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Surface response of a fluid-loaded solid to impulsive line and point forces:
Application to scanning acoustic microscopy
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Algorithms are presented for calculating the two- and three-dimensional time domain dynamic Green’s
functions of a pair of joined semi-infinite anisotropic elastic continua. They are used to calculate the normal
surface displacement response of fluid-loaded solids to impulsive line and point forces. Particular attention is
given to the resonant and singular features in the response associated with the Stoneley-Scholte interfacial
wave, leaky Rayleigh and pseudosurface acoustic waves, and lateral waves, i.e., surface skimming bulk waves
of the solid and of the liquid. The various regimes are explored, in which the fluid sound speed and acoustic
impedance range from small to large as compared to those of the solid. The effects of elastic anisotropy of the
solid are illustrated with results for a carbon fiber composite and for the principal crystallographic cuts of a
number of cubic crystals of anisotropy coefficienth52C44/(C112C12) greater and less than unity. Calculated
images, representing the dependence of the normal displacement response on time and direction, are in good
agreement with published acoustic microscopy images of a number of anisotropic solids that have been
measured with a configuration of two line focus or two point focus lenses. These images display prominent
features due to leaky Rayleigh and pseudosurface waves, as well as sharper lateral wave structures. The mode
of excitation and detection does not, however, couple into the water lateral wave and Sholte wave, which are
absent from the measured images. This effect is simulated by setting a finite cutoff, determined by the aperture
angles of the lenses, to the spatial Fourier transform of the surface Green’s function.@S0163-1829~98!06327-9#
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I. INTRODUCTION

The dynamics of the fluid-solid interface is a subject th
cuts across many fields, including materials characteriza
and nondestructive testing, condensed matter physics, p
cal and ocean acoustics, continuum mechanisms, and
mology. There is extensive literature on the subject, go
back more than a century, and it is given prominent cover
in numerous books~see, e.g., Refs. 1–4!. A multitude of
different physical phenomena have been investigated, inc
ing the reflection and transmission of plane waves, reflec
of bounded beams and the Schoch wave phenomenon,5 Ray-
leigh surface waves and their attenuation through leakag
energy into the fluid,6 transient waves and waves genera
by line and point sources,7 and attendant effects includin
the Stoneley-Scholte interfacial wave,8–11 head waves and
lateral waves,12 the vibration of fluid loaded plates,13 and the
influence of prestress14 and viscoelasticity on Scholt
waves.15

The dynamics of the liquid-solid interface play a cent
role in acoustic microscopy, in the interpretation of both f
quency and time domain phenomena.16 Recently, an applica-
tion has been found for the surface dynamical response f
tions of liquid-loaded anisotropic solids17 in the
interpretation of a series of experiments conducted by Vi
and co-workers,18–22 in which they use a configuration o
two line focus or two point focus acoustic lenses to study
surface dynamics of crystals and other anisotropic solids.
rotating the solid about its surface normal, they obtain inf
PRB 580163-1829/98/58~3!/1601~12!/$15.00
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mation pertaining to wave propagation in different directio
along the liquid loaded surface or, more to the point as
argue in this paper, the dynamic response to impulsive
or point forces acting normally on the water-loaded surfa
Their technique complements conventional acoustic micr
copy using a single line focus lens, which has proved to be
great value in the study of the surface dynamics of ani
tropic solids.

The measurements of Vines and co-workers using
focus lenses reveal information about the two-dimensio
response of a surface since coherent excitation and dete
take place along parallel lines in the surface, in the direct
of which there is translational invariance. This fixes the
rection of theki’s that can be excited. Hsuet al.23 and Li and
Achenbach24 have carried out time-resolved measureme
with a single line focus lens in negative defocus and
results they obtain, apart from the specularly reflected a
wave, are similar to the line focus measurements of Vin
and co-workers. This is to be expected, since in effect th
are two physically separated regions on opposite sides o
lens axis, where excitation and sensing takes place.

The measurements of Vines and co-workers with po
focus lenses, by contrast, probe the three-dimensional
namic response of the surface. Acoustic microscopy emp
ing a single point focus lens has also been used to st
anisotropic solids, but the physical interpretation of the
sults is complicated by the fact that propagation in ma
directions in the surface is folded into the recorded signa25

and beating effects can arise from interference between
face and pseudosurface wave contributions.26

The acoustic microscopy techniques of Vines a
1601 © 1998 The American Physical Society
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co-workers18–20 and Hsuet al.23 provide useful approache
to the surface characterization of anisotropic materials.
vious areas of application are the determination of~constant
or spatially varying! near surface elastic constants and
detection of surface flaws. The realization of this potential
however, contingent on the availability of satisfactory me
ods for calculating the signals. Hsuet al.23 have reported tha
a Green’s function method is able to account for their l
focus measurements and Li and Achenbach24 have used a
reflection function analysis to obtain the elastic constants
anisotropic solids from time resolved measurements wit
single line focus lens. As regards the point focus images
Vines and co-workers,18,19,22only a partial account was pro
vided by the originators of this technique in terms of surfa
wave group velocity curves.19,21 In a recent paper, Every
Maznev, and Briggs17 have pointed out that a Green’s fun
tion approach is able to provide a fuller account of the
measured images.

In this paper we argue that in the pulsed mode exp
ments of Vines and co-workers,18–20 the line or point focus
source transducer gives rise to a concentrated line or p
force of short duration normal to the surface of the solid a
by reciprocity the receiver transducer measures the nor
displacement at its focal line/point elsewhere on the surf
at a later timet. The measured signal might therefore
expected to mimic the two- and three-dimensional~2D/3D!
elastodynamic Green’s functionsG33(xi ,t) for the fluid
loaded surface of the solid@the subscripts ofG refer to nor-
mal force and displacement in thex3 direction, while xi

5(x1 ,x2) is the position vector in the surface of the sens
point relative to the excitation point#. Our calculated Green’s
functions, represented as images spanning time and dire
in the surface, conform well to measurement. Because of
finite aperture angleu of the two lenses, the spatial Fourie
transforms of the forcing and sensing areas have a finite
off at a slownesss5k/v5v21sinu, wherev'1500 m/s is
the speed of sound in water, and only modes with surf
slownesses less than this are excited and observed with
technique. There are other methods of excitation~laser ther-
moacoustic, laser induced vaporization,9 the use of interdigi-
tal transducers10 and capillary fracture, etc.! and detection
~optical interferometry or beam deflection, contact capacit
or piezoelectric transducers, etc.! that in principal permit or
in some cases have already led to the observation of
Scholte interfacial wave whose slowness exceedsv21. Our
calculations without cutoff are applicable in this case.

The solids that are studied by means of acoustic mic
copy and related techniques vary widely in their acous
properties, as do the coupling liquids that can be employ
While many solids have sound velocities and acoustic
pedances significantly greater than the coupling liquid~most
commonly it is water that is used!, there are some combina
tions that are comparable in velocity and acoustic impeda
~e.g., carbon fiber epoxy composites and water! and some
combinations in which one or more of the solids velocities
less than that of the liquid~e.g., polyethylene or polystyren
and water!. Many of the materials that are studied are el
tically anisotropic. The consequence of this is that there
wealth of different types of behavior to be observed. O
aim of this paper is to explore, through a broad range
examples, the different regimes of behavior possible wit
b-
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the parameter space defined by the relative velocities
acoustic impedances of the solid and coupling fluid and a
to point out some of the consequences of elastic anisotr
of the solid. We accomplish the latter by presenting gra
scale images for a number of materials and crystallograp
orientations, in which the axes span time and direction in
surface and the displacement response is represented b
brightness. In many cases the examples are chosen for c
parison with published experimental images.

II. METHOD OF CALCULATION

We describe here algorithms for calculating the time d
main displacement response of two joined linear elastic
anisotropic halfspaces to impulsive line and point forces a
ing at their interface. These algorithms are generalization
methods for calculating the response functions of a sin
anisotropic halfspace that have been reported elsewhere27,28

They are adapted for application to the water-loaded s
surface by the simple expedient of taking the second med
to be isotropic and letting its shear modulus tend to ze
Liquid viscosity and solid viscoelasticity is not considered

We consider a general anisotropic elastic continuum
densityr1 and elastic modulus tensorCi jkl

1 occupying the
half spacex3.0 and joined to a second continuum of de
sity r2 and elastic modulusCi jkl

2 occupying the half space
x3,0. The time-dependent displacement response to an
pulsive line force acting along thex2 axis and to a point
force acting at the origin are treated respectively in the n
two subsections.

A. Line force response

A concentrated impulsive line forceF per unit length acts
along the x2 axis in the interface between the two ha
spaces. The time-dependent displacement field in respon
this force

ui~x,t !5Gi j ~x,t !F j , ~1!

whereGi j (x,t) is the 2D dynamic Green’s function, is gov
erned by the the equations of motion1

r6
]2ui

]t2 5Ci jkl
6

]2ul

]xj]xk
, x3Þ0, ~2!

in each of the media and is subject to the boundary con
tions on the stress tensor

s l 3~xi ,x3501 ,t !2s l 3~xi ,x3502 ,t !

52F jd j l d~x1!d~ t !, ~3!

which express the requirement that the traction forces m
balance the applied force. Representing the boundary co
tions in terms of their Fourier transformF jd j l F(ki ,v),

F~ki ,v!52d~k2!/4p2, ~4!

with respect toxi and t, we have that
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s l 3~xi ,x3501 ,t !2s l 3~xi ,x3502 ,t !

5E
2`

`

d2ki E
2`

`

dv F jd j l F~ki ,v!

3exp$ iki•xi2vt%, ~5!

whereki5(k1 ,k2) is the projection of the wave vectork in
the surface andv is the angular frequency. We seek a so
tion to the equations of motion~2! and boundary conditions
~5!, which in each medium takes the form of a superposit
of outgoing plane waves whose amplitudes are proportio
to F j :

ui~x,t !5E
2`

`

d2ki E
2`

`

dv(
n

Aj
~n!F jUi

~n!

3exp$ i ~ki•xi1k3
~n!x32vt !%, ~6!

n running from 1 to 3 for the upper half space and from 4
6 for the lower. For each value ofki andv, the third com-
ponent k3 of k and the polarization vectorU are related
through the Christoffel equations1

~Ci jkl
6 sjsk2r6d i l !Ul50 ~7!

for each medium, wheres5k/v is the acoustic slownes
vector. The sextic characteristic equation

detuCi jkl
6 sjsk2r6d i l u50, ~8!

yields six solutions fors3 for each medium, from which
three are chosen that correspond to outgoing waves, on
basis that they are either homogeneous~bulk! waves with ray
vectors pointing away from the interface or inhomogene
~evanescent! waves that decay away from the interface.

From the stress-strain relationships lm5Clmpq]up /]xq
and Eq.~6! it follows that the surface tractions are given b

s l 3~xi ,x3506 ,t !

5E
2`

`

d2ki E
2`

`

dv iv(
n

Aj
~n!F jBl

~n!

3exp$ i ~ki•xi2vt !%, ~9!

where

Bl
~n!56(

p,q
C3l pqUp

~n!sq
~n! , ~10!

with 1 (n51,2,3) and2 (n54,5,6) pertaining to the uppe
and lower half spaces, respectively. Comparing Eqs.~5! and
~9!, we arrive at a set of three linear equations for the par
wave weighting factorsAj

(n) ,

(
n51

6

Aj
~n!Bl

~n!5d j lF~ki ,v!/ iv, l 51,2,3. ~11!

Another three equations for the weighting factors are
tained from continuity of the displacement field at the int
face,

(
n51

6

Aj
~n!Bl

~n!50, l 54,5,6, ~12!
-
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whereBl
(n) equalsUl 23

(n) for the upper half space and2Ul 23
(n)

for the lower. These six linear equations have the solutio

Aj
~n!5

1

iv
F~ki ,v!~B21! j

~n! . ~13!

From Eqs.~1!, ~6!, and~13! it follows that

Gi j ~x,t !5E
2`

`

d2ki E
2`

` dv

iv
F~ki ,v!(

n
~B21! j

~n!Ui
~n!

3exp$ i ~ki•xi1k3
~n!x32vt !%. ~14!

Regarding the response at the interface, we can with
loss of generality take the observation pointxi to be in the
positive direction along thex1 axis in the surface, setting
x15x350. On substituting forF(ki ,v) from Eq. ~4! into
Eq. ~14!, replacing the integration variableki by si5ki /v,
and integrating with respect tos2 , we obtain

Gi j ~x1 ,t !5E
2`

`

ds1E
2`

`

dv
iC~s1 ,s250!

4p2

3exp$ iv~s1x12t !%, ~15!

where

C i j ~s1 ,s2!5 (
n51

3

~B21! j
~n!Ui

~n!5 (
n51

3 adj~B! j
~n!Ui

~n!

detuBu
,

~16!

adj denoting the adjoint matrix.C i j (s1 ,s2), which we will
call the surface admittance function, plays a key role in
subsequent analysis.

SinceGi j (x2 ,t) is real, it follows that its temporal Fourie
transform has the propertyG̃i j* (x1 ,v)5G̃i j (x1 ,2v), where
the asterisk denotes complex conjugation. We exploit t
property to restrict the integration overv in Eq. ~15! to the
interval @0,̀ #, retaining only the real part. On carrying ou
the integration, making the replacement (s1x12t)→(s1x1
2t1 i01) for convergence, we arrive at the result

Gi j ~x1 ,t !52
1

2p2 F 1

x1
PE

2`

1`

ds1

Re C i j ~s1,0!

~s12t/x1!

1
p

ux1u
Im C i j ~ t/x1,0!G , ~17!

with P * denoting the principal value of the integral.
From causality, the displacement is zero for negat

times. Using this fact and settingGi j (2x1 ,2t)50, t.0, in
Eq. ~17! yields the Kramers-Kronig–type relation

1

x1
PE

2`

1`

ds1

Re C i j ~s1,0!

~s12t/x1!
5

p

ux1u
Im C i j ~ t/x1,0!, t.0.

~18!

It follows from Eq. ~17! that

Gi j ~x1,t.0!52
1

pux1u
Im C i j ~ t/x1,0!, ~19!

which has reduced the calculation of the line force respo
to a purely algebraic problem.
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Figure 1 shows the admittance functionC33 for the com-
bination isotropic polycrystalline aluminium and wate
Apart from a factor21/pux1u, Im C33 is the normal dis-
placement response of the surface to an impulsive line fo
expressed as a function oft/x1 . It is zero until the longitu-
dinal wave arrival or lateral wave of the solid, labeledL,
because in this fully supersonic region all the solutions
Eq. ~8! are real and henceC33 is pure real. ReC33 has a
sharp minimum atL. At the transverse lateral wave of th
solid, labeledT, Im C33 displays a kink, while ReC33 has
another sharp minimum. The broadened resonance fea
labeled RW, is the leaky Rayleigh wave of the solid, whi
is dampened through radiation of energy into the liquid. B
yond RW, ReC33 falls off rapidly to a very small value, bu
towards the water slownesssl 51/v(water)50.645ms/mm
it increases again and then drops to zero atsl to form the
lateral wave feature labeledl . Beyond sl , C33 is pure
imaginary, except atsSW50.6475ms/mm, where ReC33
displays ad-function singularity associated with the Scho
wave ~SW! pole, which is conditioned on the vanishing
the boundary condition determinant detuBu. This is a true
interfacial wave that falls off exponentially with distance o
both sides of the interface. It is a special case of the Ston
wave,29 but the conditions on its existence are less exclus
than for Stoneley waves at the interface between joi
solids.30 To render this singularity visible it has been arti
cially broadened by making the replacement

C33→1/~1/C331a!, ~20!

wherea is a small but finite positive number. ImC33, and
hence the line force response, also displays correspon
resonant or singular features at RW,l , and SW.

A global picture ofC33 for an anisotropic surface is pro
vided by Fig. 2, which shows ReC33(si) for the water-
loaded~001! surface of copper as a gray-scale image. T
lines that stand out as darker are the longitudinal (L) and
transverse (T) lateral waves of the solid and correspond
loci of the projection on the surface of limiting or thresho

FIG. 1. C33 for the water-loaded aluminum surface.
e,

f

re,

-

ey
e
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bulk wave slownesses of the solid, whose ray vectors
parallel to the~001! plane. Solutions of Eq.~8! change from
real to complex on these lines. The very bright bands t
appear to repel at about 30° and 60° to@100# correspond to
the leaky RW near thê100& directions and leaky pseudosu
face acoustic wave~PSAW! near the^110& directions. The
RW trace lies outside the bulk slowness threshold curve
the slow transverse~ST! branch~the so-called transonic stat
for the solid!, except in thê110& directions, where it degen
erates with the limiting bulk slowness. In the^100& directions
the RW is pure SV~shear vertical, i.e., polarized in the sa
ittal plane!, whereas towards thê110& directions its polar-
ization tilts over to SH~shear horizontally polarized!. As it
does so, the coupling to the water and consequent dam
decrease and the RW becomes sharper but less intense
PSAW, on the other hand, is SV in the^110& directions, and
moving away from these directions its polarization tilts ov
and it fades in intensity. Beyond the RW, ReC33(si) falls off
in value, but nearusiu51/v(water), it increases again, drop
to zero at the lateral wavel , and then displays a singula
spike associated with the Scholte wave SW at the interfa
The l and SW features are too close to be resolved in
diagram and their jagged appearance is an artifact of
finite resolution of this image.

B. Point force response

For an impulsive point force, it is expedient to obtain t
3D dynamic Green’s functionGi j (x,t)5(]/]t)Hi j (x,t) as
the time derivative of the displacement responseHi j (x,t) to
a concentrated point force acting at the origin and hav
unit step function time dependence. The boundary conditi
obtaining for the calculation ofHi j are

s l 3~xi ,x3501 ,t !2s l 3~xi ,x3502 ,t !

52F jd j l d~x1!d~x2!e~ t !, ~21!

with

FIG. 2. Representation of ReC33(si) as a gray-scale image fo
the water-loaded~001! surface of copper. The pattern repeats its
in the other three quadrants. The integration path in the calcula
of the point force response is along the lines2 .
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e~ t !5H 1
2 ,

2 1
2 ,

t.0
t,0. ~22!

Their Fourier transform isF jd j l F(ki ,v),

F~ki ,v!51/8p3iv. ~23!

In place of Eq.~14!, Gi j (x,t) is in this case given by

Gi j ~x,t !5
]

]t E2`

`

d2ki E
2`

` dv

iv
F~ki ,v!(

n
~B21! j

~n!Ui
~n!

3exp$ i ~ki•xi1k3
~n!x32vt !%. ~24!

Regarding the response at the interface, we again sex1
5x350. On substituting forF(ki ,v) in Eq. ~24! and replac-
ing the integration variableki by si5ki /v, we obtain

Gi j ~x1 ,t !52
]

]t E2`

`

ds1E
2`

`

dv
F i j ~s1!

8p3

3exp$ iv~s1x12t !%, ~25!

where

F i j ~s1!5E
2`

`

ds2C i j ~s1 ,s2!. ~26!

As before, we restrict the integration overv in Eq. ~25! to
the interval@0,̀ #, retaining only the real part. On carryin
out this integration we obtain

Gi j ~x1 ,t !52
]

]t

1

4p3 F2
1

x1
PE

2`

1`

ds1

Im F i j ~s1!

~s12t/x1!

1
p

ux1u
Re F i j ~ t/x1!G . ~27!

Again, using causality we can derive a Kramers-Kronig e
pression relating the two terms in the square brackets in
~27!. This allows us to eliminate the integral overs1 and we
arrive at the result

Gi j ~x1 ,t.0!52
1

2p2ux1u
]

]t
Re F i j ~ t/x1!, ~28!

which has reduced the calculation of the point force respo
to a one-dimensional integral. For an anisotropic solid,
merical methods are in general required for the evaluatio
the integral~26! and the method of integration has to co
with the Scholte wave, leaky RW and PSAW resonanc
and the solid and liquid lateral waves.

C. Line and point focus acoustic images

In the acoustic microscopy experiments of Wolfe a
co-workers,18–20 the insonification is accomplished with a
acoustic lens of finite aperture. The spatial Fourier transfo
of the force for normal insonification with a line focus len
of aperture angleu is thus confined to the line segme
2s0,s1,s0 , where s05sinu/v(water)'0.56ms/mm for
u560°, while for a point focus lens it is confined to a ci
cular disk of the same radius and for an inclined point foc
lens it is confined to a displaced elliptical region of simil
-
q.

se
-

of

s,

m

s

dimensions. This has the effect of suppressing structu
such as the liquid lateral wave and Scholte wave, that pro
gate with slownesss.s0 .

In calculating the line force response normal to the s
face, as measured by a pair of line focus lenses, Eq.~19! is
modified by the removal of the portion of the integral in E
~17! over the intervals@2`,2s0# and@s0 ,`#. We thus have
that for 0,t,ux1us0

G33~x1 ,t !52
1

pux1u
Im C33~ t/x1,0!1 f 33~x1 ,t !, ~29!

where

f 33~x1 ,t !5
1

2p2x1
H E

2`

2s0 Re C33~s1,0!

s12t/x1

1E
s0

` Re C33~s1,0!

s12t/x1
J . ~30!

In considering a liquid-solid combination in which th
liquid sound speed is considerably smaller than that of
solid, as is the case depicted in Fig. 1, ReC33(s1,0)'0 in
the region ofs0 and sof 33(x1 ,t) is a smooth function oft in
the interval@0,ux1us0# and represents a small correction
G33(x1 ,t). We have not included this correction in the ca
culated images presented later since our principal conc
there is for the structures in these images and not
smoothly varying background.

For later timest.ux1us0 ,

G33~x1 ,t !5
21

2p2x1
E

2s0

s0 Re C33~s1,0!

s12t/x1
, ~31!

which is a continuous function oft, not revealing the liquid
lateral wave and Scholte wave. In the limit of larget,
G33(x1 ,t);1/t.

In calculating the point force response, as measured b
pair of point focus lenses, Eq.~26! is modified by cutting off
the integral atusiu5s0 rather than6`. All the structures that
may be present in the images are captured in this way,
the liquid lateral wave and Scholte wave are suppressed

The generation of a surface point force response im
requires the evaluation of the line integral~26! and its dif-
ferentiation with respect tot to obtainG33(xi ,t) for a 2D
array of values oft andf, the angle specifying the directio
of the observation point in the surface. To minimize t
number of function evaluations ofC33(si), in our coding we
first calculate ReC33(si) for a 120031200 grid of values of
si and store these in a lookup table, which is subseque
consulted in calculating the line integrals. The entire proc
of calculating an image, examples of which are given la
takes in the region of 1 h on a133-MHz Pentium persona
computer.

The integration overs2 in Eq. ~26! is carried out along a
line perpendicular to the viewing directionx1 , with s1
5t/x1 . As t is varied, there are certain times when the in
gration path is tangential to a threshold contour. At the
instants,H33 displays nonanalytic behavior of some so
e.g., a kink or discontinuity, which are the lateral waves
the point response. For the unloaded surface the reson
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associated with the leaky RW becomes infinitely sharp a
as a consequence, there are inverse square root surface
arrival singularities conditioned on tangency of the integ
tion path with the RW slowness curve. The bulk and R
arrivals propagate respectively at the bulk and surface w
group velocities in the directionx1 .

III. RESULTS FOR ISOTROPIC SOLIDS

A. Slow solids

There are quite a few solids, mainly organic, whose tra
verse wave speeds and in some cases even longitudinal
speeds are less than the speed of sound in water. These
span a range of densities and acoustic impedances. To
plore the surface dynamical behavior of liquid-solid com
nations in this category, we consider isotropic polyethyle
which has wave speedsv(T)50.85 mm/ms and v(L)
52.10 mm/ms and densityr51.37 g/cm3, in contact with a
fluid that is nominally water, and examine what the effects
varying the acoustic impedance of the liquid, keeping
sound speed fixed, are. This variation is accomplished
changing the density and bulk modulus of the fluid by t
same factor. The results are shown in Fig. 3.

Figure 3~a! depictsC33 in the case where the impedan
of the fluid has been reduced by a factor of 10 with respec
that of water. Due to the small influence of the fluid loadin
the surface response is very similar to that for the free s
surface, having singular features at the lateral wavesL andT
and the RW. The main difference is the sharp narrow dip
ReC33 and attendant swing in ImC33 at s(water), which
represents the fluid lateral wavel . The loading has in fac
had the effect of increasing the RW slowness very sligh
from 1.252ms/mm for the free surface to 1.263ms/mm. The
RW in this case represents a true interfacial wave lying in
subsonic region and consisting of partial wave compone

FIG. 3. C33 for a slow solid, polyethylene, and the effects
varying the acoustic impedance of the loading liquid, ‘‘water.’’~a!
The impedance is one-tenth of that of water~shifted up!, ~b! the
normal impedance of water; and~c! the impedance is five times tha
of water~shifted down!. The negative portion of ImC33 that occurs
beyond RW is not shown.
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that fall off exponentially in both directions away from th
surface. It is unattenuated as it travels along the surface
the broadening in ReC33 that is apparent in this figure i
purely the result of the artificial damping that has been
troduced to render the surface wave visible.

Figure 3~b! showsC33 when the fluid impedance is equa
to that of water. The lateral wave feature atl is now much
more pronounced than before and the loading has had
effect of increasing the RW slowness to 1.413ms/mm, which
represents a 13% increase over that for the free surface

Figure 3~c! shows the surface response when the fl
impedance is 5 times that of water. The interfacial wa
slowness has increased to 2.07ms/mm and the integrated
value of ReC33 for this wave relative to that for the bulk
wave continuum is now much greater. With a further i
crease in the liquid impedance or, equivalently, a decreas
the solid impedance, the slowness of the interfacial wa
continues to increase without limit. The kinetic energy of t
wave resides more and more in the fluid and the poten
energy in the solid. This is somewhat analogous to the s
ation for capillary waves on the surface of a liquid, but wi
the elastic restoring force of the solid performing the fun
tion of the surface tension.

B. Fast solids

The common metals, most covalent and ionic solids, a
minerals have longitudinal and transverse wave speeds
exceed the speed of sound in water. To explore the sur
dynamical behavior of liquid-solid combinations in this ca
egory, we consider isotropic aluminium, for whichv(T)
53.04 mm/ms andv(L)56.42 mm/ms andr52.7 g/cm3, in
contact with a liquid that is nominally water, and exami
what the effects of varying the acoustic impedance of
liquid, keeping the wave speed fixed, are. The results
shown in Fig. 4.

FIG. 4. C33 for a fast solid, aluminum, and the effects of var
ing the acoustic impedance of the loading liquid, water.~a! The
impedance is one-tenth of that of water~shifted up!, ~b! the normal
impedance of water, and~c! the impedance is five times that o
water ~shifted down!.
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Figure 4~a! depictsC33 in the case where the impedan
of the fluid has been reduced by a factor of 10 with respec
that of water. Due to the small influence of the fluid loadin
C33 is similar to that for the free surface. There are, ho
ever, two important differences: The RW is now superso
with respect to the sound speed in water and phase matc
allows this wave to couple to bulk sound waves in the wa
causing radiation of energy away from the surface. This
sults in the attenuation of this so-called leaky RW as it tr
els along the surface and endows the resonance in the
sponse with a finite width. Beyond the RW slowness, ReC33
falls off rapidly to a very small value, but approaching t
sound slowness atl it increases slightly, drops to zero atl ,
and a little beyond this value displays ad-function singular-
ity of small integrated amplitude. This singularity lying i
the fully subsonic region is associated with a true interfac
wave, the Scholte wave. In this limit it is essentially a bu
sound wave in the liquid, traveling parallel to the surfa
which has become trapped at the surface and transfor
into an interfacial wave by the finite compliance of the sol

Figure 4~b! showsC33 in the case where the fluid imped
ance is equal to that of water. The broadening and atten
tion of the RW due to leakage into the water is now mu
greater. The increase in ReC33 near l is is now more pro-
nounced than before and the Scholte wave has a larger
plitude and separated a little further from the sound thre
old.

Figure 4~c! shows C33 when the fluid impedance is
times that of water. The RW is now barely recognizable
the broad feature that extends fromT to l . The Scholte wave
is now well separated from the continuum ats
50.680ms/mm. With a further increase in the liquid impe
ance, the slowness of the Scholte wave continues to incr
and, just as in the previous case, this wave evolves in
capillarylike wave, with the solid elastic modulus providin
the restoring force.

C. Solids ranging from fast to slow

To explore the different types of behavior that the wi
range of relative fluid-solid velocities permits, we again co
sider the polyethylene-water combination and examine
effect of changing the sound speed~slowness! of the fluid
while keeping the density constant. Figure 5~a! showsC33
when the fluid slowness is 3 times that of water. The RW
supersonic with respect to the fluid and so is damped
leakage of energy into the fluid. The broadened resonanc
centered at 1.247ms/mm, slightly below the value for the
unloaded surface. The fluid lateral wave and Scholte w
lie close to each other at approximately 33s ~water!. For
larger fluid slowness, the fluid lateral wave and Scholte w
diminish in size and approach each other as they increas
slowness.

Figure 5~b! showsC33 when the fluid slowness is twic
that of water. The RW is now very heavily damped and
Scholte wave is a more prominent feature, which mo
down gradually as the fluid slowness is decreased, but
mains above the RW slowness for the unloaded surface

Figure 5~c! shows the surface response when the fluid
water. This is the same as Fig. 3~b!. The Scholte wave ha
replaced the RW as the dominant surface mode and has t
on some of the character of the RW of the loaded surfac
to
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Since there is scope for varying the properties of the c
pling liquid in a continuous fashion, the effects describ
above are in many cases amenable to direct observa
Guzhev and Levin10 have carried out an in-depth study of th
effects of varying the fluid sound speed, taking Bi12GeO20 as
their solid and an aqueous glycerol solution as coupling
uid. By altering the glycerol concentration, the sound spe
in the solution can be varied from 1484 to 1913 m/s, wh
limits lie to either side of the RW speed 1680 m/s for t
solid. Their measurements are in excellent accord w
theory and show the Scholte wave tending to a value so
what below the RW speed as the fluid speed increases.

IV. RESULTS FOR ANISOTROPIC SOLIDS

In this section we will discuss some of the solids that ha
been investigated experimentally by Vines a
co-workers.18–20,22The first is a uniaxial carbon fiber epox
composite that they have measured using line and point
cus acoustic transducers.20 The transverse velocity and den
sity of this material are fairly close to that of the water tran
mission medium and as a result there is a complex interp
between the Scholte wave and the directionally depend
acoustic properties of the solid. Next we consider a num
of cubic crystals whose densities and velocities are sign
cantly greater than those of water.19,22 For these, the Scholte
wave is a very small feature in the surface response
shows little directional dependence. There is, however, st
ing anisotropy to be observed in the leaky RW and late
waves of the solid. We discuss these effects for the princ
crystal cuts of a number of crystals, of anisotropy coefficie
h52C44/(C112C12) greater and less than unity.

A. Uniaxial carbon fiber epoxy composite

The solid consists of an array of fine carbon fibers align
parallel to the sample surface and bonded together in an
oxy matrix. On a macroscopic scale this material beha

FIG. 5. Effects onC33 of polyethylene, of varying the sound
speed of the coupling fluid, water.~a! The fluid slowness is three
times that of water~shifted up!, ~b! the fluid slowness is twice tha
of water, and~c! the normal slowness of water~shifted down!.
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FIG. 6. Surface displacement response of uniaxial carbon fiber epoxy composite to impulsive forces.~a! Normal displacement respons
to a line force in five directions in the surface. Between 0 and 1 the response in magnified 100 times.f is the angle between the fibe
direction and the observation direction, which is perpendicular to the line along which the force is applied.~b! Directional dependence of th
displacement response represented as a gray-scale image. The brighter regions correspond to positive displacement and the darke
displacement. To enhance the relatively small lateral wave features, the gray scale has been allowed to heavily saturate in the re
Scholte wave, the sinusoidal-like feature near the top of the image.~c! Directional dependence of the point force response represented
gray-scale image.
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elastically as a transversely isotropic solid with effecti
elastic constants20 C11512.7, C1257.78, C1357.3, C33
5137,C4454.23, andC6652.46 in GPa and densityr51.65
g/cm3. Figure 6~a! shows the normal displacement respon
to impulsive line loading in five directions in the surfac
The anglef is between the fiber direction and the observ
tion direction, which is perpendicular to the line along whi
the force is applied. The most conspicuous features are
longitudinal lateral wave of the solidL, the transverse lat
eral waveT, the water lateral wavel , and the Scholte wave
SW. For clarity, the response between 0 andl has been mag
nified by 100. All except the water lateral wave are high
anisotropic. Figure 6~b! shows a gray-scale image generat
by stacking together a large number of responses fo
e

-

he

a

closely spaced set of directions in the surface. Brighter
gions represent positive displacement and darker reg
negative displacement. When the displacement becomes
large, the scale saturates towards white or black. The s
structures in this image that lie below about 0.93s(water)
'0.6ms/mm constitute the only ones that can be exci
with the experimental arrangement of Wolfe and Vines20 and
this portion of the image is in good agreement with th
measured line force image as regards the location of the
eral waves of the solid. In the measured image, preceding
lateral wave arrivals there is a smooth buildup of the sig
corresponding to a displacement of opposite sign to t
following the arrivals. This is indicative of a dipolar sourc
function and is well reproduced by convoluting the calc
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FIG. 7. ~a! Line force responseG33(f,t/ l ) for the water-loaded Cu~001! surface.~b! Point force responseG33(f,t/ l ) for the water loaded
Cu~001! surface.~c! Point force responseG33(f,t/ l ) for the water loaded LiF~001! surface.
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lated image with a source function of the typeF(t)
5A cos(2pf0t)exp@2(t2tc)

2/2s2#, with f 051 MHz,
tc50.375ms, ands50.375ms.

Figure 6~c! shows the calculated point force image fo
this fiber composite, restricted to the region belows(water),
which is accessible to the acoustic microscopy measu
ments. While similarities can be seen between the line a
point force images, there are also striking differences. In p
ticular, the sharp structures in this case depict the directio
dependence of the group slowness~inverse group velocity!
V21(QV) of the lateral waves, not their phase slowness.
the transformation from phase slowness to group slowne
velocity, points of inflection in the phase slowness curv
map onto cusps in the group slowness curves. A set of f
symmetry equivalent cusps in the fast transverse~FT! lateral
wave at about 4ms/mm is clearly in evidence. There is an
other set of four at about 2ms/mm, but they are barely dis-
cernible because the displacements for these particular
modes is almost parallel to the surface and so they contrib
negligibly to the Green’s function componentG33. They do,
however, show up clearly in the case ofG11 andG22. Figure
6~c! is in good agreement with the measured point foc
image.20
-
d
r-
al

s/

r

T
te

s

B. Cubic crystals of anisotropy h>1

The existence of RW’s and PSAW’s and their variatio
with direction in the principal crystallographic cuts of cubi
crystals have been surveyed by Farnell31 and by Every.32 The
latter report also describes the threshold bulk wave curv
which are the lateral waves of the fluid loaded surface.

Figure 7~a! is a gray-scale representation of the line forc
responseG33(f,t/ l ) for the water loaded Cu~001! surface.
Copper is a crystal characterized by a large anisotropyh
53.204, large density compared to waterr58.96 g/cm3,
and RW and PSAW slownesses that, although smaller t
s(water) in all directions, approach within 20% of the latte
slowness in thê110& directions. In the vicinity of thê100&
directions the most prominent feature is the damped lea
RW, of slowness;0.48ms/mm. The RW slowness is highly
anisotropic and away from thê100& directions it diminishes
in intensity in the image as the polarization of this mode ti
over to the horizontal, vanishing in thê110& directions
where the RW degenerates with the ST bulk mode. In
region of the^110& directions the most prominent feature i
the PSAW, with a slowness of;0.43ms/mm, which is
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damped by leakage of energy into the water and away fro
the ^110& directions, also through coupling to bulk modes i
the solid. In the region midway between the^100& and^110&
directions the RW and PSAW have comparable intensitie
The lateral waves of the copper are revealed as a set of sh
lines~other than the RW and PSAW! where there is a sudden
change in the intensity. The structures in the region exten
ing from ;0.34 to;0.62ms/mm are the transverse latera
waves and the sinusoidal-like structure between 0.20 a
0.23ms/mm is the longitudinal lateral wave. The dispositio
of these various structures is consistent with the pattern
surface and threshold bulk waves described in Ref. 32. T
Scholte wave is the almost straight line at 0.677ms/mm,
which shows an almost imperceptible variation of slow
ness/velocity with direction and only slight splitting from th
water lateral wave, but a noticeable variation of intensit
Because the water slowness does not greatly exceed the
slowness of the solid, this wave is a fairly prominent featu
in this image.

Figure 7~b! shows an image representing the calculat
point force responseG33(f,t/ l ) for the water-loaded

FIG. 8. ~a! Line force responseG33(f,t/ l ) for the water-loaded
Cu~110! surface.~b! Point force responseG33(f,t/ l ) for the water-
loaded Ge~110! surface.
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Cu~001! surface. The most prominent structures in this i
age are again the leaky RW and PSAW. The upper se
bright arches and their darkerV-shaped supports belong t
the RW. Their junction is a cusp in the group slowne
curve, which maps from a point of inflection in the pha
slowness curve. The lower set of brightM-shaped arches is
associated with the PSAW. There are fainter features ass
ated with the lateral waves. This image, with its complex
and striking detail, is in good agreement with the Cu~001!
point focus image measured by Vines, Hauser, and Wolf19

Figure 7~c! shows the calculatedG33(f,t/ l ) point force
image for the water-loaded LiF~001! surface, for whichr
52.601 g/cm3 andh51.815, both of which are significantly
smaller than for Cu. The water loading causes considera
broadening of the RW and PSAW, with the result that in t
image they appear as the connected undulating bright st
ture. The rounded legs protruding below are part of
PSAW structure. The sharp arches cutting through the R
band are the ST lateral wave. The slightly undulating str

FIG. 9. Line force responseG33(f,t/ l ) for the water-loaded
Cu~111! surface.

FIG. 10. Line force responseG33(f,t/ l ) for the water-loaded
CaF~001! surface.



ent
,

e-
he
hat
so-

r
h
of
re-
c-

the
d

lie

res
the
nge

s
the

.
n,

t

he
of

e

PRB 58 1611SURFACE RESPONSE OF A FLUID-LOADED SOLID TO . . .
ture at ;0.2ms/mm is the FT lateral wave and the more
prominent undulating structure between;0.13 and
;0.15ms/mm is theL lateral wave. This image is in good
with the measurement.19

Figure 8~a! shows the calculatedG33(f,t/ l ) line force
response for the water-loaded Cu~110! surface. The most
prominent structure in this image is the leaky RW. The trans
verse lateral waves are fairly faint structures, but in the co
responding images ofG11(f,t/ l ) andG22(f,t/ l ) they show
up as very sharp intense features. TheL lateral wave lies just
above 0.2ms/mm. These structures are consistent with Fig
12 of Ref. 32. As in the case of Cu~001!, the Scholte wave
and water lateral wave cannot be resolved and show neg
gible variation in slowness with direction, but significant in-
tensity variation with direction.

Figure 8~b! shows the calculatedG33(f,t/ l ) point force
image of the water-loaded Ge~110! surface ~r
55.322 g/cm3 and h51.665!. In appearance the structure
for the leaky RW is similar to that for the line force image of
this surface. The sharp split arched structures underneath

FIG. 11. ~a! Line force responseG33(f,t/ l ) for the water-
loaded CaF~110! surface.~b! Point force responseG33(f,t/ l ) for
the water-loaded CaF~110! surface.
-
r-

.

li-

are

transverse lateral waves. This image is in good agreem
with the point focus image of Ge~110! measured by Vines
Hauser, and Wolfe.19

Figure 9 shows the calculatedG33(f,t/ l ) line force image
for the water-loaded Cu~111! surface. Becausê111& is an
axis of six-fold rotational inversional symmetry for the m
dium, the images displays six-fold rotational symmetry. T
most prominent feature is the leaky RW and the somew
less intense matching inverted structure originates in a re
nance near to the FT lateral wave. There is the fainteL
lateral wave near 0.2ms/mm. These are all consistent wit
Fig. 14 of Ref. 32. As in the other two surface orientations
Cu, the Scholte wave and water lateral wave cannot be
solved and show negligible variation in slowness with dire
tion, but significant intensity variation with direction.

C. Cubic crystals of anisotropy h<1

The results presented in this section are illustrative of
case of anisotropyh,1. Figure 10 shows the calculate
G33(f,t/ l ) line force image for the water-loaded CaF~001!
surface ~r53.18 g/cm3 and h50.575!. For this high-
velocity crystal, all the surface and lateral wave structures
at slownesses well belows(water). The water lateral wave
and Scholte wave are consequently extremely faint featu
separated only very slightly from each other. This and
other images for CaF are thus restricted the slowness ra
of the RW and solid lateral waves. For crystals withh,1,
the ST lateral wave for the~001! surface is the pureT mode,
polarized normal to the~001! surface, and its slowness i
Ar/C44, independent of direction. This has the result that
RW varies hardly at all with direction and there is no PSAW
The L lateral wave shows more variation with directio
around a mean value of approximately 0.15ms/mm.

Figure 11~a! shows the calculatedG33(f,t/ l ) line force
image for the water-loaded CaF~110! surface. The prominen
broad structure is, within;20° of f50, a PSAW, while
elsewhere it is a leaky RW. All the sharp structures in t
image are lateral waves and are consistent with Fig. 20
Ref. 32. Figure 11~b! shows the corresponding point forc

FIG. 12. Line force responseG33(f,t/ l ) for the water-loaded
CaF~111! surface.
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1612 PRB 58A. G. EVERY AND G. A. D. BRIGGS
image. Here too the leaky RW and PSAW form an alm
continuous band, only broken partly by the ST lateral wa
that separates the RW and PSAW in the line force ima
The other sharp features in Fig. 11~a! are lateral waves
These map onto corresponding features in the line force
age. Figure 11~b! is in good agreement with the measur
point focus image of CaF~110!.

Figure 12 shows the calculatedG33(f,t/ l ) line force im-
age for the water-loaded CaF~111! surface. It bears som
resemblance to the Cu~111! image. The most prominen
structure is due to the leaky RW and there is a similar
less intense inverted structure that is a resonance that fol
the angular variation of the FT lateral wave slowness~see
Fig. 22 of Ref. 32!.

V. CONCLUSIONS

In conclusion, we have presented algorithms for calcu
ing the 2D and 3D dynamic Green’s functions of a pair
joined anisotropic elastic half spaces. We have used the
calculate the normal surface responses of fluid-loaded iso
pic and anisotropic solids to impulsive line and point forc
The responses show prominent features associated with
Scholte interfacial wave, leaky Rayleigh and pseudosurf
acoustic waves, and lateral waves of the solid and liquid,
surface skimming bulk waves of the two media. Images r
ia
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resenting the directional and time dependence of the line
point force responses are in good agreement with co
sponding acoustic microscopy images measured by V
and co-workers in a number of anisotropic solids using a p
of line or point focus lenses. Because of the finite aperture
the lenses, structures lying close to and beyond the w
lateral wave in slowness are not coupled to and are ab
from the measured images. This effect is simulated by in
ducing a finite cutoff in the Fourier transform of the forcin
function. Other methods of excitation and detection exist t
would allow these late arriving features to be observed. T
analytic methods described in this paper can be expecte
find application in diverse areas such as materials chara
ization and nondestructure testing, physical acoustics,
seismology.
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