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The influence of the interface roughness in a three-layer metal-adhesive-metal structure on the
propagation of shear horizontal waves and more particularly on the transmission coefficient versus
the frequency is studied in the particular case of a periodic grating of triangular grooves. For given
phonon frequencies, the interaction of an incident shear horizontal mode with the periodical grating
gives rise to a retro-converted mode. A numerical finite element simulation permits us to predict
the existence of the phonon mode in the three-layer structure and to obtain the evolution of the
transmission coefficient around the phonon frequency. An experimental study, based on a genera-
tion of waves by a piezocomposite contact transducer and a reception by a laser vibrometer, then
confirms these predictions. Finally, a parametric numerical study is performed: the influence of the
depth of the roughness and of the number of spatial periods of the grooves on the transmission coef-

ficient is studied. © 2017 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4985441]

(MD]

I. INTRODUCTION

Ultrasonic waves are widely used in non-destructive test-
ing and evaluation (NDT/NDE), including the control of
adhesive bonding between surfaces which are usually rough-
ened in order to enhance the quality of the adhesion (e.g.,
see Refs. 1-3). Numerous articles*2? deal with the propaga-
tion of ultrasonic guided waves in rough plates, and more
particularly on the topic of ultrasonic non-destructive evalua-
tion of adhesive bonds, using either longitudinal or shear
bulk waves,”’° Lamb or Shear-Horizontal (SH) guided
waves.”*? The present paper follows the article of Potel
et al.,’® which is an analytical contribution to the study of
the scattering effects of roughness on the propagation of
SH-waves inside two plates stuck by a layer of glue. This
contribution takes into account the shape and the depth of the
roughness, among other parameters. The present paper pro-
vides a numerical simulation (using finite element method)
and an experimental contribution to the study of the interac-
tion of an incident SH wave with a periodic grating (of trian-
gular grooves) in a three-layer structure (metal-adhesive-
metal), more specifically when the phase matching (versus
frequency) of the incident SH wave with the roughness
occurs, giving in particular the evolution of the transmission
coefficient in the vicinity of the phonon frequency. To the
authors knowledge, no work has been yet devoted to these
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two last points, because the phonon relation influence being
studied only in the case of a single plate until now.""'?!%20

Il. MATERIALS

Subsequently, the investigated bonded structure is a
three-layer Aluminum-Araldite-Aluminum structure which is
400 mm length following the x axis (see Fig. 1) and 10.5 mm
thick. The bonded surfaces of the two Aluminum plates are
separated into three zones: two smooth areas upstream and
downstream the roughness, and a rough area, as shown on
Fig. 1. The roughness profile at the surface of the two plates
is a periodic distribution of ten contiguous triangular grooves
with a spatial period A =3.7 mm. The depth of the grooves is
H=0.1mm. The length of the zones explored before and
after the roughness is 40 mm, the length of the rough area
being always 37 mm. The geometrical and physical parame-
ters of the plates and of the adhesive are given in Table I.

lll. DISPERSION CURVES

A one-dimensional Semi Analytical Finite Element
(SAFE) model solved here with Comsol software®'* allows
to provide numerically the eigenvalue problem, associated to
the wave equation and the boundary conditions. It gives
the dispersion curves (dots on Fig. 2) of the studied three-
layer structure without roughness (represented by its cross-
section), assuming perfect adhesion hypothesis and structure
in vacuum. On the other hand, the analytical dispersion curves

© 2017 Acoustical Society of America 4591
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FIG. 1. (Color online) Geometry of the studied sample.

are obtained by minimizing the determinant of the system
resulting from the boundary conditions in the perfect adhesion
hypothesis (full line on Fig. 2). The numerical study is done
frequency by frequency. For each frequency, the eigenvalues
are calculated. So, we obtain for the studied frequencies the
values of the wave numbers of the SH modes (black points on
Fig. 2). The three-layer modes are labeled SHy, SH;, SHo,...
according to ascending cut-off frequencies. There is a very
good agreement between the two solving methods.

IV. EFFECTS OF THE PHASE MATCHING BETWEEN
THE INCIDENT AND THE CONVERTED MODES

Roughness, characterized here by its spectrum power den-
sity,> involves coupling phenomena between guided
modes.'” " Reflected guided mode which propagates in the
same direction as incident mode (co-directional coupling) and
reflected mode which propagates in the opposite direction
(contra-directional coupling) are considered.*~*® These energy
transfer mechanisms between modes are subject to a phase
matching condition linking wavelengths of one or two guided
modes with the spatial periodicity of the roughness.*>>° This

condition, called phonon relation,“’n’lgfzo is expressed as
2nm
kx,ika —T: O, (1)

where k,, and k,, are the wave numbers of the incident and
reflected modes, respectively, and where n is a nonzero
integer which is associated to a harmonic of the spatial period-
icity A of the roughness, and where the sign of the wave num-
ber k,, indicates the propagation direction of the mode (the
sign + indicates a contra-directional coupling and the sign - a
co-directional coupling). This condition is verified for a given
frequency, called phonon frequency, and provides maximum
coupling between the incident mode and the converted mode.

A. Phonon curves

The objective is here to generate SH converted mode at
a phonon frequency in the three-layer structure Aluminum-
Araldite-Aluminum, with rough interfaces composed of ten

TABLE I. Geometrical and physical parameters of the Aluminum plates and
of the glue.

Aluminum plates Glue (Araldite)
Lamé second constant ;1 (GPa) 26.003 2.133
Density p (kgm™) 2705.8 1160
Shear wave velocity c7 (ms™!) 3100 1356
Thickness L (mm) 5 0.5
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FIG. 2. (Color online) Dispersion curves of the three-layer structure (Fig. 1
and Table I): analytical method (red line), SAFE method (dots).

triangular grooves (see Sec. II). The intersections between
the dispersion curves and the phonon curves defined by the
phonon relation

g(f) = 27‘[//\ - kx;ev (2)

expressed as a function of frequency f, represent a phase
matching, i.e., maximum coupling between two modes (see
Fig. 3, where the red lines correspond to the dispersion
curves of the incident mode and the blue lines correspond to
the phonon curves of the converted modes). For example,
the SH, incident mode (red line) is in phonon relation with
the retro-converted (or contra-directional) SH, mode (blue
line) at a phonon frequency of 480 kHz. Similarly, the inci-
dent SH, mode is in phonon relation with the retro-
converted SH4; mode at a phonon frequency of 670 kHz.

B. Numerical study of the SHy incident mode in
phonon relation with the retro-converted SH, mode

The numerical FEM study conducted here is a predictive
model for the experimental study. The model provides the
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FIG. 3. (Color online) Dispersion curves of the incident mode and phonon
curves of the converted modes.
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displacement of a SH wave, polarized following the y axis in
the xz-plane of the section of the considered three-layer
structure (Fig. 1). The most intuitive and straightforwardly
applicable method for an experimental validation is the sim-
ulation of the wave propagation as a function of time. The
main advantage is that the same signal processing tools can
be applied for obtaining the numerical and experimental
results. On the other hand, the disadvantage is the relatively
large computer memory requirements and the duration of the
computation. A correct meshing with a sufficient number of
cells per wavelength should be taken to respect the Shannon
condition. In our case, the mesh consists in taking 10 to 20
elements per wavelength, which is a good compromise
between a good spatial sampling and a correct resolution
time. To generate a given mode, the U, displacement field
obtained in the 1D model (see Sec. III) is applied on the
left section of the two-dimensional (2D) model. The dis-
placement of the mode is multiplied by a harmonic signal of
n periods and applied to the left section of the three-layer
structure. The time function describing the applied signal is
given by

F(t) = sin (wr) for 0 <t <nT, 3)

where w = 27f is the excitation angular frequency and nT
(T = 1/f is the signal period) represents the duration of the
excitation. The displacement field of the SHy, mode at a
given frequency, obtained from the SAFE model, is
applied on the x =0 section of the whole three-layer struc-
ture, in order to ensure a pure mode excitation. The input
signal is a burst of three periods [n=3 in Eq. (3), central
frequency equal to 480 kHz], which allows a wide fre-
quency band around the central frequency. The model is
calculated in transient regime with propagation duration of
45 us, which is enough for the incident mode to reach the
end of the structure. The time varying shear displacements
on the upper free surface of the structure are extracted
from the FEM solution, at equally spaced positions with a
0.1mm step and stored in a time-position-amplitude
matrix. A spatio-temporal representation of the shear dis-
placement is shown in Fig. 4. The studied length along the
Ox axis corresponds to the 117 mm distance that will be
explored experimentally.

Spatial and temporal FFT are performed on the data col-
lected before the roughness, for a propagation distance of
27 mm. Signal processing is not done for the signals near the
rough area in order to avoid transients associated with the
change of the propagation medium properties. The result of
the 2D FFT is presented on Fig. 5 for the incident mode, and
on Fig. 6 for the retro-converted mode. The temporal FFT is
performed on 32 768 points and the spatial FFT is performed
on 16 384 points. The aim is to respect the Nyquist-Shannon
sampling theorem that is largely the case here. We use the
zero-padding technique to improve the localization of the
maxima of the spectrum. In our case, the numbers of points
allow to obtained a resolution of Af = 878.9 Hz and
Ak = 3.835 m~!, largely sufficient to determine with a good
accuracy the frequency and the wave number that are on the
order of 400-500kHz and of 800-1000m ', respectively.
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FIG. 4. (Color online) Spatio-temporal representation of the surface dis-
placements (numerical simulation). The color amplitude is in arbitrary unit.

Please note that the calculation of the 2D FFT with these
numbers of points last less than 1 min with a standard com-
puter (processor Intel IS5, 16 Go RAM). The same procedure
is performed on the data after the roughness. On Fig. 5 the
red spot permits to identify the incident SHy mode centered
around the frequency f=480 kHz. The retro-converted SH,
mode is identified at the same frequency (f=480 kHz, pho-
non frequency) in Fig. 6 for negative values of the wave
number. The results of the numerical simulations are in good
agreement with the theoretical predictions [Eq. (1)].
Moreover, the amplitude associated to the retro-converted
mode (Fig. 6) is one tenth that of the incident mode (Fig. 5),
which could make its experimental detection difficult. Note
that (Table II) SH, and SH, modes satisfy the phonon
relation [Eq. (1)]. Figure 7 shows the results of the 2D FFT
performed on the transmitted signals (collected downstream
the roughness). As expected, the transmitted SHy mode is
observed centered around the frequency f= 480 kHz.
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FIG. 5. (Color online) 2D FFT of the incident signal (upstream the rough-

ness) — SHy incident mode generated — the dispersion curves of the three-
layer in red (numerical simulation). The color amplitude is in arbitrary unit.
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FIG. 6. (Color online) 2D FFT of the reflected signals by the roughness
(upstream the roughness): SH, reflected mode. Dispersion curves of the
three-layer structure and phonon curves (numerical simulation). The color
amplitude is in arbitrary unit.

C. Evolution of the transmission coefficient versus
frequency

In this section, we are interested in the evolution of the
amplitude transmission coefficient as a function of the fre-
quency, in the aim to study its particular behavior around the
phonon frequency. This transmission coefficient is defined
as the ratio of the maximum amplitude of the 2D FFT of the
transmitted mode (Fig. 7) to the maximum amplitude of the
2D FFT of the incident mode (Fig. 5), at a given frequency.
The maximum amplitudes of the 2D FFT are obtained by
making cuts at different frequencies centered on the phonon
frequency (Figs. 5 and 7). The frequency step between two
cuts is 5kHz, greater than the frequential resolution of the
FFT (Af=879 Hz). The blue line in Fig. 8 shows the evolu-
tion of the amplitude transmission coefficient as function of
the frequency, around the phonon frequency f=480 kHz
(numerical simulation). Note that the amplitude transmission
coefficient is minimum at the phonon frequency. This can be
explained by the fact that, at the phonon frequency, the
reflections due to the roughness are in phase matching and
thus a retro-converted SH mode is generated. This reflected
mode carries more energy than when these reflections are
not in phase matching, which happens out of the phonon fre-
quency. This result has to be validated in the following
experimental study (Sec. IV D).

D. Experimental results

The experimental setup is presented on Fig. 9. The geo-
metrical and physical parameters (Table I) of the sample are

1700

1600

1400

1200

1000

800

ky (m?)

600

400

200

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
f (MHz)

FIG. 7. (Color online) 2D FFT of the transmitted signals (downstream the
roughness): SHy transmitted mode. Dispersion curves of the three-layer
structure in red and phonon curves in blue (numerical simulation). The color
amplitude is in arbitrary unit.

the same as in the FEM study. A shear wave transducer
(manufacturer: Valpey Fisher) creates the incident field (cen-
tral frequency equal to 500 kHz, frequency bandwidth at —6
dB equal to 400 kHz). The transducer is placed on a
Plexiglas wedge inclined (25°) with regard to the plate sur-
face. The structure is rotated of an angle of 45° versus the xy
plane around the z axis (the laser beam is perpendicular to
the xy plane) and a reflector film is placed on the surface
along the acoustic beam direction. This configuration allows
measurements of the amplitude of the shear displacement,’’
with a weighting factor equal to v/2/2. The time varying sig-
nals due to the propagating SH wave are measured by a laser
velocimeter (manufacturer: Polytec), with a sensitivity of
20V/(m s '). The laser is translated in the propagation
direction, by steps of 0.1 mm, over 150 mm distance. For
each position, the signal acquisition is done over 200 us
duration, corresponding to 20 000 time samples. The size of
the time-position matrix is thus 20000 rows and 1500 col-
umns. The lengths of the areas explored upstream and down-
stream the roughness are 50mm and 63 mm, respectively,
the roughness length being 37 mm. The experiment is carried
out with a quasi-harmonic excitation signal of three cycles
with a central frequency of f=480 kHz, as in the numerical
study. The transducer is excited with only few cycles in
order to have a broad spectrum around the central frequency
of the burst [see Fig. 10(a)]. The amplitude of the transverse
displacement at the different positions is shown as a function
of time in Fig. 10(b). The method used to identify and to sep-
arate the SH modes generated in the three-layer structure is

TABLE II. Phonon relation between the SHy, incident mode and the SH; retro-converted mode at f =480 kHz.

Incident mode Retro-converted mode

Spatial wavelength of the roughness Relative error between Zk,

k.SHy (m™") kSHy (m™1) 2rn/A (m™") and 27/A
Simulation 940 750 1700 0.5%
Experiment 945 740 1700 0.9%
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FIG. 8. (Color online) Evolution of the amplitude transmission coefficient
versus frequency: numerical simulation and experimental results.

the same as in the numerical simulations. The 2D FFT of the
incident signal upstream the roughness is shown in Fig.
10(c): the SH, mode is identified, centered around
f=480kHz. The mode propagated at x=0 between 70 and
80 us [Fig. 10(b)] is SHO too (the 2D FFT of this signal
shows a spot in the same frequency-wave number range) but
probably generated by a reflection in the Plexiglas wedge.
Please note that the 2D FFT [Fig. 10(c)] is performed only
on the signal between 30 and 70 us in the incident area, with-
out taking into account the reflection in the Plexiglas wedge.
For the negative values of k, the 2D FFT signal in the zone
downstream the roughness allows identifying the SH, retro-
converted mode at the frequency 480kHz [Fig. 11(a)], as
predicted by the numerical simulations. The experimental
observation of this retro-converted mode, even if it was pre-
dicted, is not trivial for two reasons: first, the amplitude asso-
ciated to this mode is very weak as shown in the numerical

Contact
transduceron a
plexiglas wedge
Retro-diffusing
adhesive
Laser vibrometer \
— [0 ’
Computer N 450 Yy
i ‘ B
Oscilloscope ﬁ
1 A 000
Generator

FIG. 9. (Color online) Experimental setup.
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FIG. 10. (Color online) (a) Amplitude of the FFT of the excitation signal
(experimental result). The amplitude is in arbitrary unit. (b) Time-space rep-
resentation of the displacements at the surface of the three-layer (experimen-
tal result). The color amplitude is in arbitrary unit. (c) 2D FFT of the
incident signal (before roughness) — SH, incident mode generated —
Dispersion curves of the three-layer in red (experimental result). The color
amplitude is in arbitrary unit.

study, and second, only a proportion of the amplitude of the
propagating SH wave is measured by the laser. Table II
shows that the SHy and SH, modes satisfy the phonon rela-
tion. The 2D FFT of the transmitted signal is shown in
Fig. 11(b).
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FIG. 11. (Color online) (a) 2D FFT of the reflected signal by the roughness
(before the roughness): SH, reflected mode. Dispersion curves of the three-
layer structure and phonon curves (experimental results). The color amplitude
is in arbitrary unit. (b) 2D FFT of the transmitted signal (after the roughness):
SH, transmitted mode. Dispersion curves of the three-layer structure (experi-
mental results). The color amplitude is in arbitrary unit.

An experimental amplitude transmission coefficient is
calculated, in the same way as in the numerical study. The
result is reported on Fig. 8 and is compared to the numerical
amplitude transmission coefficient, as a function of the fre-
quency: both coefficients exhibit the same behavior versus
frequency, with a minimum at the phonon frequency.
However, the experimental values of the transmission coeffi-
cient are lower than those obtained in the numerical simula-
tions. This can be explained by the geometrical aperture of
the beam during the wave propagation which is not taken into
account in the numerical study. In addition, the displacement
obtained from experiments is not exactly that obtained on the
surface from the numerical in simulation, but is rather a part
of this displacement due to the angle 45° mentioned above.
Nevertheless, the physical phenomenon of interest being the
minimum reached by the transmission coefficient at the pho-
non frequency, the numerical FEM model can thus be consid-
ered as validated. In the next section, Sec. IVE, the SH,
mode which is in phonon relation with the retro-converted
SH, mode is studied in order to confirm these results.

4596  J. Acoust. Soc. Am. 141 (6), June 2017

E. Study of the SHy, mode in phonon relation with the
retro-converted SHy, mode

The three-layer and the simulation parameters are the
previously. The SH;, mode is

same as generated at
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FIG. 12. (Color online) (a) 2D FFT of the incident signal (before the rough-
ness): SHy incident mode. Dispersion curves of the three-layer (numerical
simulation). The color amplitude is in arbitrary unit. (b) 2D FFT of the
reflected signal by the roughness (before the roughness): SHy reflected
mode. Dispersion curves of the three-layer structure and phonon curves
(numerical simulation). The color amplitude is in arbitrary unit. (c) 2D FFT
of the transmitted signal (after the roughness): SH, transmitted mode.
Dispersion curves of the three-layer (numerical simulation). The color
amplitude is in arbitrary unit.
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TABLE III. Phonon relation between SH, incident mode and SH, retro-
converted mode at f=420kHz.

Retro-converted ~ Spatial wavelength of Relative error

Incident mode mode k,SHy (m™") the roughness between Xk,
kSHy (m™1) 2n/A (m™1) and 27/A
940 730 1700 1,7%

f=420kHz for k, = 840m~'. The same signal processing
allows identifying the generated and retro-converted modes
[Figs. 12(a) and 12(b)]. The 2D FFT of the transmitted signal
is shown in Fig. 12(c). In Fig. 12(b), two phonons are
observed: the first one is the phonon expected to be around
f=420kHz (SHy incident mode in phonon relation with
SH, retro-converted mode) and another phonon around
f=480kHz corresponding to this observed in the previous
study (SHp in phonon relation with SH;). This can be
explained by the fact that the frequency f=480 kHz is
included in the spectrum of the incoming signal [see Fig.
12(a), the spectrum ranges from 350 kHz to 500 kHz]. Table
IIT shows that the SHy mode is in phonon relation with him-
self. The amplitude transmission coefficient is calculated as
previously and is plotted versus frequency in Fig. 13. As
expected, the transmission coefficient is minimum at the
phonon frequency (f=420 kHz). This second numerical
result confirms this physical phenomenon again. In Sec.
IVF, we study the influence of the geometrical parameters
of the roughness on the transmitted signal.

F. Influence of the geometrical parameters of the
roughness on the transmitted signal

1. Influence of the roughness depth

The geometrical and physical parameters of considered
structure are those given in Table I. Three roughness depths,
selected to remain in the hypothesis of small perturbations
i.e., there are small compared to the thickness of the plates,
are in this study: 0.1, 0.05, and 0.02mm. The roughness
length remains fixed (L=37mm). The corresponding
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FIG. 13. (Color online) Evolution of the amplitude transmission coefficient
versus frequency (numerical simulation).
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FIG. 14. (Color online) Influence of the roughness depth on the amplitude
transmission coefficient (numerical simulation).

numerical results for the amplitude transmission coefficient
as a function of the frequency are shown in Fig. 14. Note
that the transmission coefficient increases and has a less
marked minimum when the depth of the surface roughness
decreases. Indeed for a roughness depth equal to zero
(no roughness), the transmission coefficient is equal to 1,
because attenuation is not taken into account in the
modeling.

2. Influence of the roughness length on the
transmitted signal

In this study, the depth of roughness remains fixed
(H=0.1mm), the roughness lengths being 37mm (10
grooves, i.e., 10A), 22.2mm (6 grooves, i.e., 6A), 11.1 mm
(3 grooves, i.e., 3A), and 3.7mm (one groove, i.e., A). The
retro-converted mode is always observed around f=480kHz
(even for two grooves), except when there is only one groove
(no more periodicity). The corresponding transmission coef-
ficients increase as the roughness length decreases (Fig. 15)
and reach the value 1 when the roughness is cancelled.
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FIG. 15. (Color online) Influence of the roughness length on the amplitude
transmission coefficient (numerical simulation).
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V. CONCLUSIONS

The propagation of SH modes in a three-layer structure
(Aluminum-Araldite-Aluminum) with rough interfaces, the
profile of which is a periodic distribution of triangular
grooves has been considered. The dispersion curves for the
SH modes in the structure with smooth interfaces are first
determined using the SAFE method. A predictive numerical
model (FEM simulation) for the structure with rough interfa-
ces is then developed in the time domain. Experiments are
finally carried out, using a set-up which allows measuring
the surface displacement parallel to the surfaces of the plate.
Analysis of the time-space representations of the incident
and transmitted signals leads to the detection of a phonon
mode and allows studying the evolution of the amplitude
transmission coefficients versus frequency. The numerical
and experimental curves of the transmission coefficients
exhibit a minimum at the phonon frequency. Finally, two
parametric analysis show the influence of the depth and the
length of the roughness on the transmitted signal: the first
analysis shows the decrease in the amplitude of the retro-
converted mode with decreasing roughness depth and the
second one shows the presence or absence of a retro-
converted mode when the grating is periodic or not
respectively.

To the authors knowledge, this is the first time that the
existence of a phonon mode for a three-layer structure and
with SH wave is highlighted experimentally. The difficulty
lays in the fact that the transverse wave transducers generate
SH waves with lower energy than the longitudinal ones.
Another difficulty is that only a small part of the 45° compo-
nent of displacement is measured as the backscattering adhe-
sive film diffracts the signal in all directions.
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