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Laser-generated pseudo-Rayleigh acoustic wave propagating along
the edge of a thin plate

X. Jia® and D. Auribault
Groupe de Physique des Solides, Univéssiaris 7 et Paris 6, Tour 23, 2 place Jussieu,
75251 Paris Cedex 05, France

(Received 20 November 1995; accepted for publication 21 May )1996

A pseudo-Rayleigh wave traveling along the edge of a thin plate is excited by a pulsed laser and
detected by optical interferometry. The field confinement feature at the top of the plate edge is
investigated by means of acoustic dilatation measurement. A nearly dispersionless behavior and
little diffraction loss are observed during the guided mode propagation which agree with theoretical
prediction. The possibility of using this wave for viscosity sensing is also discussed.996
American Institute of Physic§S0021-897@6)01317-5

I. INTRODUCTION designing surface wave devices, detailed knowledge of the
propagation characteristics will be desirable. In this article

Since the last decade there is a growing interest in thgve report the investigation of the pseudo-Rayleigh wave

use of laser techniques for ultrasonic measurements such ggoperties using noncontact, pointlike, and wide-band laser

material characterization and transducer callbra]h%)ﬁ'he ultrasonic technique and discuss also the poss|b|||ty of vis-

noncontact and remote measurements offered by lasers aggsity sensing by this wave.

particularly useful in hostile environmen(s.g., hot, corro-

sive) and awkward geometries where conventional piezo-

electric transducers often fail to access. Without disturbing!- THEORETICAL ANALYSIS

the acoustic field under investigation, pulsed laser generation

Th do-Rayleigh ti I the ed
of ultrasound in conjunction with wideband optical detection © pssudoraylelgh wave propagating aiong he ecge

.of a thin plate(d<\ with \ the wavelength exhibits pre-

provides an ideal means for experimental studies of elas“ﬁominantly displacement components in the plate pbeoe

wave propagation. In addition to bulk waves, laser generaz - decays down from the edgfig. 1). Most approaches
tion is able to produce excellent surface and guided wav

. 0 _%Iescribing the behavior of this wave made use of the thin
forms since more than 60% energy of the photo""COUS“%I:&lte approximatiori=® These models took into account the
source is transferred into these waves.number of results

. lowest symmetrical Lamb mod&, and shear horizontal
relevant to Rayleigh and Lamb waves have been reported iNode SH of the plate which are the only propagating modes
the literatureé®* but few concerning guided waves propagat-

C | h | olarized in the plane of a plate at the low-frequency limit of
Ing In complex structures have appeared. In a recent Wor@terest(fd«l), below the cut-off frequencies of higher or-

wefhave made use tOf the Iasher uItrZsonliﬁ'ﬁ_;hnqu:Q 10 SUCGYer modes. The SHmnode being nondispersive is rigorously
surtace waves In a topographic wedge g € anlisym- 5 slice of shear plane wave, whereas the Lamb n8de in

metric flexural(ASF) modes traveling along the wedge tip general a combination of both longitudinal and shear waves

are of particular interest for signal processing such as noqé] the sagittal plane of a plate and behaves essentially as a
i

linear interactions because of its absence of diffraction an latational plate wave at the low frequencies or thin plate

its high concgntration of acoustic energy at the tip. Thanks tQmit. These two waves couple together at the top edge of a
the h|gh. spatial gnd temporal resoluﬂon oﬁergd by the 'Iase{ action-free plate in a way similar to the case of the longi-
ultrasonic technique, an anomalqus dispersion pehawor Qlidinal and shear bulk waves combined to form a Rayleigh
these mo_(iljes producedl zy. tfgﬁ mhere_nt tr;mcatlon of §ave at the surface of a semi-infinite substrate. By using a
wedge guide was reveaied In the experiments. two-dimensional concept available for thin plate approxima-
Another Interesting tppographlc wavegw_de concerns tr?"{"ion (d/A<1) in which field parameters are considered as
edge of a thin plate which supports a dominant SYmMetnq,itorm across the plate thickneSsne obtains the charac-

mode when the height of the plate from the.t(_)p.e_dge Is muc'ﬂeristic equation of the symmetrical pseudo-Rayleigh wave
greater in front of acoustic wavelengteemi-infinite plate along the free plate edge=0)

approximation.® As do the ASF wedge modes, this plate
edge modgpseudo-Rayleigh waydhat is also confined at [2—(V/Vg)?1?=4[1—(V/Vp)?]" 1 (VIVg)?]?=0, (1)

the top edge and free of lateral diffraction, is almost disperyhich is identical with the equation for the Rayleigh wave
sionles_s, making itself an ideal candidate for nondispers_iv%n the planar surface of a substrate except that the plate
delay lines. Until now. only measurements of wave velocity gijatational velocityVp replaces the bulk longitudinal veloc-
have been reported? In these experiments, the pseudo-jw v/ |n an aluminum plate with respective bulk wave ve-
Rayleigh waves were mainly excited by one piezoelectrigqjties V, =6210 m/s andVs=3120 m/s, the pseudo-
transducer and detected by another or an optical probe. 'ﬂayleigh wave velocity is calculated ¥g=2870 m/s which

is less than the Rayleigh wave valig=2910 m/s in a
dElectronic mail: jia@gps.jussieu.fr substrate. Obviously, this edge wave solution is nondisper-
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FIG. 1. Schematic diagram of the laser ultrasonic study of the pseudo-
Rayleigh wave travelling along the edge of a thin plate.

sive. When the frequency increases over a range between t|
zero limit and the cut-off of the first high-order mode, the
velocity of the Lamb modé&; is, however, known as being
frequency dependent. As a result, the velocity of the result:
ing pseudo-Rayleigh wave should be expected also to be
frequency dependent. ReplaciMy by the Lamb modes,
velocity in Eq.(1) gives the phase velocifigolid line) of the
pseudo-Rayleigh wave versdé\, (plate thickness to wave-
length with \y=V,/f, as illustrated in Fig. 2. The apparently
slight dispersion agrees with calculations using an effective
Poisson’s ratio for the materfabnd a microwave network

approach.

IIl. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Dispersion behavior of phase velocity

Topographic guides investigated in our experiments
were elastic plate edges made of aluminum or glass. The
thickness of these plates were 0.5 mm, much smaller than ttbe
typical wavelength of~3 mm, which allows the approximate
thin plate analysis to be applied. The dimensions of th%

X . . r
plates were large enough to avoid acoustic reflections. The

FIG. 3. Displacement waveforms detected at the edge surface of 0.5-mm-
thick aluminium plate.

ti“)e/pical wave form recorded at the edge of an aluminum
plate is shown in Fig. 3. The arrival time of the signal cor-
responds to a mean velocity of 2750 m/s. In order to quantify
the velocity dispersion of pulsed plate edge modes, a phase
analysis method was utilizéd.If ¢;=¢y(x,,f) and

b= do(X,,f ) are assumed as the phase spectra of Fourier
transforms of the signals detectedxatandx,, respectively,

the phase velocity is given by(f )=2nfAx/A¢ where
AX=X,—X; and A¢=¢,— ;. Figure 2 illustrates experi-
mental phase velocities for the pseudo-Rayleigh wave versus
d/\q. The result demonstrates that the pseudo-Rayleigh wave
exhibits very little dispersion over a wide frequency range.
The deviation between theory and experiment at high fre-
guencies, in particular, is likely due to the behavior of the
Lamb modeS, whose fields are not uniform across the plate
thickness when the frequency is increased. In this range, the
thin plate approximation is no longer adequate and second-
order equations involving additional high-order modes shall
e taken into account to describe edge wave propagHtion.
Nevertheless, the almost nondispersive feature over a wide
equency range together with the good lateral confinement
offered by the guide makes the pseudo-Rayleigh wave very

YAG laser used for acoustic excitation emits an optical pulseSuitable for lona delav applications. Fiqure 4 presents the
of 5 mJ energy and of 6 ns duration and is focused into a 9 y app -9 P
spot of 0.2 mm on the edges of plates. The resulting power

density induces slight material ablation, creating essentially a

stress normal to the edge surface. Normal displacements as- Ih’},?&/ FROBE
sociated with excited plate edge waves were then detected by
a wideband optical heterodyne interferometgig. 1). \\’ JoLLow.
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FIG. 2. Phase velocity dispersion of the pseudo-Rayleigh wave vs the prod=IG. 4. Repeated circuminavation of the pseudo-Rayleigh wave along the
uct d/\y. Theoretical curve and experimental data. edge of a 0.5-mm-thick and 20-mm-diam aluminium hollow cylinder.
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(2) FIG. 6. Comparison between theoretical and experimental dilatation decay
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and Jb) display measured dilatations 2&0.1 and 0.6 mm
away from the edge top of a glass plate, respectively. The
dilatation decay versus\, (depth/wavelengthin Fig. 6 de-

"2 7 duced from the magnitude ratio of fast Fourier transforms
- 1 (FFT) shows a strong field confinement of the pseudo-
-4 : ' ' ' Rayleigh wave at the plate edge, agreeing well with the theo-
retical calculation. Such a direct visualization of field con-
finement may also be helpful for determining the portion of
energy contained in the guide and choosing appropriately the

FIG. 5. Dilatation wave forms detected away from the top edge of a 0.5Structure parameters of a topographic rectangular ﬁdge.
mm-thick glass plate at depths p¥(a) 0.1 mm and(b) 0.6 mm.

Dilatation (a.u.)

Time (ps)
(b)

C. Wave interaction with viscous materials
circumnavigation of pseudo-Rayleigh waves along the edge An attempt was also made to consider the plate edge

of a 0.5-mm-thick and 20-mm-diam hollow cylinder. No no- - . . : s
. . . wave for use in viscosity sensing. When a viscous material is
ticeable deformation of pseudo-Rayleigh mode wave forms

is observed upon several round trips, which confirms thé)resent on th_e plate surfa_ce c!ose fo the top of edge, the
above discussion. pseudo-Rayleigh wave having displacement components par-

allel to the plate plane couple viscously to the material, caus-
ing shear motion of the latter in a layer adjacent to the plate
surface and thereby dissipating wave energy. Therefore, the
The field confinement away from the top edge is anothepropagation loss of the edge mode depends strongly upon the
important property for an acoustic waveguide in addition tomaterial viscosity. Figure (@ shows a typical temporal
dispersion behavior. As mentioned above, the pseudowave form when the edge guide is in contact with a viscous
Rayleigh wave has components of displacement parallel tlm (e.g., an adhesive tapeA high attenuation of the plate
the plate plane. A conventional optical interferometer sensiedge mode caused by viscous coupling is observed, and the
tive only to the normal component of displacentéiig thus  following low-frequency fluctuation is likely associated with
not able to detect this wave on plate surfaces. In order tbamb modes. Furthermore, unlike Rayleigh wave or Lamb
measure the field confinement of the pseudo-Rayleigh waveaves used in conventional sensor devitethe pseudo
from the top edge, we have made use of an optical interferoRayleigh wave by its in-plane polarization is free of the en-
metric method developed by the authdt$? This method, —ergy dissipation resulting from compressional wave radiation
based on interferometric measurement of the induced phasd therefore has a low attenuation when immersed in lig-
shift of a laser beam crossing an acoustic beig. 1), uids [Fig. 7(b)]. This feature should permit low-loss opera-
permits two-dimensional measurements of the acoustic dilation of an immersed sensor, often required in chemical and
tation associated with guided waves polarized in the plandiological sensindg® In comparison with a viscosity sensor
perpendicular to the laser beam. Unlike previous studies, thetilizing SH plate modes] the plate edge mode is free of
in-plane acoustic dilatatior§,+S,,) in a thin plate induces lateral diffraction and tightly confined at the top of the guide,
additionally a non-negligible componesy, parallel to the providing probably a higher sensitivity. It shall also be pos-
laser beant® Nevertheless, a detailed calculatibrshows sible to excite and receive the plate edge wave, as in most
that the phase shift of the laser beam can still be reduced @pplications of surface acoustic waveSAW) sensors, by
the in-plane dilatation if a correction tera=—N/(A+u) is  developed piezoelectric techniques such as point contact
included, tran:zgiuce?,o'21 surface wave wedgecoated piezoelectric
film,““ and interdigital electrodes if the waveguide is made of
A¢=[Purt (1+20)P1al(Soct Sz, @ piezoelectric mat%riaﬂ? Further study of potgntial viscosity
wherep,; andp;, are the photoelastic constants. Figuf@)5 sensors employing plate edge mode is in progress.

B. Dilatation field confinement
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the theoretical predictions. Preliminary results relevant to

viscosity sensing via the plate edge mode show interesting
2 L 1 potentials for future works.
g L i
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