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In this paper the propagation of Lamb waves in an aluminium plate with a periodic grating
containing triangular grooves is studied. Numerical simulations (FEM) are performed. A single
incident mode is excited on a flat area and the interaction with the periodic grating is studied.
Reflected converted waves are observed when the incident Lamb wave passes through the grating.
At the entrance of the periodic grating, a phonon relation is written between the incident signal, the
converted mode, and the phonon related to the grating. An experimental verification of the phonon
relation is carried out. © 2005 Acoustical Society of America. [DOI: 10.1121/1.2005987]

PACS number(s): 43.35.Cg, 43.20.Mv [ANN]

I. INTRODUCTION

Ultrasonic waves are sensitive to surface roughness. Ul-
trasonic reflection and transmission at a rough fluid-solid in-
terface have been widely dealt with in the past.l’2 In particu-
lar, surface roughness characterization is a subject of great
interest for bonded structures. Indeed, the bonding surface is
often roughened before applying glue in order to improve the
bonding quality. In this study in order to characterize the
roughness of internal interfaces, we use guided Lamb-type
waves which are well-suited to this purpose, contrary to sur-
face waves (Rayleigh or Scholte).

Few studies concern the propagation and the scattering
characteristics of guided waves in plates with rough surfaces.
Lobkis ef al.>* have developed a model from the phase-
screen approximation (PSA). Thanks to this model, the
damping of Lamb waves by the interaction of partial waves
(shear and compressional) with the rough surface can be ex-
plained. For rough surfaces, a usual characteristic parameter
is the value of the root mean square roughness height Rq.5 In
Refs. 3 and 4, the Lamb wave damping is a function of R,,.
Potel et al.®” consider the problem with a perturbation ap-
proach; this approach also supposes restriction on the R,
value and it is assumed that the surface profile varies slowly.
This model also provides for the Lamb wave the real and
imaginary parts of the wave number. Whatever the model
considered, the real part of the wave vector, and thus the
wavelength A\, of the Lamb wave is not sensitive to the pres-
ence of roughness at least for the studied R, values. The
imaginary part of the wave vector (i.e., damping) in Ref. 6 is
related both to the value of R, and the spatial distribution of
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the roughnesses. From an experimental point of view, a
power spectral density performed on a roughness profile
shows dominant wavelengths A (spatial period). Indeed, a
rough surface may be regarded as made up of a combination
of several spatial periods with different wavelengths. For a
given measured damping of one Lamb mode, it is possible to
fit the result with one of the spatial periods present on the
sample. The question is now how to choose the most influ-
ential spatial period A among them. In order to answer this
question, it is important to find the condition between the
wavelength N of the Lamb mode and the different spatial
periods A to obtain their interaction. To further comprehend
this interaction, the study of a periodical grating made of
identical groves is proposed. In the past, previous studies on
periodical gratings have mainly concerned surface waves by
means of the Rayleigh wave.* ' The main result is that the
diffraction of the Rayleigh wave obeys a Bragg relation. The
Scholte wave can also be diffracted by a grating.g’“"13 In this
paper, we present numerical and experimental results on
Lamb waves propagating on a grooved surface, because the
work is dedicated to the control of surface bonding. To the
authors’ knowledge, there is no recent work which deals with
the propagation of Lamb waves on a plate with a surface
grating. This paper shows that when a Lamb wave is incident
on a periodical grating, reflected converted modes appear at
particular frequencies. This result can be interpreted as a
consequence of phonon interaction. Therefore, a relation be-
tween incident and converted mode wave numbers and the
grating period A is established. This relation results from the
law of conservation of phonon momentum.

First, after a brief description of the samples, numerical
simulations are presented. Signal processing allows us to
give an interpretation of the results in the dual space (wave-
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FIG. 1. Geometry of the studied samples.

number/frequency space). Several examples with various
spatial periodicities are presented with a view to illustrating
physical phenomenona, such as conversion modes, depth ef-
fect, and so on. Finally, an experimental study validating the
numerical results is carried out.

Il. NUMERICAL SIMULATIONS
A. Description of the studied samples

The studied samples are aluminium plates. Only a part
of one side is treated with ten identical triangular grooves.
This surface treatment can be found on only one side because
the aim of this work will be to study the quality of a bonded
structure with a rough interface. The other side of the plate is
not treated and stands as a reference surface.

The grooves have a depth p and a spatial periodicity A
(Fig. 1). The plates are 5 mm thick. The acoustics param-
eters, longitudinal and shear velocities, are respectively c;,
=6320 m/s and c;=3115 m/s. The density of the aluminium
is equal to 2700 kg/m.

B. Numerical processing

The ATILA® finite element code was developed in the
Acoustics Department of ISEN-France, for the modeling of
sonar transducers.'* Tt permits the static, modal, harmonic,
and transient analysis of unloaded elastic, piezoelectric, or
magnetostrictive structures, as well as the harmonic or tran-
sient analysis of radiating elastic or piezoelectric structures.
It is able to analyze axisymmetrical, bi- or three-dimensional
structures.

A transient analysis is performed to study the propaga-
tion of Lamb waves on a plate with a periodic grating. Be-
cause the plate is supposed to be infinite in one direction, a
bi-dimensional mesh is used, using a plane strain condition.
The plate is meshed and divided into elements connected by
nodes. Isoparametric elements are used, with a quadratic in-
terpolation along element sides. The elastic plate is submit-
ted to analytical displacements on one edge of the plate with
a view to exciting the S, Lamb mode. Then a Fourier trans-
form clearly verifies that only the Sy Lamb mode is excited.
At a frequency of 800 kHz, a burst of five sinusoids is used.
At this frequency, the wavelength of this Lamb mode is A\
=3.75 mm. The mesh must be long enough before and after
the grating to avoid parasitic reflections on the edges. Tran-
sient analysis is then performed during 60 periods (75 us),
with a 0.05-us time interval. Various meshes are considered:
the spatial periodicity of the grooves varies from
2 to 3.9 mm. The grooves are supposed to all be identical
with a depth of p. Computations provide the displacement at
each node and at each time interval. In particular, the normal
displacement before and after the grating are studied and
time-space diagrams are drawn.
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FIG. 2. Representation of the signal in the (x,7) space for a plate with a
grating. The grating contains ten grooves. The spatial periodicity is A
=2.4 mm and the groove depth is equal to p=100 um. The origin of the
spatial coordinate is the first groove. The levels of the incident signal are
saturated in order to visualize the reflected signal.

C. Results

In Fig. 2, a time-space image of the normal surface dis-
placements is given in the case of a grating with periodicity
A=2.4 mm. In the gray scale, the amplitude of the displace-
ments of the surface located before the grating is represented.
The zero of the spatial coordinate is fixed at the entrance of
the grating. In this figure the gray scale is saturated in order
to visualize the reflected signal whose amplitude is weaker
than the incident signal. The depth of the grooves is p
=100 wm. Three parts of the signal are observed (Fig. 2): the
incident signal (1), the reflection from the grating (2), and
the reflection from the left edge of the plate (3). In this fig-
ure, it is shown that reflected waves appear on each groove.
This explains the apparent temporal spreading of the re-
flected wave.

Reflected and incident waves are separated by applying
a 2D FFT on the signals (Fig. 3). This calculation leads to a
dual representation in the wave-number/frequency space
(k,f). Positive components of wave number k correspond to
the incident waves [Fig. 3(a)] whereas negative wave-
number values correspond to reflected waves [Fig. 3(b)].
Thus we can verify that the S, Lamb wave is properly ex-
cited on the plate. The theoretical S dispersion curve is su-
perimposed on the experimental signal. The signal excitation
described in the previous paragraph explains why there is a
spreading of the frequency bandwidth around a frequency of
/=800 kHz. According to Fig. 3(a), the main lobe of the
frequency excitation extends from 660 to 920 kHz. This is
not a problem because signal analysis is performed in dual
space and each frequency component can be dealt with inde-
pendently. Figure 3(b) shows a converted A; wave reflected
from the grating. This wave is precisely located at frequency
f=760 kHz.

The FEM analysis is repeated for a grating with spatial
periodicity A varying from 2 to 3.9 mm by 0.1 mm step.
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FIG. 3. Representation of the signal in dual space (k,f). The grating contains ten grooves. The grooves depth p is equal to 100 wm. (a) is the incident signal.
The spatial periodicity is equal to (b) A=2.4 mm, (c) A=2.7 mm, and (d) A=3.7 mm. The lines correspond to the theoretical dispersion curves: solid line for
A; mode and dotted lines for S, mode. Gray levels are fixed in order to compare the signals.

Two-dimensional fast Fourier transforms (2D FFTs) are car-
ried out on the time-space signals for each value of A. Fig-
ures 3(b)-3(d) show that converted modes S, or/and A; can
be seen at different frequencies. For instance, if A=2.4 mm
[Fig. 3(b)], the conversion appears at f=760 kHz. At this
frequency, the wave number for the A; converted mode is
equal to 1010 m~! and the wave number for the S incident
mode is equal to 1610 m~'. The quantity 277/ A is homoge-
neous to a wave number and is a characteristic of the grating
in dual space. For A=2.4 mm, 27/A is equal to 2617 m™~'.
One can notice that if we add the values of the incident and
converted wave numbers (kgy=kgs,=2620 m~!), the obtained
value is approximately 27/ A (relative error: 0.1%). This re-
lation is verified for each grating periodicity and results are
presented in Table I. This relation can be interpreted as a
phonon relation and is described in detail in the next section.

lll. INTERPRETATION: THE PHONON RELATION

The equality obtained in the previous section is in fact a
relation between phonons. The S, incident mode is converted
into S, or A; mode at the entrance of the grating. The scat-
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tering process occurring at the entrance can be described as a
collision of phonons. The law of conservation of the phonon
momentum can be written as

Pso=Ppu+ Pcus (1)

where the converted mode (CM) propagates in the opposite
direction to the S incident mode. The phonon (PH) propa-
gates under the grating in the direction of propagation of the
incident wave. This implies a relation between the wave
numbers:

2

kgo= N kem- (2)

Here we can recognize the relation which was verified in
Table I with a maximum relative error of 3.4%. The incident
and reflected waves verify a Bragg-type relation. Indeed, Eq.
(2) can also be interpreted as a phase matching. The con-
verted waves excited on two successive grooves must be in
phase and the phase matching which corresponds to the
smaller path implies

Leduc et al.: Lamb waves and periodic gratings



TABLE 1. Comparison between the sum of the incident (kg,) and converted
wave numbers (kg, or k4;) and the phonon wave number related to the
grating (27/A). The column “frequency” corresponds to the frequency
where the conversion is at a maximum.

2mlA kg kso ks Frequency Xk  Relative
Amm) (m"H) (m'") @m") (@mh (kHz) (m™)  error

2 3140 1840 1260 850 3100 1.3%
2.1 2992 1770 1170 820 2940 1.7%
22 2856 1720 1115 805 2835 0.7%
2.3 2732 1670 1050 785 2720 0.4%
24 2618 1620 1000 765 2620 0.1%
2.5 2513 1570 955 745 2525 0.5%
2.6 1545 930 725 2475 2.4%
2417 565 1845 845 2410 0.3%

2.7 1490 885 710 2375 2.1%
2327 520 1795 830 2315 0.5%

2.8 1435 840 695 2275 1.4%
2244 480 1745 815 2225 0.8%

2.9 2167 460 1720 795 2180 0.6%

3 2094 420 1670 785 2090 0.2%
3.1 2027 400 1645 770 2045 0.9%
32 1963 380 1620 760 2000 1.9%
33 1904 355 1590 750 1945 2.2%
34 1848 330 1570 740 1900 2.8%
35 1795 310 1545 730 1855 3.3%
3.6 1745 290 1515 720 1805 3.4%
3.7 1698 260 1490 715 1750 3.1%
3.8 1653 240 1460 705 1700 2.8%
39 1611 220 1440 695 1660 3.0%

kS()'A+kCM'A=27T. (3)

Thus the physical problem of the interaction between the
Lamb waves and the grating can be considered in dual space
as a phonon process, and in direct space as an interference
process involving a phase matching.

New curves can be plotted to predict the possible con-
version. On the Lamb wave, k¢, values are superimposed on
the theoretical Lamb waves dispersion curves for a free plate
(Fig. 4). These curves are plotted for values of A varying
from 2 to 3.9 mm. The intersections give the possible con-
verted modes for a given grating. For instance, if the spatial
periodicity of the grating is A=3 mm, intersections between
the phonon relation curve and the dispersion curves give a
predicted conversion into S, mode at f=800 kHz. This mode
is effectively observed at f=785 kHz (Table I—relative er-
ror: 1.9%). S, mode is also a potential converted mode in the
frequency bandwidth, at lower frequency, but the normal dis-
placement of this mode is too weak on the surface and thus it
is not possible to detect it.'” There are other intersections but
most of them are out of the frequency bandwidth of excita-
tion.

At the exit of the grating we have verified that only the
S, mode is propagating and consequently the phonon relation
Eq. (1) is also valid.

The grating can also be characterized by the depth of the
grooves. To see if this parameter influences the phonon rela-
tion, a parametric study of a grating with various depths is
carried out.
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FIG. 4. Theoretical dispersion curves for the studied aluminium plates: solid
lines for antisymmetric modes and dotted lines for symmetric modes. For
each studied spatial periodicity, curves resulting from the phonon relation
[Eq. (2)] are plotted in dashed-dotted lines.

A grating with ten grooves and a spatial periodicity of
37mm is studied with depths varying from p
=50 to 400 wm. Whatever the value of p, the wave number
related to the converted mode always corresponds to the S,
reflected mode (Fig. 5), where level one corresponds to the
amplitude of the incident mode. We note that the amplitude
of the S, mode increases with the value of p. If the depth is
low compared to the Lamb wave wavelength and the plate
thickness (p <200 wm), the amplitude of the S, mode is pro-
portional to the depth of the grooves. The evolution for p
>200 um could be interpreted by a different distribution of
the energy of the incident wave among more reflected waves
(an S, converted-reflected mode is observed). In this case,
the phonon relation involving only the §, reflected mode is
not sufficient to describe the interaction of the Lamb waves
with the periodical grating.

For a given depth, the amplitude of the reflected mode
increases with the number of grooves.
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FIG. 5. Representation of the wave number related to the S, converted mode

for various depths in dual space (k,f). The grating contains ten grooves. The
spatial periodicity is equal to A=3.7 mm.
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FIG. 6. (a) Representation of the experimental incident signal in dual space
(k,f). (b) Representation of the experimental reflected signal in dual space

(k.f).

IV. EXPERIMENTAL RESULTS

The experimental setup is the following. A pulse genera-
tor delivers a very short pulse voltage (about 300 V during a
period of 300 ns) to a piezo-composite transducer. The cen-
tral frequency of this emitting transducer is 1 MHz. Lamb
waves are then generated by the wedge method with a wedge
angle of 49° to excite the S, mode around a frequency equal
to 800 kHz. The characteristics of the experimental grating
are groove depth p equal to 100 um and spatial periodicity
of the grooves A equal to 3.7 mm. An optical profilometer is
used to characterize the surface of the sample. The root mean
square value (rms) R,=29.2 um is obtained.

The S, wave is generated on a flat area. Then the wave is
propagated over 18 mm before reaching the grating. A non-
contact detection is done using a laser vibrometer: it mea-
sures the normal surface displacement of the plate along the
principal direction of propagation by 0.1 mm steps. For each
spatial position, the amplitude is recorded and allows us to
obtain an (x,7) image similar to Fig. 2 obtained in the FEM
study. The evolution of the amplitude in the different modes
is plotted as a function of the distance.

The S, wave is generated on the [430-850 kHz] fre-
quency range [Fig. 6(a)]. Four reflected converted modes are
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TABLE II. Comparison between the sum of the incident (kg,) and reflected-
converted wave numbers (ky;,kg;,ks,) and reflected (kgy) and the phonon
wave number related to the grating (277/A). The column “frequency” cor-
responds to the frequency of the conversion.

Incident Reflected mode

Frequency kg ksy kg kg kgg 2k 2@/A Relative

(kHz) (1/m) (1/m) (1/m) (1/m) (1/m) (1/m) (1/m) error
730 1455 230 1685 1698 0.8%
635 1180 475 1655 1698 2.5%
585 1040 650 1690 1698 0.5%
515 815 875 1690 1698 0.5%

obtained at different frequencies [Fig. 6(b)]: three reflected
converted modes (4,,S;,S,) and one nonconverted reflected
mode (S;). The corresponding wave-number values are re-
ported in Table II. The phonon relation is verified with a
maximum error of 2.5%. The S, converted mode is experi-
mentally found at f=730 kHz. It was numerically found at
f=710 kHz, using the FEM analysis (Table I). The small
discrepancy is due to the acoustical parameters, which are
slightly different in the experimental part and in the numeri-
cal study. For each conversion, the phonon relation is well
verified.

V. CONCLUSIONS

Incident Lamb waves propagating in a plate with a pe-
riodic grating are converted into reflected modes. A phonon
relation is written between the incident signal, the converted
mode and the phonon related to the grating.

The spatial periodicity of the grating determines the fre-
quency of the converted modes, whereas the depth of the
grooves only modifies the amplitude of the converted modes.
Therefore, for the cases presented in this paper, the effects of
the spatial periodicity of the grating and the groove depth are
independent. Experiment and numerical results are in good
agreement.

Future works will consist in studying surface profile
with several spatial periodicities in order to have a more
accurate representation of a rough surface.
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