those (Lamb modes) of the constitutive layers
taken separately are now studied. For this purpose, Figure 4 shows the superimposition
of the dispersion curves in the three-layer structure with the Lamb wave curves in the
aluminum layer (in green color) and steel layer (in red color), taken separately, which will
be useful for further discussions. Each mode is here identified according to its nature,
“S” for symmetric and “A” for anti-symmetric, with the superscript ‘al” for aluminum
and “st” for steel. Then, when defining a criterion corresponding to a maximum angular
distance between modes, one can note that, for certain frequency ranges, some guided
modes of the three-layer structure mostly correspond to Lamb modes that propagate in
the aluminum layer, or in the steel one, taken separately. For example, when choosing a
criterion of maximum angular distance between modes that is equal to 0.55°, the M3 mode
approximately corresponds to the Sy mode of the aluminum layer, in the frequency range
around 18 to 31 MHz. In the same manner, the M; mode approximately corresponds to
the Ay mode of the steel layer, in the frequency range around 20 to 40 MHz. Modes of
the three-layer structure that do not match one of those of a single layer correspond to
“coupling modes” that propagate inside the whole of the structure. It was verified that no
guided modes correspond to Lamb modes of the epoxy layer in the frequency range from 0
to 50 MHz.

50 A
45/

40

Incident angle (°)
N
(4
T

|
0 25
Frequency (MHz)

Figure 4. Superimposition of the dispersion curves of the three-layer structure (blue color) with the
Lamb wave curves of the aluminum layer (green color) and steel layer (red color), considered separately.

Figure 5a,b represent the superimposition of the guided modes phase velocities that
are detected with the classical V(z) transducer in the frequency range 20-40 MHz, with the
modulus of the reflection coefficient and with the dispersion curves, respectively. As in the
case of our previous study of a single plate, we consider as detectable in the V(z) spectra the
guided modes that possess a peak with an amplitude at least twice the average amplitude
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Incident angle ()
o
2

of the numerical noise in the spectrum. First, it can be observed that modes My, M3, My, M5,
Mg, and My are fairly well detected and determined, since their measured values are well
superimposed on the corresponding guided modes of the dispersion curves. Figure 5a,b
show that, except for My mode, all the modes appearing for incident angles lower than
about 7°, which correspond to phase velocities higher than approximately 12,308 m/s,
cannot be detected. This is due to the fact that their low frequency spectral components are
superimposed or “drowned” in the low frequency spectral components of the V(z) curves.
This is not the case for My mode, which is detectable from about 4°, since it possesses a
corresponding deep peak in the modulus of the reflection coefficient, as it can be observed
when looking at its black trace in Figure 5a.
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Figure 5. (a) Superimposition of the detected mode velocities (red circles), obtained with the classical
V(z) transducer, with the modulus of the reflection coefficient; (b) corresponding superimposition
with the dispersion curves.

It can be noticed that the My mode is almost unobservable in the minima of the
modulus of reflection coefficient in Figure 5a, whereas its velocity values are well detected
and determined with the classical V(z) transducer over all the frequency range 20-40 MHz,
as indicated in Figure 5b. An explanation for this is that, although its corresponding
minimum in the reflection coefficient modulus is very small, and can even disappear, as
illustrated at 25 MHz in Figure 6a, conversely, the last one continues to exhibit a large
associated phase shift, as it can be seen in Figure 6b. This can be generalized to the entire
frequency range from 20 to 40 MHz, as can be seen on the 3D views of the reflection
coefficient’s modulus and phase in Figure 6¢,d, respectively. In these figures, for clarity,
only the modes that we discuss are named. The theoretical positions of the My mode peak
are marked with white dots on the modulus of the reflection coefficient in Figure 6¢ to
better compare them with the associated large phase shifts seen in Figure 6d. Concerning
the M; mode, Figure 5a,b show that it is completely undetectable with the classical V(z)
transducer. This is due to a combination of two effects. Firstly, the neighboring My mode
is excited with more energy (due to its corresponding large phase shift in the reflection
coefficient), and since it is very close to the M; mode, its spectral components in the V(z)
signal processing predominate and “drown” those of the M; mode. Secondly, the M; mode
tends by itself to be less and less detectable with frequency, since its corresponding peak
and phase shift in the reflection coefficient tend to decrease and become very small, as
can be observed at 25 MHz in Figure 6a,b, respectively. Globally, the 3D view of Figure 6¢
shows that the peaks of the refection coefficient corresponding to the M; mode still exist
between approximate frequency ranges 0-25 MHz and 35-40 MHz, but the associated
phase shifts almost totally disappear in the frequency range 10-40 MHz, as illustrated in
Figure 6d with white dots.
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The M; mode is detectable for the first four frequency values (20 to 23 MHz), by
tracking its corresponding spectral peak that starts around 17.3° at 20 MHz. However, its
spectral peak rapidly decreases with frequency and becomes undetectable for frequencies
higher than about 23 MHz, due to its corresponding peak and phase shift in the reflection
coefficient that rapidly decrease and even disappear with frequency, as seen in Figure 6¢,d,
respectively. For M3 mode, its corresponding peak in the modulus of reflection coefficient
tends to disappear roughly between 30 MHz and 50 MHz, as illustrated in Figure 6¢c where
the corresponding white dots show its theoretical position. However, its velocity values
are well detected and determined with the classical V(z) transducer over all the frequency
range 2040 MHz, as shown in Figure 5b. As for My mode, this is due to its corresponding
phase shift that is very large over all this frequency range, as illustrated in Figure 6d. It
was verified that these results can be generalized: for a given mode, its corresponding
phase shift has a predominant effect on its detection, compared to the associated peak
of the modulus of the reflection coefficient. Thus, this conclusion can be applied to My
mode between roughly 37 and 38 MHz, and the totality of Mg mode in the considered
frequency range, which are not detected in these frequency ranges, as shown in Figure 5b.
Indeed, Figure 6d shows that they possess a phase shift that vanishes in the aforementioned
frequency ranges. White dots corresponding to Mg mode curve are added in the frequency
range 36—43 MHz, to better locate its theoretical position.

As explained above, M, mode is detectable only for the first four frequency values,
while M; mode is completely undetectable. However, detection of M1 mode, and a better
detection of M, mode in the frequency range from 20 to 40 MHz would be of particular
interest since they approximately correspond to modes in the steel layer, as represented
in Figure 4. Indeed, assuming that this three-layer structure is mounted or clamped into
a casing, V(z) measurements will only be possible with the aluminum layer at the top
surface. Thus, it would be interesting to detect these modes in order to characterize the
elastic properties of the steel layer, which would correspond to a “buried” layer in such a
configuration.
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When trying to detect the M mode with a segmented V(z) transducer, one can note
that for the considered frequency range, it possesses an angular variation lower than about
2°, around an average value of 32°. Thus, it is possible to choose a particular central
angular aperture and most importantly a Rayleigh angular aperture that will be constant,
since diffraction effects will allow to generate, and thus detect, this mode over its angular
variation range. Trials have shown that a very good detection of its spectral peak is obtained
for a central angular aperture of 2°, and a Rayleigh angular aperture of 3°, ranging between
approximately 30° and 33°. Figure 7a,b show the angular spectra of modes detected at
20 MHz, for the classical V(z) transducer and segmented one, respectively. Attention must
be paid to the fact that results for a classical V(z) transducer are here given first, to facilitate
further explanations. Indeed, knowing in advance the theoretical position of the M; mode
with the help of the dispersion curves of Figure 5b, it is possible to indicate its position
on the spectrum. Hence, one can observe in Figure 7a that it corresponds to a very low
peak amplitude value, for example lower than the peaks of numerical artefacts appearing
between 20 and 30 MHz.
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Figure 7. (a) Spectral representation of the modes detected at 20 MHz with the classical V(z) trans-
ducer; (b) corresponding spectra obtained with the segmented V(z) transducer.

Conversely, Figure 7b shows that this mode is very well detected with the segmented
transducer with a corresponding peak that predominates. Figure 7b also shows that
diffraction effects allow the My mode to be detected, but with a lower precision than for
the case of the classical V(z) transducer. This is due to the angular proximity of My and
M; modes, and the relatively large peak of mode M; whose spectral components disturbs
the repartition of the My spectral ones. It is then possible to follow the peak of the M;
mode over the frequency range from 20 up to 30 MHz with a step of 1 MHz, using the
segmented V(z) transducer. Its spectral peak becomes undetectable in the frequency range
from about 30 to 33 MHz, due to its too small corresponding peak and phase shift in the
reflection coefficient, and then becomes again detectable from 34 MHz upwards, since its
corresponding phase shift reappears, as observed in Figure 6d.
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One can also notice the presence of numerical artefacts on these spectra. As far as the
classical V(z) transducer is concerned (Figure 7a), it was verified that the numerical artefact
located near the low incident angle values approximately centered around 5 degrees,
corresponds to a part of spectral components ¢ that are just after the continuous one. As a
reminder, as illustrated in Figure 2b,c, low incident angles 6° also correspond to low wave
numbers ¢. Thus, these components remain present after applying a high pass filter, but, if
desired, can be eliminated by increasing the cut-off frequency. Concerning the numerical
artefacts of Figure 7b for the segmented V/(z) transducer, they appear approximately around
12 degrees and 43 degrees, respectively. It was verified that they never appear at such levels
of amplitude when using a classical V(z) transducer. These artefacts can be attributed to the
diffraction effects of the piezoelectric segments that are activated, which generate multiple
echoes inside the three-layer structure and, in steady state, radiate their energy around
specific wave numbers, or equivalently, specific incident angles. Due to the design of the
segmented V(z) transducer that allows one to select the modes that one wishes to detect,
and thus to isolate the position of their peaks; these numerical artefacts are always outside
the region of interest. Hence, they do not impact the determination of the spectral peaks
position. Moreover, they could even be removed by applying a second filter of band-pass
type, centered around the peak positions of the selected modes.

This method allows for the angular position of My mode, and more importantly of
M; mode, to be detected, as represented in Figure 8a,b with orange crosses for My and M.
These figures represent the superimposition of this detected mode with the modulus of
the reflection coefficient and dispersion curves, respectively. It thus can be observed in
Figure 8b that M; mode is clearly detected and superimposes well on the corresponding
dispersion curve. Results concerning the generation and detection of the M, mode with a
segmented transducer are also added on Figure 8a,b, and will be discussed below.
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Figure 8. (a) Superimposition of all the mode velocities, generated and detected with the classical V(z)
transducer (circles) and the segmented one (crosses), with the modulus of the reflection coefficient;
(b) corresponding superimposition with the dispersion curves.

Unlike the M1 mode, the M; mode varies with a relatively large angular range of
about 12°. Thus, even when taking into account diffraction effects, it is impossible to
detect and track it with a fixed Rayleigh aperture angle all along the frequency range
from 20 to 40 MHz. The method we have developed here consists of searching at start
the best Rayleigh aperture values at the first frequency value of 20 MHz, corresponding
to a peak of the M, mode that predominates in the angular spectrum. It was found that
a central aperture angle of 2° and a Rayleigh aperture comprised between 18° and 20°
allow a predominant peak of the M, mode at 20 MHz to be obtained. This leads to the
spectrum represented in Figure 9a, while Figure 7a is repeated as Figure 9b for comparison
with the spectrum obtained with the classical V(z) transducer. Then, the idea consists of
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gradually increasing the frequency, in small steps, and, when necessary, increasing the
angular aperture position (while keeping a 2° aperture value) in order to continuously
track the position of M, peak.
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Figure 9. (a) Spectral representation of modes detected at 20 MHz with the segmented V(z) transducer;
(b) corresponding spectra obtained with the classical V(z) transducer.

In practice, as the curve of the M, mode starts at 20 MHz with a small slope, the
initial segmented transducer configuration allows to detect it from 20 up to 24 MHz, as
represented by the five green crosses in Figure 8a,b. It can be noted that the first four
values are measured with a better accuracy than the ones measured with a classical V(z)
transducer. Then, it was found that an angular aperture position shifted by 2 degrees
every 2 MHz was a good criterion to track the position of the M, peak. For instance, in the
frequency range from 25 to 26 MHz, the angular aperture position is shifted between 20°
and 22°, corresponding to the two red crosses in Figure 8a,b. In the frequency range from
27 to 28 MHz, it corresponds to an angular aperture position shifted between 22° and 24°,
corresponding to the two grey crosses, and so on. This method allows the M, mode to be
detected up to 30 MHz, while only up to 24 MHz with the classical V(z) transducer. Between
roughly 31 and 37 MHz, M, mode becomes undetectable even with the segmented V(z)
transducer, since it corresponds to peaks (lack of black trace) in the modulus of the reflection
coefficient and phase shifts that completely vanish, as observed in Figure 6¢,d, respectively.
Although this mode theoretically exists in the dispersion curves and for this frequency
range, it corresponds in practice to a mode that requires a lot of energy to be generated,
and/or that leaks too little energy in water to be detected. As represented in Figure 8a,b by
the last three brown crosses, My mode becomes detectable again for frequencies from about
38 to 40 MHz (three orange crosses), but measured with low precision due to the presence
of the neighboring M; mode that disturbs the spectral components of its peak.
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Other simulations were performed with a segmented V(z) transducer having a radius
of curvature R; of 15 mm, and then 10 mm. Even with these values, it was verified that
the previous results globally still hold. Indeed, the detected M; and M; modes correspond
to relatively high incident angles, i.e., to low phase velocities (see Equation (7)), which
corresponds to small periods of oscillations Az (see Equation (8)) in the V(z) curves. Thus,
even if the radius of curvature is decreased, leading to a lower extent of defocus values in
the V(z) curves, the number of periods is still high enough to be correctly estimated in the
corresponding spectra. The main difference that was observed, compared to the results
with the initial radius of curvature of 25 mm, is the fact that some modes are detected in a
slightly smaller frequency range. For instance, it was verified that the M; mode remains
undetectable in a frequency range from about 28 up to 35 MHz for a radius of curvature R,
of 15 mm, and from about 26 up to 36 MHz for a radius of curvature of 10 mm.

A last remark must be made concerning the thicknesses of the structure studied here
and the frequency range. As it is well known, the reflection coefficient and the dispersion
curves only depend on the frequency-thickness product. So, in principle, all the results
would have been the same by multiplying all the thicknesses by 10 and dividing the
frequency values by 10, leading to a frequency range of 0 to 5 MHz. However, we found
that this leads to inaccurate results in terms of detection and measurements of M and
M, modes with the same geometry of segmented V(z) transducer, due to the increase in
diffraction effects at low frequencies. For these modes, the acoustical energy that is emitted
by the segmented V(z) transducer in the direction of the incident angles of the M; and M,
modes is lower than previously (for the frequency range from 20 to 40 MHz) since a part of
it is spread in other directions. Since these modes are excited with less energy, their peaks
do not sufficiently stand out in the spectrum to be accurately measured or even detected.
Concerning more specifically M; mode in the frequency range 0-5 MHz, diffraction effects
also imply that more energy is leaked and absorbed by its neighboring My mode, whose
spectral peak components predominate again and tend to “drown” those of Mj.

4. Conclusions

Using a new concept of segmented—or multi-element—V/(z) transducer, this work
illustrates the possibility of detection and measurement of leaky guided modes in multilay-
ered structures, that are difficult-or impossible-to generate with a classical V(z) transducer,
and/or that reradiate only little energy in the coupling fluid. The modeling of the gener-
alized V(z) signature for a segmented V(z) transducer was first performed, then a three-
layer structure was considered. This structure, composed of aluminum (0.07 mm), epoxy
(0.02 mm) and steel (0.1 mm), was studied in the frequency range from 20 to 40 MHz. It was
shown that with a classical V(z) transducer, the two modes M; and My—corresponding to
modes in the “buried” steel layer in the frequency range between 20 and 40 MHz—are not
(or poorly) detected in the V(z) spectra, due to too small corresponding minimum and/or
phase shift in the associated reflection coefficient. Contrary to this situation, the segmented
V(z) transducer allows these guided modes to be detected and correctly measured in this
frequency range. As M; mode possesses a small angular variation for frequencies up to
20 MHz, it is possible to set the range of Rayleigh angles once and for all for the entire fre-
quency range, since diffraction effects allow to spread acoustical energy in an incident angle
range large enough to cover all the corresponding incident angle values. Unlike M; mode,
M, mode possesses a large angular variation in the frequency range from 20 to 40 MHz.
Thus, when searching to complete its detection with the segmented V(z) transducer, it is
impossible to maintain a constant range of Rayleigh angles over this frequency domain.
In this case, an original technique was developed. It consists of searching the best initial
configuration of the segmented transducer for the first frequency value, in order to obtain
the largest corresponding peak in the spectrum of V(z) curve. Then, the Rayleigh angles
range is kept constant as long as the corresponding peak of M, mode is predominant in the
spectrum. When it becomes lower than another spectral peak, the Rayleigh angles range
is progressively increased until the peak of M; becomes again the predominant one. This
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method allows the M, mode to be detected and tracked up to 30 MHz, while only 24 MHz
can be reached with the classical V(z) transducer.

It is shown that diffraction effects, that appear when using segmented V(z) transducers,
possess advantages and disadvantages. Indeed, for modes such as M of the three-layer
structure studied here and possessing a small angular variation for a given high enough
frequency range, they allow to maintain the Rayleigh angles range constant over this
frequency range for modes detection. However, when working at much lower frequencies
(roughly ten times lower), the diffraction effects increase and become an inconvenient.
Indeed, they spread the radiated energy, and thus decrease the energy absorbed by the
mode that is desired to be generated and detected. This leads to inaccurate results in terms
of detection and measurements of modes that are excited with too little energy, as it was
verified to be the case for the M; and M; modes when using a frequency range from 0 to
5 MHz.

When the previous conditions are fulfilled, it was shown that there is no need for a
precise knowledge of the angular position of a mode in order to detect it. Indeed, thanks
to diffraction effects, only an initial guess of the angular position is required to choose the
range of angular apertures of piezoelectric elements that can excite the mode. This can be
of great practical interest for precise elastic constant characterization, since only a rough
estimation of these constants is often known in advance, implying an unknown precise
position of corresponding guided modes generation angle.

Finally, the technologies required to fabricate our segmented V(z) transducer are quite
similar to those used for a standard curved array and are already available. Thus, our
approach is of particular interest in practice, especially when such guided modes (modes
M; and M, in our example) correspond to a specific layer that needs to be characterized,
but not directly accessible, such as a “buried” layer, or a bottom layer in a structure that
cannot be reversed for practical reasons.
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