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This paper presents direct field measurements of acoustic modes guided by the interface between
two transparent solids. The measurement technique is based on the acousto-optical interaction inside
the solid between the acoustic field and the probe laser beam of an interferometer. The main
advantage of the method is its ability to measure acoustic strain fields in areas of difficult access
with the classic detection methods. Moreover, it gives complete information about the dilatation
strain field inside the solid, e.g., amplitude and phase. The propagation of a real velocity mode
(Stoneley wavgis first illustrated. Then the situation of complex velocity modes is investigated for

a Plexiglas—fused quartz slip interface. This material combination supports two possible interface
modes theoretically. These modes are simultaneously observed and the differences between their
behavior are measured. @997 Acoustical Society of Amerid&80001-496607)02006-1

PACS numbers: 43.35.Sx, 43.35.YHEB]

INTRODUCTION measurement of the dilatation induced by a guided acoustic
wave propagating inside a transparent solid. The main ad-

Characterization of elastic properties of interfaces beyantage of the method is its ability to measure acoustic strain
tween solid media is a subject of fundamental interest iffields in areas uneasy to probe with the classic detection
such fields as nondestructive testig geophysics.Acous-  methods. Moreover, it gives complete information on the

tic bulk waves, e.g., longitudinal or transverse waves, argjjjatation strain field inside the solid, e.g., amplitude and
sensitive to discontinuities that are characteristic of bo“‘bhase.

failures. Several methoti$have been developed in order to In the context of interface waves studies, direct measure-

obtain information on interface qualities from transmissionment of the acoustic field close to the interface is of primary
or reflection measurements of these acoustic bulk waves bifiarest Measuring directly the inhomogeneity of the dilata-
these methods are hardly sensitive to fine details of Interfacf?on strain field gives a straightforward determination of the

properties. On the other hand, acoustic guided modes Aifiterface wave nature and it is the aim of this paper to

confined in the interface regidfiand their propagation prc7)p- present direct measurements of different kinds of interface

erties are much more influenced by interface characterlstlcs\.N(,jweS using the interferometric detection method. Specifi-

Even so, only limited results of direct measurements of these . . .
cally, the simultaneous propagation of two leaky interface

guided waves have been obtained because of the difficulties : o .
. . Wwaves is presented. To our knowledge, this situation, which
associated to the interface access. As a matter of fact, most . : .
. . was predicted by Pilaftin a study of the complex roots of

of these experimental works are phase velocity measure: . s - .
. ) . : the solid—solid interface characteristic equation, has never

ments using classic piezoelectric transducers. Lee and N experimentallv observed
Corbly? presented measurements of Stoneley waves and ali)-ee experimentally observed.

tenuated interface waves velocities in the aim of interface I.n the f|r§t part of the paper, principles of the mter.fero—
inspection metric detection method are presented and the experimental

An alternative to the classic piezoelectric transducersetuP is shown. In the second part the classical characteristic
methods is the detection of interface waves by optical mean£duation roots problem for an interface between two solids is
Claus and Palmérshowed that optical detection methods briefly presented and the nature of different interface modes
could give more information than classical measurementé? illustrated. The third part contains experimental results ob-
they detected the normal displacement of the interface aniined with the interferometric detection method. First, direct

measured the Stoneley wavelength at a nickel—Pyrex intefneasurements of the “Stoneley” wauge., an interface
face. wave propagating without loss along the interfacee

Recent developments in optical interferometers dedishown for two different boundary conditions and two com-
cated to ultrasonic measurements made possible new typg#iations of materials. Then the case of the simultaneous
of measurements. Recently, Baall! described a method propagation of two leaky interface waves is presented. Ve-
based on the acousto-optic interaction which permits a locdbcities, attenuation, and field inhomogeneity are measured

for both of them. The characteristics of these two interface
dPresent address: Welding Engineering Institute, Ohio State University, 196“00'65 are compared with the theoretical predictions and the
W. 19th Avenue, Columbus, OH 43210. physical difference between these two modes is discussed.
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FIG. 2. Schematic diagram of the dilatation strain measurement with a

L . ) Mach-Zender interferometer.
FIG. 1. Geometry of the acousto-optical interaction used for the interfero-

metric detection method.

This optical phase shift can be measured using a Mach—
Zender interferometéf The light coming from a He—Ne
laser is divided into two bean{&ig. 2). The reference beam
goes directly to a photodiode, whereas the probe beam,

The optical detection technique used to investigate intershifted in frequency by a Bragg celf{=70 MHz), crosses
face waves is based on an interferometric measurement &f€ acoustic beam back and forth and interferes with the
the dilatation induced by an acoustic guided wave propagaf€ference beam on a photodiode. The phase shifis de-
ing inside transparent materials. Like most of the acoustomodulated from the photocurrent by a broadband electronic
optical detection techniques, this measurement is limited t®rocessing used in acoustic displacement measurer’r?gnts.
two-dimensional2-D) acoustic field probing. This technique Finally, the signal at the output of the interferometer is a
has been applied first to Rayleigh wave detedfiand to time signal, proportional to the acoustic dilatation strain,
Lamb wave-field measurements inside transparent ptates.containing both amplitude and phase information. A sensi-
This section presents the principles of the detection methodivity of 1 mV for a 10-7 strain is obtained inside fused
A more complete analysis of the acousto-optic interactiorfluartz. . _ .
involved in this technique has been presented in a previous ' Ne quantity measureds(+S;) is analog to the relative
papertt dilatation AV/V inside the solid and will be noted underbar

When an acoustic wave propagates inside an isotropié- It can be expressed for harmonic acoustic waves as
transparent solid of optical index= €2, the solid becomes A=(S,+S,)=div u=k2¢, 3
optically birefringent and a light beam crossing the acoustic ) _ )
wave orthogonally undergoes a phase shift. Let us consider §nereu is the particle displacement vectérihe wave num-
guided acoustic wave with its displacement components if?€f» @ndé the longitudinal potential.
the sagittal plan©, x1,x.), defined by its strain tens@ The experimental setgp is shown in Fig. 3. The samples
as shown in Fig. 1. As a result of the acoustic pertubation®'® placed between the interferometer and a steady mirror.
the solid medium becomes optically anisotropic. The correThe laser beam orthogonally crosses back and forth the

I. OPTICAL DETECTION TECHNIQUE AND
EXPERIMENTAL SETUP

sponding changes for the dielectric tensortate transpare'nt. materials to the gcogstic beam 'and.the optical
phase shift induced by the optical index variations is detected
Ae;=A(n%);;=— €pijuSui, (1) by the interferometer. The corresponding electrical signal is

wheren is the optical index of the medium amgl,, are the

photoelastic constants of the material. The effect of the op-

tical index variations on a beam crossing the solid medium Wedge transducer R

are twofold: the transmitted light exhibits polarization and s
phase changés.For a laser beam much narrower than the : ; ‘ﬂu%
acoustic wavelength, crossing an acoustic beam orthogonally | (&= sawy 7 Interface Wave
propagating in thexs direction, the variation of the optical Transparent medium /v

index induces a phase shif:!

5 @ LEEEbus
S¢=—n" o= (PutP2)(S+S), )

[ Interferometer

Probe laser beam

wherew is the optical frequency the velocity of the light in
the material, andl the lateral dimensiofmeasured alongs;) _ '
of the acoustic beam and where the photoelastic constanf%G' 3. Experlrr_]ental setup used to generat_e and detect |_nterface waves: The

. . . . interface wave is generated by the conversion of a Rayleigh wave. The laser
and strains are written using the usual reduced matrix Notaseam coming from the interferometer is crossing perpendicularly the trans-

tion. parent material.
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ui(x,=0%)=uy(x,=07),
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Medium 1 (Ap,uy,pp)
| + -
Uy(X,=0")=u,(x,=07),
: N 2( 2 ) 2( 2 ) (6)
ol i ToaXa=0")=Tplx,=0"),

_} T1a(X=0")=TyAx,=0").
X2 .

: Mediom 2 (2h202) In each case, writing the four boundary conditions as a func-
\_ v

tion of the potentials leads to a system of four linear equa-
tions with nontrivial solutions when its determinant is equal
to zero.

The existence domain of a lossless interface maee,
collected at the output of the interferometer and sampled o# real rootk,, of the characteristic equations corresponding
a digital oscilloscope. Signal processing and representation & the so-called Stoneley wavbhas been studied by several
done on the sampled signal. By moving the sample in fronguthors. Scholfefirst showed that only a narrow range of
of the interferometer, scans in tlxg or x, direction can be Mmaterial combinations support such interface waves in the
done allowing velocity and attenuation measurements in théase of bonded boundary conditions. Mirsfowed that this
propagation direction as well as amplitude measurement ifange was larger in the case of slip boundary conditions.
the direction normal to the interface. When the characteristic equation admits only complex
values ofk, as solutions, Pilaff showed that, depending on
the materials combination, two roots corresponding to leaky
interface waves, i.e., roots with small imaginary parts, exist.
He showed numerically that when the shear modulus of one

In this section, we present briefly the solid—solid inter-Of the material tends to zer@luid—solid interfacg one of
face problem. The Cartesian system used in this descriptioff€S€_solutions approaches asymptotically the generalized
is shown in Fig. 4. The subscript 1 is dedicated to the uppeR@Yéigh wave. Under the same conditions, the other solu-
medium and subscript 2 to the lower medium. The material{ion approaches the Scholte—Stoneley wave. By extension,
are defined by their Lameonstants and densities; , 1, he called the first mode the Raylglgh wave, and the _second
pp and\,, wa, po, respectively. In this system, the solu- the Interface wave. Moreover, Pilant studied the existence

tions of the equation of linear elasticity in each material carlomain for these two interface waves in function of the ma-
be written in terms of the longitudingh and sheat¥’ poten- terials elastic constant in the case of bonded boundary con-

FIG. 4. Coordinate system for interface waves propagation.

II. INTERFACE WAVE PROPAGATION

tials in each medium, ditions and fourld a range of material where both the Inter-
face and Rayleigh waves can propagate. To our knowledge,
d=A, exp(ik'zlz)exp(i(kxx—wt)), the simultaneous propagation of these two modes has never

been experimentally confirmed.
These three interface waves, Stoneley wave, Rayleigh
(4) Wwave, and Interface wave, have different field inhomogene-
ities which can be determined from the calculation of the
potentials or the displacement fields in each material. The
description of these interface modes in terms of a combina-
v,=B, exp(—iktzzz)exp(i(kxx—wt)), tion of inhomogeneous waves is also another way to deter-
mine these mode’s inhomogeneitiésHowever, these two
h_ t_ e s - ¢
where k= \/kﬁ—kxz and k)= W/kfi—kx2 with i=1,2, and methods show the physical differences between these inter-
where kX is the wave vector of the gu|ded wave a|0ng theface modes. As an example, the variation of the pOtentialS in

interface, andk, , k, are the longitudinal and shear wave the direction perpendicular to the interface in each material is
number in the rlnedilun(i). illustrated in Fig. 5 for the three interface waves. For the

Two different sets of boundary conditions corresponding>toneley wave, maximum amplitude for each potential is lo-

to experimental situations are chosen. The first ones are tHfét€d near the interface. The two other modes are differentin
slip boundary conditions, i.e., continuity of normal displace-nat”re because at least one potential increases with increas-

ment, continuity of normal strain, and cancellation of trans-Ng distance to the interface, i.e., part of the energy reradiates

v,=B, exp(iktzlz)exp(i (kyX— wt)),

D,=A, exp —ik2z)exp(i (kx— wt)),

verse stress: in one medium. Moreover, the radiation mechanism is not
the same for these two modes. In the case of the Rayleigh
Us(X,=07)=U,(X,=07), wave, both longitudinal and shear potential amplitudes in-
crease with the distance to the interface in one medium,
Too(X,=01)=Tu(x,=07), (5)  whereas for the Interface mode the longitudinal potential is
confined at the interface.
Ti(X,=07)=0, Tyx(x,=07)=0. In practice, one of the difficulties when dealing with

interface wave measurements is to clearly identify the mea-
The second set describes the classic “bonded” conditionssured interface modes among the 16 roots of the character-
i.e., continuity of both displacements and stresses: istic equation. Comparison between the measured and calcu-
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FIG. 5. Variation of the longitudinal®) and shearfV) potentials with the
distance to the interface for the three interface waves involved: The Stonel

wave, the Interface wave, and the pseudo-Rayleigh wafter Pilanj.

lated velocities is the only way to achieve this identification
with the classic piezoelectric detection techniques. The mai
feature of the interferometric detection method is its ability
to measure the dilatation strain field, related to the longitu
dinal potential, in the materials as long as they are transpal
ent. It gives the opportunity to measure in a simple way theases.
field inhomogeneities of these interface modes. This infor-
mation can be helpful in order to identify and characteriz

each mode as illustrated in the following section.

e

smaller than all the acoustic wavelengths. In the case of
bonded contact, a film of glu@vith a thickness estimated to

10 um) is set in between the materials. The interface waves
were generated using the conversion of a surface WRag-

leigh wave at the solid—solid interface. The Rayleigh wave
is generated using the classic wedge technique, as shown in
Fig. 2. Broadband pulses wita 1 MHz central frequency are
used to generate the surface wave.

A. Direct Stoneley wave measurement

The characteristics of the detection technique are first

medium 1 P illustrated in the case of a tungsten—fused quartz interface
s ® which supports a Stoneley wave for both bonded and slip
// boundary conditions. Because tungsten is a nontransparent
o o . . material, the strgin field mgasqrements are only posgible on
ormaized //” Nomlized one side of the interface, i.e., inside fused quartz. F|gl_1re 6
PR e shows two records of the Stoneley wave taken at two differ-
edinm 2 . ent depths from the interface in the case of a bonded and a
v medium 2 . . . . . . . .
> X slip interface. The dilatation strain field confinement inside

fused quartz is clearly seen in both cases.

By scanning the field in the direction parallel to the in-
eg;arface, velocity and attenuation measurements can be
achieved. The measured velocities are X18° (+30) m/s
for the slip interface and 2.8610° (+=30) m/s in the case of
the bonded interface, in good agreement with the theoretical

nes, respectively, 2.3810° m/s and 2.8% 10°> m/s. In or-

er to make sure that no attenuation occurs during the propa-
gation, the spectra of two pulses are displayed on the same
Igraph (Fig. 7). No evidence of attenuation is seen in both

In order to scan the dilatation strain field on each side of
the interface, a Stoneley wave is generated along a fused
quartz—fused quartz slip interface. Figure 8 shows four time
signals corresponding to a scan in the direction perpendicular
to the interface. Only one mode is observed and this mode is

lll. DIRECT MEASUREMENT OF INTERFACE WAVES clearly confined at the interface. The dilatation field presents

am phase shift on each side of the interface due to the flex-

with the interferometric detection method. Three differentu.ral gharacterlstlcs of t_he boundary motion. A scan in the

combinations of materials are selected. In order to detect thg)rectlon parallel to the interface shows that the pulse propa-
Stoneley wave, the tungsten—fused quabanded and slip gates without measurable attenuation along a distance of 10
boundary conditionsand the fused quartz—fused qualkip cm. By measuring the time of flight, a velocity of 3.34

boundary conditionscombinations were selected. The casel>< 1.03 (;:?;10) gts IIS observeg,scélfgge tc/) the theoretical ve-
of leaky interface waves is investigated for the fused quartz—OCIty of the Stoneley wave (3. mis). : L
To measure quantitatively the decays in #edirection

Plexiglas slip interface. The acoustical parameters of thefth_ g thod based on the Fouri iral vsi
three materials involved in these combinations are given if! this mode, a method based on the Fourier spectral analysis
Table I. of two records corresponding to two different depths is per-

The slip contact was achieved by setting a thin layer Ogormgd. In the case of a mhomoggneous plane wave, the
water in between the optically polished materials. The thick-_ourier transform of a .d|latat|on strain pulse can be written
ness of the layer, estimated to 1—dn for water is far without loss of generality

This section presents the experimental results obtaine

A(X1,X%2,K)=A(K)f(x7)exp — Bkxy). (7)

TABLE |. Elastic characteristics of the different materials used in the ex-
periments.

The termA(K) is characteristic to the generation of the

Longitudinal Transverse ' pulse andf(x;) to the propagation. Figure(& shows two
velocity velocity Density spectra of time signals corresponding to two measurements
(mi9 (mls kg/m® '
of the same pulse measured at constgnbut for two dif-
Fused quartz 5960 3760 2200 ferentx, in the medium 1. The ratio of these two spectra is
Tungsten 5220 2890 19 300
Plexiglas 2680 1100 1800

exp(— Bk(Xz—X2)), ®
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FIG. 6. Time signals corresponding to a scan inzfurection inside fused quartz for the tungtsen—fused quartz for the bonded interface and the slip interface

cases.

where x, and x, are the two absolute positions of the
records. The same procedure can be applied in the oth

mediu

Figure 9b) shows a plot of the measured decay on one
side of the interface represented as a function of the fre

FIG. 7. Spectra of two time signals of a Stoneley wave at the tungsten—
fused quartz interface recorded at the same depth and for two positions

m.
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Relative Amplitude

02 . between these two modes using the interferometric detection
method.
0 ¢ ; ¢ ¢ . y + Figure 10 shows three time signals corresponding to a
0 0:5 ! LS 2 scan in the direction of propagation taken in the lower me-
Frequency (MHz) dium, i.e., fused quartz. The first signal is taken just after the
FIG. 9. Spectra of the time signals recorded for two different def@hand conversm_)n of the initial Raylelgh Wa\./e' Then durmg .the
their ratio (b) showing the Stoneley wave decay in tkg direction as a propagation, two mOdeS_ 'propagatlng with different VeIOCIIIE§
function of frequency. The dashed line (b) shows the calculated dilata- are clearly seen. In addition, these two modes propagate with
tional strain for the corresponding experimental conditions. different losses.

In order to characterize these two modes, the compari-
quency. The measurements are in good agreement with {Ren betwee_n their ve_Iocitie_s, attenuations, and field c_o_nfine-
predicted inhomogeneity of the Stoneley wave for this mateMent at the interface is achieved. The measured velocities are
rial combination. 3.50x 10° m/s for the faster mode and 2xac m/s for the

slower mode. The first mode propagates with a velocity
closed to the Rayleigh velocity in fused quartz (3.36
] ) x 10° m/s), the second propagates with a velocity close to
B. Direct measurement of leaky interface wave the longitudinal velocity in Plexiglas (2.6810° m/s). These
The case of a Plexiglas—fused quartz slip interface hagelocities are close to the ones deduced from the real part of
been investigated. This combination of material supports d¢he two solutions(9) which are 3.4&10° m/s and 2.71
not support a Stoneley wave. If a interface wave propagatess 10° m/s.
it should be either an interface wave or a Rayleigh wave as In order to measure attenuation along the direction of
described previously. As a matter of fact, a numerical invespropagation, the principle of the procedure previously de-
tigation of the characteristic equation shows the existence dgfcribed for the inhomogeneity in the direction normal to the
two complex roots corresponding to interface waves whictinterface is applied, but the spectrum analysis is achieved for

can be excited: each pulse measured at constaptind two differentx; .
. . The corresponding losses for each modes are plotted as a
kx=(1.079+10.080k; ;.. (9)  function of the adimensional quantityx/\,, where,, is
k,=(1.350+i0.003 ktmsed s the shear wavelength in fused qualfezg. 11). They are also

compared to the losses deduced from the imaginary parts of
where ki i ., 1S the shear wave number inside fusedthe two solutiong9). The attenuation due to the leakage into
quartz. This material combination supports the simultaneouthe Plexiglas is higher for the first mode so that the second
propagation of a Rayleigh wavdirst root in (9)] and an mode is seen on a longer distance along the interface.
interface wave and the aim of this part is to illustrate this Finally, the amplitudes in thex, direction of these
special situation and to characterize the physical differencenodes in each medium are determined from the experimen-
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FIG. 11. Respective attenuation along the interface of each mode deducdticular to the interface for the interface mode as a function normalized by
from the spectra in function of distance normalized by the shear wavelengtthe shear wavelength in fused quartz. The continuous lines are deduced from
in fused quartz. The continuous lines are deduced from the imaginary partéie wave vector solution of the characteristic equation.

of the wave vectors solutions of the characteristic equation.

IV. CONCLUSION

tal data. They are represented in Fig. 12 for the first mode  DIFéCt measurements of several interface waves propa-

and in Fig. 13 for the second mode. The experimental datgating 3'9“9 a solid—solid _interface_by optical means have
are compared to the theoretical inhomogeneities deduc en achieved. The detection technique, already used to de-

from the calculation of the dilatation strain field. Both modesteCt Rayleigh and Lamb waves, is based on the interferomet-

are confined inside fused quartz and the physical differencC detection of the optical phase shift of a laser beam in-
appears when considering the field inhomogeneities insidguc_:ed by the crossing of.an acoustical Q|Iatat|on strain field
Plexiglas. The leakage of the first mode’s longitudinal poteniNSide @ transparent .rr;]edlulm. Th? classm.cascfa of ahStoneIey
tial (proportional to the strain dilatatiofis clearly seen: The Wave propagating without loss along an interface has been
amplitude in Plexiglas is higher with the distance to the in-lllustrated. Velocity and confinement at the interface are de-
terface. This mode corresponds with the solution called Rayle'Mined from the scans in both normal and parallel direc-

leigh wave by Pilant. On the other hand, the second mode’tions to the interface. When the combination of materials
longitudinal potential is slightly confined at the interface. does not support pure real celerity modes, one or two modes

This mode is analog to the solution called Interface wave b ropagates with loss along the interface. These two modes

Pilant. The interface wave reradiates only in PIexigIaseXiSt simultaneously in the case of the combination fused

through the shear part of the potentials. Finally the d"atatiorguartz—PlexE]Iasf. This S'tu"’}t'oﬂ has befen experimentally il-
strain measurements permit identification without ambiguityUStratéd. The features of the interferometric detection

of the two solutions described by Pilant, the Rayleigh waven€thod have allowed a complete and straightforward char-
%ctenzatlon of these two modes. It gives access to more than

and the Interface wave, simultaneously detected for thes] " >

material combinations just the velocities of the waves but also to their field inho-
mogeneities. These experimental results show the ability of
this new optical detection method to characterize interface

wave propagation because it leads to direct and quantitative

1.6 T T T . . . g L
. T Plexiglas Fused Quartz measuremeints of the dilatational strain field inside transpar-
£ -\\ ent materials.
B12 e q
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