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Analysis of surface acoustic wave propagation on a cylinder
using laser ultrasonics
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This letter shows an unexpected phenomenon for surface acoustic WRegkigh wavep
propagating on a solid cylinder. It was observed that a short Rayleigh wave pulse was reversed
during its propagation. In experiments on duraluminum and steel cylinders, transient surface
acoustic waves were launched by a pulsed YAG laser focused along a line. The radial component of
the displacement was measured by a heterodyne optical interferometer. The wave forms recorded
versus the anglé between the source and the detection point shows that the Rayleigh pulse, which
is monopolar(positive) near the source, becomes bipolarfat45° and monopolatnegative at

0=90°. An analytical calculation taking into account the dispersive effect reproduces wave forms
whatever the propagation distance. A physical model is proposed to account for the reversal of the
acoustic pulse. €2003 American Institute of Physic§DOI: 10.1063/1.1586463

It is of great importance to test cylindrical parts such aswide line, parallel to the cylinder axi§ig. 2). The mechani-
rotating axes of machines. Surface-breaking or subsurfaceal displacement normal to the surface was measured by a
defects can be detected with surface acoustic waveheterodyne interferomefeequipped with a 2-mW He-Ne la-
(SAWs). The difficulty to apply conventional piezoelectric ser(SH 130 optical probe from Thales Lagefhe calibra-
transducers on a curved surfacan be overcome by the use tion factor (100 mV/nm was constant over the detection
of lasers, which does not require any mechanical contadbandwidth(50 kHz—20 MH3. Signals detected by the opti-
with the inspected surface. Moreover, optical generation andal probe were fed into a digital sampling oscilloscgpek-
detection of elastic waves can be achieved in a largéronix™ 520D and transferred to a computer. The probe
bandwidth® In previous works, laser-based ultrasonic tech-beam can rotated around the sample by a step of 5°.
nigues have been used to study the SAW propagation on Experiments were carried on duraluminum cylinders of
spheres and cylindefsOn spheres, the phase jump of a diameter 12, 25, and 50 mm and on a steel cylinder of diam-
wave passing through a pole was especially analyZed- ~ eter 25 mm. The first arrival of the Rayleigh wave propagat-
cently, diffraction-free propagation of SAWs on a sphere hadng in a clockwise direction was recorded according to the
been reported. angle between the source and the detection point feom

The propagation of SAWSs on a cylinder, of radimisis =5° to #=180°. Figure 3 shows a series of wave forms
different from their propagation on a plane surface. Cylindri-versus the anglé and timet on a duraluminum cylinder of
cal surface waves fall into two categories: the Rayleigh andliameter 25 mm. We observed significant modifications of
the so-called whispering gallery waves. The characteristithe Rayleigh wave form. Near the source, the mechanical
equation providing the angular frequenewersus the wave displacement is a monopolar pulggositive if the normal
numberk is given in Viktorov's book’ An integer valuen of ~ points towards the inner of the cylindeit becomes bipolar
ka corresponds to a resonance frequengy. The lowest at §=45° and monopolatnegativg at §=90°. When the
mode, defined fon=1, corresponds to the Rayleigh mode generation and detection zones are diametrically opposite
and the others, defined far=0, to the whispering gallery
modes. Figure 1 shows, for a duraluminum cylinder, the
Rayleigh wave phase velocity versus the produdta. The
dispersive effect is mostly noticeable for low frequencies
(ka<10) such that the wavelengity, is larger thara/2. As
ka tends to infinity(large frequencigsthe velocity tends to
the valueVg=2930 m/s, corresponding to the speed of the
Rayleigh wave in a duraluminum plate. The high temporal
resolution of laser ultrasonic technique enables us to study
the dispersion effect on the high frequency components.

Surface waves were generated by a Q-switched Nd:YAG
laser providing pulses having a 24-ns duration and a 3-mJ o
energy. A beam expander and a cylindrical I¢iogal length . ‘ ' ' '
F=200 mm) were used to focus the beam onto a 6-mm- 0 20 48 60 80 kg 100
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FIG. 1. Duraluminum cylinder. Rayleigh wave phase veloci) (versus
3Electronic mail: dominique.clorennec@loa.espci.fr ka.
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Beam Cylindrical Sample laser-generated acoustic pulse spreads from 0.5 to 20 MHz,
lens which corresponds to ¥ka<520. For such higtka val-

_ ues, the asymptotic behavior of the dispersion curve can be
FIG. 2. Experimental setup. approximated by

(0=180°), the pulses for the clockwise and counterclock-  \/—y/ | 1+ °

. . . . : il 2
wise propagations merge into a single peak. The amplitude a
of the displacement is increased twofold. where & is a constant involving the wave numbecg

In order to explain this evolution, we have developed a—_y, andg,=kgy,, with
one-dimensional analytical calculation taking into account
. . . . . V2 1/2 V2 1/2

the dispersion effect. In a diametrical plane, the source is _[1_ R _ R
considered as a point. At a given anglethe mechanical 1 VE '

displacementi associated to the Rayleigh wave propagating -
in a clockwise direction is given by where V| and V; are the longitudinal and transverse bulk

wave velocities, respectively.

()

+ o0 . H . .
u(0,t)=AJ Q(w)delt-s(@adlgy,. o From the formula given in Ref. 9, we established that
- et T
s(w)=1N(w) is the Rayleigh wave slowness, which de- (xatx2)(ata ™) 2X1X2 (a=a ) =2xox:P
pends on the angular frequendfig. 1). Q(w)=1/(1 €= — —a D+a ,
+iw7)? is the spectrum of a normalized functioyft) rep- (a~xela=a D+ dxxah (4

resentative of the laser pulse shape=(0 ns). Figure 4 h
shows a good agreement between calculated and experimef{'€"®

tal signals. The theoretical angle for which the mechanical Vi 1+x\2
displacement is reversed is found to #je=90°. This calcu- S RV I 5
. . . . . T X2

lation shows that for short propagation distance, diffraction
effects can be neglected. and

In order to explain the origin of this displacement rever- V2 \/2

. I L~ VT

sal, we propose a physical model taking into account the g=-——>—. (6)
dispersion effect for larg&a values. The spectrum of the Vi

For duraluminum Y, =6340, V;=3140, and Vg
=2930 m/s), it was found that=1.99.

ol From Eq.(2), the slowness can be approximated by
3 45° 13(\
o €
€ J A S(0) =Sk~ @)
& 0 MJJ“ .J J/JJ,,J.JA.M,, LLL LLH ML I Wbl The phase lag of the Rayleigh wave
(_% o [rrrr'r(r(‘r rr w!\l‘u” ]1 111‘”1‘11\»w1,
o L I ¢=—wsal=prt+eb, (8
Q-1 ! I ‘ ) | is the sum of the phase lagr= — wsga# due to the propa-
ol . ‘ , . ‘ gation at the constant velocitygr and of an additional phase-
) 0 2 4 6 8 10 12 shift ¢,=¢6 due to the dispersion in the high-frequency

Time (us) range. For an anglé, such thatp,= 7, the mechanical dis-
placement is reversed. This valdg= w/e, equal to 90° for

FIG. 3. Rayleigh wave forms measured on a 25-mm-diameter duraluminunfiuraluminum, is independent of the cylinder radaisFor

cylinder versus the detection angldrom 5° to 180°. 0=45° and 135°, this model, based on the dispersive effect
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- 0.5 comes again negative at=270°. After many turns of propa-

€ 2 a) b) gation, the Rayleigh wave form undergoes another modifica-
?,-:7 tion due to the variation of the phase velocity in the low-
g 1 0 frequency range. In an experiment, the probe beam is placed
§ at the opposite of the sourc#€180°) and the Rayleigh

E 0 wave form is analyzed according to the number of tyFig.

) -

5). The time delay between the two successive pulses corre-
sponding to the first and fifth passages is approximately
Time (ps) Time (us) 107.4 us, which gives an average velocity of 2930 m/s close

FIG. 5. Rayleigh wave forms detected on a 25-mm-diameter duraluminu fo V. According to the dispersion curve in Fig. 1, low-

cylinder (probe positiond=180°); (a) first turn and(b) fifth turn. n}requency components propagate at a higher velocity than
high-frequency ones. This spreading of the pulse, which in-

creases with the propagation distance, mixes up with the pe-
for large ka, predicts, respectively, phase-shifts @2 and  [igdic reversal described earlier.
32, which induce a bipolar Rayleigh wave form. ~ Owing to its high temporal resolution, laser ultrasonic
The same experiment on a duraluminum cylinder of di-experiments are an approximate method to study the evolu-
ameter 12 mm shows a phase reversalffer90° that con-  tjon of surface acoustic waves propagating on a solid cylin-
firms the independence of, versus the cylinder radius. ger. |mportant modifications of the Rayleigh wave form ver-
However, for a cylinder of diameter 50 mm, the phase reversys the detection point have been observed for small angles.
sal occurs ap=70°. For such a large diameter, the diffrac- Resylts of a model based on the dispersion effect are in good
tion effects cannot be neglected. According to the diﬁractionagreemem with the experiments. The reversal of the SAW
model developed in Ref. 10 for a plane surface, the Rayleigrbmse has been explained by the role of the high-frequency

source, a Gaussian energy distribution of width #his con-

dition is fulfilled for x, =a#, =b?/VgA, whereA is the laser

pulse duration. The full length of the line source a &f the
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