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Identification of Laser-induced Lamb waves

M. Castro-Colin
Physics Department, U.T. El Paso, El Paso, TX 79968.

J.A. Lopez
Physics Department, U.T. El Paso, El Paso, TX 79968.

R. Osegueda
FAST Center, Burgess Hall, U.T. El Paso, El Paso, TX 79968.

Recibido el 2 de marzo de 2006; aceptado el 18 de agosto de 2006

We studied experimentally the ultrasonic propagating modes produced by a laser pulse of 532 nm while impinging on an aluminum plate.
The beam, shaped as a line, induced various Lamb modes whose relative power varied with the laser line length. Identification of their mode
was performed by detecting the ultrasonic modes with piezoelectric detectors along a propagation direction orthogonal to the line, and using
two dimensional fast Fourier transform. Good agreement is observed between theoretical and experimental dispersion curves for the first
fundamental symmetric and anti-symmetric modes. Results are shown for 12 and 24 mm laser line-length at 13.6 and 16.8 ns pulse-width.

Keywords:Laser based ultrasound; non-destructive testing; photoacoustic.

Se presenta el estudio experimental de los modos attiess de propagan producidos por el impacto de un pulso laser de 532 nm en una
placa de aluminio. El haz, con forma de ufrgeh, induce varios modos de Lamb cuya potencia relativa ean la longitud de ldmhea del

laser. La identificaéin del modo correspondiente se realdetectando los modos ultéascos con detectores piezéetricos a lo largo de

la direccbn ortogonal a la propagédni de la Inea y utilizando una transformada de Fourier en dos dimensiones. Buen acuerdo se obtiene
entre las prediccionesdsdcas y las curvas de dispeysi medidas experimentalmente para los primeros modos fundamentaédscsing
antisimétrico. Los resultados se muestran para longitudesda be 12 y 24 mm a 13.6 y 16.8 ns de anchura de pulso.

Descriptores:Ultrasonido originado coréker; pruebas no destructivas; fotiostica.

PACS: 42.62.Cf; 81.70.Cv; 43.35.Zc; 43.35.Ud

1. Introduction equation [2, 9] numerically:

+
Conventional ultrasonic techniques employing piezoelectric tankqb _ [k02 - kt2]2 ' @
transducers (PZTs) are well established for flaw detection, tankb Ako % kaky

and have made a major contribution to quality assurance and . .
structural integrity. Laser-induced ultrasound aims at selec In Eq. (1) +and - refer to symmetric and antisymmet-
. egnty. L-a . o . ric waves, respectively, whilé,; represents the longitudi-
tively producing vibrational modes with applications in non- ;
; : ) nal propagation mode arig represents the transverse mode
destructive evaluation purposes. In particular for sheets, ul>, 5 o) o 2 2 2/ 9 2. .
. X D kgt = w?/eq® — ko andky” = w? /e — ko ko = w/v;
trasound waves refer to Lamb waves which are vibrations ¢ . . . )
. o v = phase velocity).c, andc¢; directly involve the physical
generated in media with two free surfaces [1,2]. YAG and rameters of the material [2,9]:
ruby lasers have been used combined with Fresnel arrays [§ '

and lenses [4] to induce single mode Lamb waves. Since e = A+2p e = M @)
mode conversion is the main problem faced while Lamb p P

waves interact with defects [5], in this work we investigated

ways of selectively inducing single mode waves [3, 4, 6-8]. N ok B E 3)
We used a 532 nm laserlight from a Q-switched Nd:YAG  (1+0)(1—-20)’ h= 2(1+0)

to investigate the effect that pulse-width and beam geom-  The physical properties of aluminum used in solving
etry have on Lamb waves induced on thin (1 mm) alu-gq. (1), were)p = 2.70 gcn?® (density),o = 0.345 (Poisson’s
minum plates. In particular we focus the possibility of wave ratio) andE = 70.6 GPa (Young's modulus).

mode selection through variation of pulse-width and laser

line length. The laser power has been kept well below the3 .

ablation regime [7] to ensure only thermoelastic ultrasonic™" Experimental setup

generation that avoids damage to the aluminum. The instrumentation used in this experimental investigation

is shown schematically in Fig. 1. A series of pulses from
2. Theoretical background a Nd:YAG laser laser were used to excite elastic waves in an

aluminum plate. The laser beam was optically distorted into a
In order to identify the modes excited in the aluminum platedine shape of controllable length. The ultrasound waves pro-
of interest here, we solve the transcendental Rayleigh-Lambuced were detected by means of PZTs (Digital Wave B1025)
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placed on the plate. The PZT signal was then amplified andylindrical lens, and a high energy laser mirror were used.
collected for further analysis. Plane-concave and plane-convex lenses, with effective focal

The Nd:YAG laser available for this study is able to emit lengths of 30 and 50 mm respectively, condense the laser

at 1064, 532, 355, and 266 nm wavelengths. The fundalbeam from 6 mm down to 1 mm diametgr. The cyIind.ricaI
mental wavelength is located within the IR spectrum, while'€"S: 44_mn_1 focal length, s_tretches the_: cwcul_ar beam_ Into a
the third and fourth harmonics fit in the UV. Although, due I!ne, malntamlr_]g a 1 mm width d|r_nen5|oq w_hﬂe allowing a
to absorption properties, it would be desirable to use eithel?ne'length variation through altering the incident angle ap-
UV wavelength [10], the second harmonic is the only visiblepmp”ately' . . .
wavelength and at this stage visible light eases control of th For.the ultrasound wave detection, PZTs with a.collecuon
experimental parameters, thus the fundamental wavelengt :’:deIdth of 1 kHZ_tO 15 MHz_v_vere used. The signal cap-
532 nm, was used to substantially ease the beam aIignmer‘i'tJ.reOI from the_PZT is then amplified by a brqadband receiver
During our experiments the laser power density is kept beIov&MateC_(SOS) with 2 100 kHz - 25 MHz bandvy|dth, and Sef“ to
the ablation power density [7], avoiding any visible damagean oscilloscope (Tektronlx. TDS420A) for display. LabView
to the plate. With an incident angle of 5 degrees between thyas US,Ed to capture the signal data, as ngl as to' control the
laser and the material surface, the interaction was then pure| }Ser trigger. The computer code permits interfacing the os-
thermoelastic. The laser has a synchronization signal that o _|Iloscop_e to the computer through a GPIB board._

curs 170 ns before the output. This fixed synchronization A; with any other resonant system, an aluminum _plate
output is thus used to establish a time reference for all event§d" wbraﬁg with a number Of_ modes Wh'ch move at. ditier-
as well as to trigger signal capture in the oscilloscope. As £Nt velocities. Energy deposited by laser light, in this case,

second check on laser firing, we also used a ultra-fast photd:2" induce several resonant modes. Their sucessful ideantifi-
diode, MRD510, with a threshold response well within thecation consists of characterizing both frequency and wave-

wavelenth in use. To distort the circular beam into a Iine-number information. - This cannot be done with a simple

shaped beam, an optical arrangement consisting of an opticgfirmoniC analysis of the time signal collected by the PZT,

density filter, a plane-concave lens, a plane-convex lens, t‘gus an alternative technique is used to identify these reso-
nant modes. Mode identification can be accomplished via

time-frequency analysis [11]. Using time signals obtained
at different spatial locations and analyzed via the following
two-dimensional Fourier transform [12,13]:

: SN | . \ S M N _
Nd:YAG & H x L] Ups — 1 Zzux,teii(%Jr%) )

Ultra-fast N x M
photodiode z=1t=1

|
Oscilloscope :
! Equation 4 helps in identifying points on the dispersion

o © = ] curves directly. Time records obtained at different locations
e O°o° *WW— : v are transformed into wave-number records at discrete fre-
o . ¢ Y guencies. Superposition of the 2D-FFT data to the solutions
. of Rayleigh-Lamb equations [2, 9] €. against the response
I: function of the aluminum plate) allowed us to obtain group
® 7 velocity, ¢, = dw/dk [11], information. To implement this
Y7 technique experimentally, the PZT is placed at different spa-
A tial locations where it captures a signal. 32 to 64 equally
SN laser spaced intervals are selected along a line orthogonally di-
< womling rected away from the point of impact of the laser beam.
FEL At each position a 2500 time-length record was stored. All
mea_surements were combme.d into «2P48 _(or 64<.2048)
matrix (N, M). The Fast Fourier transform is applied along
Kamputsr the spatial and time directions. Frequency and wave num-
BisitininG ber are this way identified. The parameters used were
device Az =0.508 mm and\¢ = 100 ns.
I:[ Aluminum
COoOO ¢po plafe 4. Results
ir:;?,ebrand Experiments were performed for laser line lengths of 12, 24,

36, 47 and 56 mm, and pulse-widths 16.8, 14.0, 13.6 and 13.4
FIGURE 1. Schematic of the experimental setup for laser-basedns (the average power was 7, 17, 19, and 22 mW, respec-
ultrasonic system. tively). A total of 20 effective experiments were performed,
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of which only the most significative results are shown be- 5
low. Characteristic results of our experiment and analysis
are shown in Figs. 2 and 3. Figure 3 shows the disper-
sion plane with the main modes detected in the aluminum
plate when using a 13.6 ns and 24 mm laser line-length. In'
this case the relative amplitudes of modes along the symmet-g
ric branch,sq, of the dispersion curve reach half the ampli-
tude of the main antisymmetrig, mode. Likewise Fig. 4
shows the corresponding results for 14.0 ns pulse-width and
24 mm laser line-length. In this last case themode is pre-
dominant. The relative amplitudes can be better observed in
Figs. 3 and 4. Due to the reduction in pulse-width, Fig. 3
exhibits a signal with more structure than Fig. 5, although
the same laser line-length, 24 mm, was used; the relative am- g L
plitude of thesy mode is about 1/3 of they mode. It is thus
clear that pulse-width and beam-length can be chosen so as tu k [1/mm]
selectively modify the spectral content of the induced Lambricure 4. 2D-FFT experimental data superimposed on numeri-
waves. cally calculated Lamb wave dispersion curves, 14.0 ns pulse-width
and 24 mm laser line-length (contour plot). The aluminum plate
has a thickness of 1.58 mm. The dispersion curves represented are:

[8S]
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N

PZT ao (cross),so (full circle), a1 (full triangle), s1 (full diamond).
L LA 55 |
///// ///;//ﬁluminum p/lﬁfff ///// Z %
o Y Py
FIGURE 2. Schematic of data collection technique. The piezo- EL
electric transducer (PZT) is coupled to a perspex wedge that makes =

contact with the aluminum plate through a couplant gel.
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. * | FIGURE 5. 3D-plot of 2D-FFT experimental data, 13.6 ns pulse-
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4 : ness).
¥
= 3 ?
> -
5 £°]
S 2f 5
g g h
i = 34 |\
1} S
2 29
L E 14
0 < 0

k [1/mm]

. . . 6 K 1/mm]
FIGURE 3. 2D-FFT experimental data superimposed on numeri-

cally calculated dispersion curves, 13.6 ns pulse-width and 24 mm

laser line-length (contour plot). The aluminum plate has a thicknessFIGURE 6. 3D-plot of 2D-FFT experimental data, 14.0 ns pulse-
of 1.58 mm. The dispersion curves represented @ €cross),so width and 24mm laser line-length (1.58 mm aluminum plate thick-
(full circle), a1 (full triangle), s1 (full diamond). ness).
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5. Conclusions rameters for non-destructive flaw-detection purposes, since
such combination of pulse-width and laser source, yielded an

Ultrasonic techniques are well established for flaw detec€nhanced 250 kHz and 1 mrh ao mode (see Fig. 6), which
tion. To reduce the problem of mode mixture and conversionsimplifies the spectral input that can later be used in structural
laser-induced ultrasonic methods attempt to produce singlé@tegrity of aluminum sheets.

Lamb wave modes in sheets. In this work we investigated

the effect of pulse-width and beam geometry as parametelgacknowledgements
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