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This paper proposes a non-contact and non-destructive method to generate Lamb waves against a target structure
using the impulse excitation force generated by laser-induced plasma (LIP). When a high power pulse laser is
irradiated in air and its laser fluence exceeds 10'®> W/m?, a plasma is formed. While the plasma in air expands
in high speed, shock waves on the spherical surface are generated and these shock waves become the impulse
excitation force against a target structure, resulting in the non-contact and non-destructive approach. A 2024
aluminum alloy plate is used as the test piece in the experiment, and the dynamic characteristics of the Lamb
waves generated from LIP shock waves are measured. Phase velocity and group velocity of generated Lamb waves
were compared to the calculated values from Rayleigh-Lamb frequency equations and we found that maximum
error was 5% and its frequency component included at least 400 kHz. Further, we investigated the relationship
between the distance from the LIP shock wave-generating location to a test piece and the dynamic characteristics
of the generated Lamb waves. This method can control the amplitude and the frequency components of generated
Lamb waves by changing this distance.

Non-contact excitation

© 2018 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Non-contact type devices include air-coupled transducers
[37,38] and laser thermoelasticities [22-36]. The former involves

1. Introduction

Lamb waves, which were discovered by Lamb in 1916, are guided
waves that propagate in thin plates. Their characteristics include a small
attenuation and propagation over long distances [1-5]. Further, funda-
mental features of Lamb waves and ultrasonic nondestructive evalua-
tion are summarized by Su [6] and Kundu [7], respectively. Numerous
studies on Lamb wave applications to detect damage in large structures
such as airplanes, factories, and ships are underway. Lamb wave gener-
ation techniques can be divided into two main categories: those using
a contact-type device (e.g., piezoelectric zirconate titanate) [8-21] and
those using a non-contact type device [22-38]. Damage detection us-
ing a contact-type device seems inefficient, but inserting the device into
a target structure can improve the efficiency. However, it is difficult to
generate Lamb waves by a contact-type device when the target structure
is in a high temperature environment or submerged in liquid. Hence, the
generation of Lamb waves using a non-contact type device is being con-
sidered.
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placing an air-coupled transducer near the Lamb wave generation
point on the target structure, and the vibration of the transducer is
transmitted through the medium (air in this case). The latter type of
device irradiates a pulse laser beam at the generation point of Lamb
waves on the target structure, causing instantaneous heat expansion
and constriction in the applied area due to changes in the temperature
that produce non-contact excitation. Lamb waves generated by a laser
thermoelasticity device have much smaller amplitudes than those
generated by a contact-type device (about a few hundred picometers),
resulting in measurements with a lower signal-to-noise (SN) ratio. The
threshold of laser thermoelasticity also changes, depending on the laser
beam-irradiated material, laser fluence, wavelength of the laser beam,
or polarization, making it extremely difficult to determine the threshold
value.

When the laser fluence reaches 1012 — 10 W/m?2, laser ablation
(LA) forms [39-49]. LA is the formation of a high-temperature high-
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Fig. 1. Geometry of the free plate problem.

density plasma plume from a laser-irradiated surface. When a plasma
plume of mass Am is released by velocity v, the gained momentum (im-
pulse) is Amvy and this becomes the excitation force against a target struc-
ture. LA has been researched for vibration tests [40-47,49], laser vapor
deposition [50], thrust [51], laser micromachining [52], laser peening
[53], detection of bolt loosening [42], and acoustic tests [48]. It is a
newly established as non-contact excitation technology [40-49], but
it is destructive as sub-millimeter damage is generated on the target
structure. Regardless, studying the amplitude levels and modes of Lamb
waves using LA is extremely valuable.

For this reason, we have shown that Lamb waves generated by LA
against a 2024 aluminum alloy plate contain frequency components up
to about 400 kHz and an amplitude of about 20 nm. By observing the
propagation of these Lamb waves, we have also demonstrated that dam-
age detection is possible [46]. If we could generate non-contact and non-
destructive Lamb waves against a target structure, which have about the
same level of amplitude as that of the conventional methods, the field
of damage detection using Lamb waves may advance even further.

This paper proposes a non-contact and non-destructive method to
generate Lamb waves against a target structure using the impulse exci-
tation force generated by laser-induced plasma (LIP) [54-63]. Genera-
tion of non-contact and non-destructive Lamb waves should contribute
tremendously to the development of damage detection technologies for
large structures. When a high power pulse laser is irradiated in air and
its laser fluence exceeds 10'®> W/m?, a plasma is formed. When this
plasma expands into a spherical shape, shock waves are generated. We
use these shock waves as the non-contact and non-destructive excitation
force against a target structure. We show that the shock waves can be
used to measure the frequency response functions [61], to detect dam-
ages or to suppress vibrations in a membrane structure [58,62] and to
evaluate the firmness of apples [63].

In this experiment, we use a 2024 aluminum alloy plate as the test
piece, and measure the dynamic characteristics of the Lamb waves gen-
erated from LIP shock waves (amplitude, frequency response, phase ve-
locity, and group velocity). We also investigate the relationship between
the distance from the LIP shock wave-generating location to a test piece
(hereafter called the standoff distance or d) and the dynamic character-
istics of the generated Lamb waves. This study demonstrates that, within
a standoff distance range of 5-40 mm, Lamb waves suitable for damage
detection can be produced. Previous research [54-63] has not employed
LIP shock waves as the impulse excitation force to generate Lamb waves.
Furthermore, the dynamic characteristics of the lamb waves generated
by LIP shock waves have yet to be controlled by changing the standoff
distances in the previous research [54-63], even though it is expected
that an amplitude, a frequency band and an excitation area of the im-
pulse excitation force generated by LIP shock waves can be adjusted by
changing the standoff distance.
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2. Lamb wave

The equations for a longitudinal wave and a transverse wave on a
flat plate under the strained condition shown in Fig. 1 are
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where ¢ and y are the potential, ¢; is the velocity of the longitudinal
wave, and c is the velocity of the transverse wave. By solving Eq. (1),
we can obtain the Rayleigh-Lamb frequency equations.

For symmetric modes
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where k is the wave number, w is the angular frequency of the Lamb
wave, and cp is the phase velocity of the Lamb wave mode. In this paper,
we calculate the phase and group velocities of the Lamb waves from
these equations.

3. Lamb wave generation using LIP shock wave
3.1. Lamb wave generation system

Fig. 2 shows the Lamb wave generation system using a LIP shock
wave [49,54-63]. A laser beam from a Nd:YAG pulse laser (Contin-
uum, Continuum surelite III-10: wavelength, 1064 nm; beam diameter,
9.5 mm; pulse width, 5ns; maximum output power, 1J; beam diver-
gence angle, 0.5 mrad) installed on the optical surface plate becomes
condensed by a plano-convex lens and exceeds the threshold of the laser
fluence by LIP formation in air. Ideally, LIP shock waves are generated
at the focus of the plano-convex lens. In this experiment, the laser pulse
energy is 1J and the focal distance of a plano-convex lens is 200 mm
(Fig. 2(b) and (c)), generating LIP shock waves directly on top of the ex-
citation point of the test piece. Four different values of d are observed:
5mm, 10 mm, 20 mm, and 40 mm (Fig. 2(d)). The test piece is a 2024
aluminum alloy plate measuring 400 mm x 400 mm x 2 mm. There are
two Lamb wave measurement areas: case A, in which the right end of the
measurement area is 50 mm away from the excitation point, and case B,
in which the measurement area is directly under the excitation point. In
this experiment, a single axis scanning laser Doppler vibrometer (SLDV)
(Polytec, PSV-500: He-Ne laser; measurement velocity, 0-20 m/s; sam-
pling max, 5.12MHz) is used to measure the vibration components in
the out-of-plane direction of the test piece inside a 100 mm x 100 mm
area in 2 mm intervals. The number of sampling points, the sampling fre-
quency, and the average number of measurements are 2048, 2.56 MHz,
and 10, respectively. To prevent spike noise in the measurement, 0-
400kHz band pass filter is applied. Thus, the Ay mode is the target
measurement of the Lamb mode in this experiment.
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Fig. 2. Non-contact and non-destructive laser excitation systems for Lamb wave generation using LIP. (a) Experimental systems for Lamb wave generation, (b) case

A, (¢) case B and (d) standoff distance.
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Fig. 3. Measured Lamb waves generated by LA (orange line) and LIP shock
wave (black line). (a) Time responses and (b) power spectra.
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3.2. Measured Lamb wave

Fig. 3 shows the time-history waveform of the Lamb wave using LIP
with a standoff distance of 5mm at point A (refer to Fig. 2(b)) and its
Fourier spectra. Fig. 4 shows the propagation of the Lamb wave. Fig. 3(b)
is the result of the Fourier transformation of part of the time waveform
in Fig. 3(a) where the reflection of the wave from the boundary does
not overlap. (This is denoted by “TW” in Fig. 3(a).) In Figs. 3 and 4, the
Lamb wave generated by LA (laser pulse energy 500 mJ) is also shown
for comparison. Fig. 3(a) shows that the shapes of the LIP and LA Lamb
waves match qualitatively. However, the LIP Lamb wave has a much
higher amplitude but a slower arrival time than the LA Lamb wave. The
cause of the former is attributed to a larger laser pulse energy of LIP
compared to LA (LIP, 1J; LA, 500 mJ). The latter is due to the time
required before the excitation force takes effect on the test piece after
the LIP shock waves propagate to the excitation point (LA applies the
excitation force directly to the test piece). Fig. 3(b) shows that both LA
and LIP include frequency components of up to about 400 kHz, which is
the band pass filter’s upper limit frequency, but LIP has fewer frequency
components exceeding 100 kHz than LA. By adjusting the standoff dis-
tance, the excitation force on the test piece generated by LIP Lamb waves
can be changed in terms of the frequency component, strength, and area,
as illustrated in the next chapter.
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Table 1
Phase velocity of LIP shock wave generated Lamb wave.
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Center frequency Phase velocity [km/s]

(Frequency band)
[kHz] Measured (LIP)  Measured (LA) Calculated  Error (LIP) [%] Error (LA) [%]
25 (0-50) - - 0.69 - -
75 (50-100) 1.10 1.15 1.15 -5% 0%
125 (100-150) 1.40 1.45 1.44 -3% 1%
175 (150-200) 1.69 1.69 1.65 2% 2%
225 (200-250) 1.87 1.86 1.82 3% 2%
275 (250-300) 1.98 1.98 1.95 2% 2%
325 (300-350) 2.11 2.09 2.07 2% 1%
375 (350-400) 2.20 2.18 2.16 2% 1%
Table 2
Group velocities of LIP shock wave generated Lamb wave.
Center frequency Group velocity [km/s]
(Frequency band)
[kHz] Measured (LIP)  Measured (LA) Calculated  Error (LIP) [%] Error (LA) [%]
25 (0-50) - - 1.21 - -
75 (50-100) 2.13 2.12 2.03 5% 4%
125 (100-150) 2.52 2.53 2.44 3% 4%
175 (150-200) 2.73 2.70 2.67 2% 1%
225 (200-250) 2.95 2.90 2.82 4% 3%
275 (250-300) 3.03 3.00 2.90 4% 3%
325 (300-350) 3.11 3.08 3.01 3% 2%
375 (350-400) 3.12 3.10 3.05 2% 2%
@ 40 (i) By applying a digital filter to the frequency spectra obtained by
\.—/ Fourier transform of Lamb waves’ time history waveforms for all
\ —_ measurement points, the frequency components are extracted every
20 g 50kHz and an inverse Fourier transformation is used to obtain the
50 ps 75 us 100 ps o B time-history vx.ravefo.rms filtered by a digital filter. ‘
0 "g (i) Based on the time-history waveforms at all measurement points gen-
= erated in (i), wave propagation figures (Fig. 4) can be produced.
g-' Wave propagation figures are placed at each time stamp in the
220 < depth direction (perpendicular to the direction of every measure-
ment point). By cutting at an arbitrary cross section (this paper used
[ 125 MS 150 ps 175 ps the middle of the measurement area containing point A), the cross-
(a) il - -40 section image is obtained with time in the x-axis and the distance
in the y-axis. Lamb waves appear as a trajectory in the cross-section
30 image. Hence, the phase and the group velocities of the Lamb waves
can be obtained from the slope.
20 (iii) The phase and group velocities are obtained in every frequency
'g' bandwidth by repeating steps (i) and (ii) every 50kHz up to the
10 & limit frequency of the band pass filter at 400 kHz.
50 ps 100 ps ) , . .
0 'g Fig. 5 shows the A, mode dispersion curves of the phase and
= group velocities as well as those at every frequency band obtained
-10 g by this method plotted on the analytically generated dispersion curve.
< Tables 1 and 2 show the phase velocity and the group velocity, respec-
20 tively, at every frequency band obtained by the analytical method and
T A NS this method. For comparison, these figures and tables include the phase
by o B ST -30 and group velocities obtained by LA. From these results, we can con-
clude that the error of the phase and group velocities of the Lamb wave
Fig. 4. Lamb wave propagation in the entire measurement area obtained by this method is within 5% and the precision is about the same

(100 mm x 100 mm): 50 us, 75 ps, 100 ps, 125 ps, 150 us and 175 ps. (a)
The LIP Lamb wave and (b) the LA Lamb wave.

We compared and evaluated the A, mode phase and the group ve-
locities obtained from this method to the results of the Rayleigh-Lamb
frequency equations. This paper obtains the Ay mode phase and group
velocities using the following steps [46].
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as the LA Lamb wave. This paper also measures the phase and group ve-
locities every 50 kHz, which causes additional error in the data.

3.3. Effect of standoff distance on LIP shock wave generated Lamb wave

We investigated the effect of the standoff distance on the ampli-
tude and frequency components of the Lamb waves generated by LIP
shock waves. The larger the standoff distance, the easier the measure-
ment setup becomes, improving the usability of this method. As for the
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Fig. 5. Comparison between the Lamb wave propagation velocity of the A,
mode generated by LA and the calculated propagation velocity: calculated by
theory, generated by LA (orange triangle) and LIP shock wave (black circle). (a)
Phase velocity and (b) group velocity.

LIP shock wave (Eq. (7)), the pressure of LIP shock waves (strength of
the excitation force) is inversely proportional to the third power of the
propagation distance. When the propagation velocity of the shock waves
becomes equal to that of the acoustic wave (Eq. (10)) (when it propa-
gates as an acoustic wave), the pressure of the acoustic wave is inversely
proportional to the propagation distance. Hence, it is crucial to investi-
gate the relationships among the standoff distance, the amplitude and
frequency components of the generated Lamb waves to identify the ap-
plicable range of this method. Whether using a LIP shock wave or treat-
ing it as an acoustic wave, the pressure, propagation velocity, and arrival
time can be expressed by the following equations [56]

Shock wave
5
shy iy _ (2 226 -3
P@=(3) 35 @
1/2
=207 (£) o ®
5 Po
5/2 12
shegy = (4 20
HON
Acoustic wave
e (2\2 20 E
P = (3) #1724 {10
0*(d) = vy = 340 m/s 11
£(d) = 13 (rg) + (d = ro) /vy 12)

where E [J] is the instantaneously released energy. p, [kg/m®] is the
density of the air and y (~1.41) is the ratio of specific heat capacity. ¢,
(~0.93) is a dimensionless quantity. d [m] is the standoff distance, and
ro [m] is the distance when the velocity of the shock wave is equal to
that of the acoustic wave. In this experiment, ry = 9.3 mm.
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Standoff distance: 5 mm
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Fig. 6. Time responses and power spectra of measured directly under the LIP
shock waves with standoff distances of 5mm, 10 mm, 20 mm, and 40 mm. (a) 5-
mm standoff distance, (b) 10-mm standoff distance, (¢) 20-mm standoff distance
and (d) 40-mm standoff distance.
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Fig.7. Lamb wave propagation in the measurement area (100 mm x 100 mm) with standoff distances of 5 mm and 40 mm. (a) 5-mm standoff distance and (b) 40-mm

standoff distance.

Fig. 6 shows the Lamb wave time-history response and the power
spectrum measured directly under the LIP shock waves (Fig. 2(c)) with
standoff distances of 5mm, 10 mm, 20 mm, and 40 mm. As the standoff
distance becomes larger, (i) the arrival time of a Lamb wave becomes
longer, (ii) the amplitude of the measured Lamb wave becomes smaller,
and (iii) the frequency components included in the Lamb wave become
lower. Observation (i) is related to the time that a shock wave or acoustic
wave propagates to the surface of the test piece. The cause of (ii) may be
due to the smaller pressure of the LIP shock wave or the acoustic wave
(excitation input strength) as it propagates (Eq. (7) or Eq. (10)). The
amplitude of the generated Lamb wave is proportional to the excitation
input force. The pressure of the LIP shock wave is inversely proportional
to the third power of the propagation distance and the acoustic wave
pressure is inversely proportional to the propagation distance. For ex-
ample, if the standoff distance is 10 mm, 20 mm, or 40 mm, the absolute
value of the Lamb wave amplitude (‘A’ in Fig. 6) is 85.6 nm, 41.6 nm,
or 22.2nm, respectively. These values are inversely proportional to the
propagation distance (excluding the standoff distance at 5mm within
the shock wave area from this comparison). As for (iii), when the prop-
agation distance of the LIP shock waves or the acoustic waves increases,
both the pressure and pulse amplitude (length between ‘T’ and Ty’ in
Fig. 6 is defined as ‘T’) are affected, increasing the amplitude, but de-
creasing the high frequency components in the excitation force.

Fig. 7 shows wave propagation at four different times in Fig. 6 (‘Tg’,
‘A’, 15 ps after ‘A’, and 30 ps after ‘A’). Fig. 7(a) and (b) are for standoff
distances of 5mm and 40 mm, respectively. Considering the measured
data contains noise floor with a mean of 0.2 nm, ‘Ts’ was set to the time
when the absolute value of the amplitude of the Lamb wave exceeds
5nm, which is sufficient to avoid the noise effect. ‘A’ was set to the
time when the absolute value of the amplitude of the Lamb wave was
maximized. Wave propagation of both waves qualitatively matches and
produces Lamb waves directly under LIP. As a result, we conclude that
Lamb waves can be generated in the range of the standoff distance in this
experiment (5-40 mm). Although LIP shock waves and acoustic waves
propagate into a spherical shape and generate an excitation force against
a target structure, further studies on the excitation area are necessary.

4. Conclusions

This paper proposes a non-contact and non-destructive method to
generate Lamb waves using LIP shock waves. In this method, irradiating
a high power Nd:YAG pulse laser near the excitation point of the target
structure forms a LIP, and the shock waves generated when the plasma
expands at high speed act as the impulse excitation force against the
target structure. In this experiment, we employ SLDV, which can only
measure the out-of-plane direction, and a 0-400kHz band pass filter
to remove spike noise during the measurements. Hence, the measured
Lamb waves are the A; mode. The Lamb waves generated by this method

491

include frequency components up to 400 kHz. By comparing the phase
and the group velocities of the Lamb waves obtained by this method
and the theoretical values from Rayleigh-Lamb frequency equations,
the maximum error is 5%.

To improve usability of this method, we studied the impact of the
standoff distance on the generated Lamb waves. As the standoff distance
increases, more time is necessary to produce a Lamb wave due to the
increase in the propagation distance of LIP shock wave, the amplitude
of the Lamb wave decreases and the frequency components in the Lamb
wave become lower. However, within a standoff distance range of 5-
40 mm, which was employed in this experiment, Lamb waves suitable
for damage detection can be produced. And this method can control the
amplitude and the frequency components of generated Lamb waves by
changing the standoff distance.

If this method is applied to detect damage for target structures, this
method is more suitable for a large area damage inspection on colossal
structures such as an aircraft. Therefore, a size of target detectable dam-
age will become macroscopic damage. And a detectable size of damage
using our method is limited from the viewpoint of the wave length of
Lamb waves. However, to detect a smaller damage using our method,
we may need to investigate a wave length, a pulse width, energy of laser
beam for generating LIP shock wave. In addition, a spatial resolution in
LDV measurements of a target structure to be inspected should be im-
proved.
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