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ABSTRACT

Ultrasonic Non-Destructive Testing (NDT) uses many
types of sources mostly based on piezoelectric transduc-
ers. This paper focuses on the generation and detection
of acoustic waves by Laser Ultrasonics which is a well-
known non-contact inspection method. More precisely,
the main goal of this work is to analyze the interaction
between a flaw and Rayleigh waves simultaneously ex-
cited by a grating of thermoelastic line sources. Experi-
mentally, a pulsed Nd:YAG laser, combined with differ-
ent optical devices is used for ultrasound excitation in an
aluminum sample with a surface defect. Moreover, the
normal displacement of Rayleigh waves is detected by a
Mach-Zehnder type interferometer. The results obtained
using different configurations are compared to determine
the advantages of each of them for NDT. A finite element
model also allows to confirm the interpretation of the com-
plex phenomena studied.

Keywords: Laser ultrasonics, Non-Destructive Testing,
Rayleigh waves, Flaws.

1. INTRODUCTION

Laser ultrasonics is a non-destructive testing method that
uses laser to generate and detect ultrasonic waves in

*Corresponding author: Maha.karam@uph.fr.
Copyright: ©2023 First author et al This is an open-access ar-
ticle distributed under the terms of the Creative Commons At-
tribution 3.0 Unported License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the orig-
inal author and source are credited.
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metallic and plastic materials [1]. Compared to conven-
tional ultrasonic methods, laser ultrasonics provides many
advantages such as higher spatial resolution, the ability to
test structures with complex geometries and being con-
tactless [2]. This method has become extensively used
in various applications, especially for detecting and char-
acterizing defects in different materials. Over the past
decades, lasers have been widely employed as a pow-
erful instrument to generate and detect ultrasound. The
Nd:YAG pulsed laser is frequently used to excite these
waves either through thermoelastic or ablation mode [1,3].

In an isotropic, homogeneous, and semi-infinite solid,
a surface acoustic wave, first described by Lord Rayleigh
[4], can propagate. This Rayleigh wave has an ellip-
tical polarization and propagates with an exponentially
decreasing amplitude from the surface to the depth of
the solid. In most Laser ultrasounds applications, the
Rayleigh wave is generated by a thermoelastic line source
for material characterization and defect detection [5]. In
this work, we are interested in the simultaneous generation
of multiple Rayleigh waves for structures non-destructive
testing. An experimental setup for obtaining multiple line
sources is implemented.

This article focuses on the analysis of the interac-
tion between Rayleigh waves generated by laser ultrason-
ics and surface defects on an aluminum sample, through
both numerical and experimental investigations. In the
first part, the propagation velocity and directivity of the
Rayleigh wave in aluminum for a line source are deter-
mined based on theoretical considerations. The second
part describes the generation of Rayleigh waves on the
surface of the sample by the Finite Element Method, ex-
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cited by a grating of thermoelastic line sources, and the
resulting outcomes. In the third part, a defect with well-
known characteristics is created on the sample’s surface
and an experimental study is conducted to measure the
Rayleigh wave propagation velocity in the case of both
single and multiple line sources. Finally, the approximate
position of the defect and certain dimensions of the sam-
ple are determined.

2. CHARACTERISTICS OF RAYLEIGH WAVE

Rayleigh waves are a type of guided waves that propagate
along the surface of a material, and they are frequently
used for non-destructive testing to detect surface flaws.
When a Rayleigh wave interacts with a surface defect,
such as a discontinuity or crack, the wave is scattered.
This scattering phenomenon provides valuable informa-
tion about the position and size of the defect, which makes
Rayleigh waves an effective tool for detecting surface de-
fects in materials.

2.1 Propagation velocity

The propagation velocity of a Rayleigh wave in a homoge-
neous and isotropic material can be theoretically approxi-
mated using the following relation [6]:

(0,87 + 1,12v)

Vi = (1+v)

Vr (€))
Where:

Vg: Rayleigh wave velocity,

Vr: Transverse wave velocity,

v: Poisson’s ratio of the material.

For an aluminum sample, the Poisson’s ratio is 0.33 [7]
and the propagation velocity of the transverse wave is
equal to 3130 m/s [8]. Therefore, Eq. 1 gives a Rayleigh
wave propagation velocity in an aluminum sample of ap-
proximately 2917 m/s. This theoretical value will be com-
pared to the velocity analysis through the modeling and
experimental study.

2.2 Directivity

The Rayleigh wave generated by a thermoelastic line
source is characterized by its directional aspect. Indeed,
this wave mainly propagates in the direction perpendicu-
lar to the center of the line [4]. Furthermore, the length of
the line source has a direct influence on the wave’s direc-
tivity pattern [9]. This one can be graphically represented
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as a polar plot, which shows the relative amplitude of the
waves as a function of the observation angle compared to
the line source. The directivity diagram of the Rayleigh
wave, assuming a 2 mm-long line source in a thermoelas-
tic regime at a frequency of 6 MHz, is presented in Figure
1.

Figure 1. Directivity diagram of a Rayleigh wave
generated by a line source with a length of 2 mm in
aluminum.

3. FINITE ELEMENT METHOD

Many articles in the literature concentrate on modeling the
generation of ultrasound by laser and the interaction of
these waves with a defect, using the finite element method
(FEM) [10]. The present study aims to describe the gen-
eration of Rayleigh waves on the surface of an aluminum
sample with multiple line sources. In order to conduct the
analysis, a FEM model is developed. The first part of this
section will introduce the modeling parameters used in the
analysis. The second part will focus on the meshing tech-
nique employed, and the third part will present the results
obtained.

3.1 Modeling Parameters

To enhance the accuracy of the results and reduce the sim-
ulation time, a two-dimensional geometry with a length
of 2.5 cm and a thickness of 1 cm is applied in the plane
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strain structural mechanics model. To characterize the im-
pact of the laser, we implemented the force dipole model,
which involves the application of two tangential forces
with opposite directions on the surface [11]. The temporal
evolution of the force dipole is expressed by the following
Eq. 2, which corresponds to the temporal evolution of the
heat source at the surface of the sample [10] :

F(t) = geap(—)-H(t) @

Where :
H(t): Heaviside function,
7: Durée d’impulsion laser.

The two parameters that are involved in this model are the
width of the thermoelastic source, and the characteristic
laser pulse duration.

3.2 Meshing

In order to obtain improved numerical results within a
shorter simulation time, specific conditions must be ap-
plied to the meshing of the model. Considering f,qx
and \,,;, the maximum acoustic frequency and the min-
imum wavelength respectively, the time step At and the
size Ax of a mesh element must satisfy the following two
equations in order to ensure the validity of the results ob-
tained [1,11].

Time step :
1
At < ——— 3
Meshing element size :
A
A mn 4
T < 2 4)

To satisty Eq. 3 and Eq. 4, a fixed time step of 2 ns and
a maximum element size of Ax = 8 pum are chosen, as-
suming a maximum acoustic frequency of approximately
18 MHz. A Perfectly Matched Layer (PML) with a fine
mesh is used to effectively absorb both bulk and surface
elastic waves, as illustrated in Figure 2.
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Figure 2. Meshing of an aluminum structure.

3.3 Results

Experimentally, multiple line sources with different ener-
gies is generated on the surface of an aluminum sample
using optical devices. To validate the accuracy of the ex-
perimental results, a corresponding model is developed.
This model consists of three line sources, each with a
width of 200 ym and separated by a distance of 3 mm,
as shown in Figure 3.

Detection
s s s
1 1 |
I I L
: : 200 pm
p——-
3 mm

Figure 3. Diagram showing the positions of the three
sources and the detection point.

Figure 4 (a) represents the propagation of multiple types
of acoustic waves, such as longitudinal and shear waves,
as well as head and Rayleigh waves, generated by line-
focused laser pulse on a semi-infinite aluminum sample.
The 2-D plot presented in Figure 4 (b) illustrates the re-
sults achieved by creating three dipolar sources, similar to
those employed in the experimental study.

Each of the line sources generates a Rayleigh wave on the
surface of the sample with a propagation velocity that de-
pends on the material being considered. The normal dis-
placement at the sample surface is detected and shown in
Figure 5. From the signal, the propagation velocity of the
Rayleigh wave can be calculated.
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Rayleigh wave

Head wave——, .' "
S-wave —M8M8MM8M8

P-wave — ——

L ) ] v J 5 »

b

Figure 4. Results of 2-D finite element method for
line-source (a) and multiple line sources (b) configu-
rations.

The distance between the sources and the difference
in time of flight between the echoes can be used to deduce
a propagation velocity of 2941 m/s, which is consistent
with the theoretical velocity obtained in paragraph 2.1.

1

Normalised amplitude

1] 0.5 1 1.5 2 25 3
Time (ps)

Figure 5. Signal representing the normal displace-
ment associated to the Rayleigh waves generated by
the three line sources.

As part of our modeling study, we incorporated a
semi-circular form defect into the sample. The three
sources, S, So and Ss, are positioned on either side of
the defect as illustrated in Figure 6.

The signals in figure 7 enable a comparison between the
cases with and without the presence of a defect on the sur-
face of the sample.
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Detection
} 54 S2 S3

\/

Figure 6. Sources, detection and defect configura-
tion.

Normalised amplitude

I I I |
0 0.5 1 1.5 2 25 3

Time (ps)

Figure 7. Signals obtained with (a) and without (b)
a defect on the surface of the aluminum sample.

By comparing the two signals, a new echo is clearly
observed in signal (a) that is representative of the inter-
action between the Rayleigh wave and the defect. This
comparison enabled us to determine the flaw position.

4. EXPERIMENT

This section begins with a description of the experimental
setup used. A comparative study of the effectiveness of
using a single source versus multiple sources to measure
the propagation velocity is presented. Finally, the sizing
of the sample and positioning of the defect are discussed.

4.1 Procedure

An aluminum sample with a length of 9.9 cm and a thick-
ness of 4.5 cm having a circular defect of 2.3 mm diame-
ter is studied. A frequency-doubled Nd:YAG laser is em-
ployed, which produces a wavelength of 532 nm and emits
pulses of approximately 10 nanoseconds. The laser beam
passes through a diffraction grating with 600 lines/mm.
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A cylindrical lens generates multiple thermoelastic line
sources at the sample surface. Its normal displacement
is detected using a Mach-Zehnder heterodyne interferom-
eter. Figure 8 shows the experimental setup used.

Interferometer

Mirror 1 Mirror 3

Mirror2
Diffraction
Grating

Lens

Laser
Nd:YAG

Aluminum
sample

Figure 8. Experimental setup for generating and de-
tecting surface acoustic waves by laser ultrasonics.

4.2 Measurement of Rayleigh wave velocity.

In this section, a comparative study between the results
obtained using a single and multiple linear sources is pre-
sented. In order to obtain the velocity of the Rayleigh
wave, the time of flight needs to be measured, for which
the propagation distance must be known. To accomplish
this, the mirror 2 fixed on a motorized stage is moved in
a controlled manner. The signals obtained before and af-
ter moving the mirror by a distance of 3 mm are shown in
Figure 9.

According to the two signals in Figure 9, the time of flight
difference is 1.014 um. This corresponds to a Rayleigh
wave velocity of 2958 m/s. This velocity is coherent with
both the theoretical velocity calculated in paragraph (2.1)
and the velocity obtained through modeling in paragraph
(3.3).

Having multiple equidistant line sources on the sample en-
ables the generation of multiple Rayleigh waves, which
allows the determination of the surface wave propagation
velocity through two methods:

-The first method consists of considering the distance be-
tween sources for calculating the propagation velocity of
the Rayleigh wave. It is then no longer necessary to pro-
ceed with mirror displacement, which can simplify the ex-
perimental setup and improve the measurement accuracy.
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Figure 9. Signals obtained using a line source for
two propagation distances separated by 3 mm.

-The second method consists of performing a displace-
ment to detect a second signal as in the case of a sin-
gle source. Indeed, obtaining three sources through the
diffraction grating allows us to calculate three velocities
of Rayleigh wave propagation and improve the measure-
ment reliability. For this purpose, the diffraction grating
is placed at a distance of 5.4 cm from the sample. Three
line sources spaced of 1.7 cm are obtained. Figure 10 rep-
resents the signal associated to the Rayleigh waves gener-
ated by these three sources.

0.01
S
o 0.005-
<=
£
= 0
3
< -0.005

-0.01

10 15 20 25 30
Time (ps)

Figure 10. Signal associated to the Rayleigh waves
generated by the three line sources.

From this signal, the propagation velocity of the Rayleigh
wave is calculated using the first method. By knowing
the distance between the sources and calculating the dif-
ference in time of flight between the obtained echoes, we
deduce a propagation velocity of 2890 m/s. The second
method of measuring the velocity requires a displacement
of mirror 2, which causes a temporal shift in the obtained
signal. Figure 11, represents the signals before and after a
displacement of 3 mm.
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—Signal 1

0.015 —Signal 2
0.01

0.005

Amplitude (V)

-0.005

-0.01

5 10 15 20 25 30 35 40
Time (us)

Figure 11. Signals obtained with three line sources
for two propagation distances separated by 3 mm.

For a displacement of 3 mm, the difference in time

of flight between echoes from the same source is 1.04 ps.
The propagation velocity of the Rayleigh wave deduced is
equal to 2885 m/s.
The propagation velocities obtained for the different con-
figurations are consistent. The multi-sources configura-
tion can therefore be applied to non-destructive testing us-
ing surface acoustic waves for various structures.

4.3 Sample dimensions

The line sources obtained by the diffraction grating are
distributed along the length of the sample. Considering
the directivity of the Rayleigh wave associated to each
source, it is possible to obtain the sample length and also
to detect the defect. To determine the sample length, the
sample and optical system are separated by 8.5 cm. The
optical system enables the generation of three equidistant
sources at the sample surface. Figure 12 shows the re-
spective positions between the sources and the edges of
the sample.

9.9

~09--13 2.7 2.7 22—
] o PN Level 1
51 Sz S3 1
45 ---|—————- I ________________ ' _Level0
Detection Defect

Figure 12. Diagram showing the positions of the
three sources and the detection point at level 1. The
distances on the diagram are in centimeter.

Each source has a width of approximately 0.5 mm and a
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length of 2 mm. Figure 13 represents the signal obtained
when the detection and line sources are aligned at level 1.

Amplitude (V)
o

[ o

0.03 L L L L L L
o 5 10 15 20 25 30 35 40 45 50

Time (ps)

-0.01

-0.02

Figure 13. Signal detected at level 1 without defect.

In order to associate the signal echoes with the line
sources, each source is masked. In Table 1, the time of
flight and the distance between each source and the detec-
tion are provided. The propagation velocity of the con-
sidered Rayleigh wave is 2890 m/s, which corresponds to
the one previously deduced from multiple sources without
miror displacement.

Table 1. Time of flight and propagation distance as-
sociated to the different sources.

Source | Duration (us) | Distance (um)
S1 4.64 1.37
So 14.16 4.09
Ss3 23.28 6.73

Table 1 shows a good agreement between the calculated
inter-source distance and the one measured experimen-
tally, which is approximately 2.7 cm. We notice that the
acquired signal contains several echoes associated to the
reflections of Rayleigh waves by the edges of the sam-
ple. In order to identify the echoes associated to these
reflections, masking sources S; and S3 is performed. The
masking of source S; allows us to deduce the distance be-
tween the detection and the left edge of the sample. Figure
14 shows the detected signals with and without source S;.
We observe that when source S is masked, two echoes
are no longer present:

-The echo detected at 4.64 ps is related to the path S1-
detection,

-The echo detected at 10.72 ps is related to the reflection
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Amplitude (V)

0 10 20 30 40 50
Time (us)

Figure 14. Signals detected with (a) and without (b)
S1 source.

of the Rayleigh wave emitted by source S; on the left edge
of the sample. The difference in time of flight between
these two echoes allows us to deduce that the distance be-
tween the detection and the left edge of the sample is ap-
proximately 0.9 cm.

Similarly, the masking of source Sz allows us to deduce
the distance between the S and the right edge of the sam-
ple. Figure 15 shows the detected signals with and without
source Ss.

0.021 @ |
0
2 .0.02}
9
'g L L L L
= 0 10 20 30 40 50
= ‘ ‘ ‘ :
5 0.02 (b) |
0 R e
-0.02
0 10 20 30 40 50
Time (us)

Figure 15. Signals detected with (a) and without (b)
S3 source.

When source S3 is masked, three echoes are no longer
present:
-The echo detected at 23.28 us corresponds to the Ss-
detection path,
-The echo detected at 29.24 s corresponds to the reflec-
tion of the Rayleigh wave emitted by source Ss on the left
edge of the sample,
-The echo detected at 38.96 s corresponds to the reflec-
tion of the Rayleigh wave emitted by source S3 on the
right edge of the sample.
This allows us to deduce that the distance between source
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S3 and the right edge of the sample is approximately
2.27 cm, and the distance between the detection and the
left edge is approximately 0.9 cm. Based on these results,
the total length deduce of the sample is approximately 9.9
cm. Note that masking source So also confirms these re-
sults. The use of multiple line sources, each generating a
Rayleigh wave on both sides of the source, allowed us to
determine the length of the sample using the reflections of
the different waves on the two edges of the sample. The
distribution of several sources on the surface of the sample
makes it possible to obtain signals of sufficient amplitude
regardless of the chosen detection position.

4.4 Defect location

The sample is vertically moved by 1 cm to place sources
and the detection at level O as shown in Figure 16.

9.9

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ___Levell
|

1

P e ._____;____+__;___l__I.evelO
l 51 lsz S3
Detection Defect

Figure 16. Diagram showing the positions of the
three sources and the detection point at level 0. The
distances on the diagram are in centimeter.

The three sources are positioned on either side of the
defect. Figure 17 shows the signals in the case where
detection and sources are at level O and at level 1.

0.02 - (a) |
0 «—H&%W,MM

-0.02 -

10 20 30 40 50
b
0.02 ( )’
0
-0.02 - =

0 10 20 30 40 50
Time (us)

Amplitude (V)

Figure 17. Signals detected at level O (a) and level 1
(b).

By comparing the two signals, it can be observed that:
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-For source Si, considering the temporal signal up to
12 ps, there is no modification on the series of echoes of
signal (a) compared to signal (b). There is therefore no
defect on the associated paths.

-For source Sy, between 12 ps and 21 ps, there is a
significant attenuation of the echo located at 14.16 ps and
corresponding to the direct path So-detection. The echo
corresponding to the wave’s reflection on the edge of the
sample is almost entirely attenuated. This attenuation is
characteristic of the interaction of the Rayleigh wave with
the defect on the acoustic propagation path.

-For source S3, around 22 ps, we also observe the
attenuation of the echo corresponding to the S3-detection
propagation path. This confirms the presence of the
defect in this area of the sample.

In addition, a new echo (part circled in signal (a)) is
observed. This echo is also clearly representative of
the interaction of the Rayleigh wave with the defect.
This shows that the waves emitted by each source and
traveling through different paths make it possible to
obtain significant information of each probed zone of the
sample for NDT purpose.

Finally, the experimental results confirm the presence
of an echo characterizing the defect as shown in the pre-
viously presented modeling in paragraph (3.3), which is
clearly visible in Figures 17 and 7. However, determining
the sample size precisely through modeling is not possi-
ble due to the PML layer, which prevents the visualization
of reflection echoes on the sample’s edges, such as those
observed in the experimental results.

5. CONCLUSION

This study implements an optical device based on a
diffraction grating to obtain multiple thermoelastic line
sources. These sources allow the simultaneous excitation
of Rayleigh waves traveling different paths. The spacing
between the sources is determined by precisely position-
ing the sample surface at a certain distance from the opti-
cal system, which enables to obtain the Rayleigh wave ve-
locity. By analyzing the different times of flight obtained
for the excited waves, the length of the sample can be de-
termined and a flaw easily detected without moving the
sources. Furthermore, finite element modeling is used to
predict waves-flaw interaction. The next objective of this
study is to characterize the defect, dimensions and shape.
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