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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 coefficient 2C,4/(C11— C1,) 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 fuf8&63-182@08)06327-9

I. INTRODUCTION mation pertaining to wave propagation in different directions

along the liquid loaded surface or, more to the point as we

The dynamics of the fluid-solid interface is a subject thatargue in this paper, the dynamic response to impulsive line
cuts across many fields, including materials characterizatiofl Point forces acting normally on the water-loaded surface.

and nondestructive testing, condensed matter physics, physi'€ir téchnique complements conventional acoustic micros-
copy using a single line focus lens, which has proved to be of

cal and ocean acoustics, continuum mechanisms, and sel . ; .
. N ; . Qreat value in the study of the surface dynamics of aniso-
mology. There is extensive literature on the subject, gomqgrOpiC solids

_back more than a century, and it is given promlngnt COVerageé The measurements of Vines and co-workers using line
in numerous bookssee, e.g., Refs. 134A multitude of  focys |enses reveal information about the two-dimensional
different physical phenomena have been investigated, includesponse of a surface since coherent excitation and detection
ing the reflection and transmission of plane waves, reflectiomake place along parallel lines in the surface, in the direction
of bounded beams and the Schoch wave phenomeRary-  of which there is translational invariance. This fixes the di-
leigh surface waves and their attenuation through leakage gection of thek,’s that can be excited. Hset al?®and Li and
energy into the fluid, transient waves and waves generatedAchenbacf’ have carried out time-resolved measurements
by line and point sourcésand attendant effects including With a single line focus lens in negative defocus and the
the Stoneley-Scholte interfacial wa¥@-! head waves and results they obtain, apart from the specularly reflected axial

lateral waves? the vibration of fluid loaded platé,and the ~WaVe. are similar to the line focus measurements of Vines
influence of, prestred$ and viscoelasticity on, Scholte and co-workers. This is to be expected, since in effect there

are two physically separated regions on opposite sides of the
wavesl’ phy y sep g pp

) o o lens axis, where excitation and sensing takes place.
The dynamics of the liquid-solid interface play a central  The measurements of Vines and co-workers with point

role in acoustic microscopy, in the interpretation of both fre-focus lenses, by contrast, probe the three-dimensional dy-
quency and time domain phenomefi®ecently, an applica- namic response of the surface. Acoustic microscopy employ-
tion has been found for the surface dynamical response fungng a single point focus lens has also been used to study
tions of liquid-loaded anisotropic solitls in the anisotropic solids, but the physical interpretation of the re-
interpretation of a series of experiments conducted by Vinesults is complicated by the fact that propagation in many
and co-worker$®22in which they use a configuration of directions in the surface is folded into the recorded sfghal
two line focus or two point focus acoustic lenses to study theand beating effects can arise from interference between sur-
surface dynamics of crystals and other anisotropic solids. Byace and pseudosurface wave contributiths.

rotating the solid about its surface normal, they obtain infor- The acoustic microscopy techniques of Vines and
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co-workerd®-2° and Hsuet al?® provide useful approaches the parameter space defined by the relative velocities and
to the surface characterization of anisotropic materials. Obacoustic impedances of the solid and coupling fluid and also
vious areas of application are the determinatiorfooinstant  to point out some of the consequences of elastic anisotropy
or spatially varying near surface elastic constants and theof the solid. We accomplish the latter by presenting gray-
detection of surface flaws. The realization of this potential isscale images for a number of materials and crystallographic
however, contingent on the availability of satisfactory meth-orientations, in which the axes span time and direction in the
ods for calculating the signals. Hsti al>® have reported that su_rface and the displacement response is represented by the
a Green'’s function method is able to account for their linePrightness. In many cases the examples are chosen for com-
focus measurements and Li and AchenBAdtave used a Parison with published experimental images.

reflection function analysis to obtain the elastic constants of

anisotropic solids from time resolved measurements with a Il. METHOD OF CALCULATION
single line focus lens. As regards the point focus images of _ _ _ )
Vines and co-worker¥1%??only a partial account was pro-  We describe here algorithms for calculating the time do-

vided by the originators of this technique in terms of surfacemain displacement response of two joined linear elastically
wave group velocity curve$S:? In a recent paper, Every, anisotropic halfspaces to impulsive line and point forces act-
MazneV, and Bngg]g have pointed out that a Green'’s func- |ng at their interface. These algorithms are generalizations of
tion approach is able to provide a fuller account of thesemethods for calculating the response functions of a single
measured images. anisotropic halfspace that have been reported elsevihéte.

In th|s paper we argue that in the pu'sed mode experi:rhey are adapted for application to the water-loaded solid
ments of Vines and co-worket&;?°the line or point focus surface by the simple expedient of taking the second medium
source transducer gives rise to a concentrated line or poiri be isotropic and letting its shear modulus tend to zero.
force of short duration normal to the surface of the solid and-iquid viscosity and solid viscoelasticity is not considered.
by reciprocity the receiver transducer measures the normal We consider a general anisotropic elastic continuum of
displacement at its focal line/point elsewhere on the surfacéensityp™ and elastic modulus tens@;;,, occupying the
at a later timet. The measured signal might therefore behalf spacex;>0 and joined to a second continuum of den-
expected to mimic the two- and three-dimensiof2/3D)  sity p~ and elastic modulu€;;, occupying the half space
elastodynamic Green's function&§35(x,,t) for the fluid x3<<0. The time-dependent displacement response to an im-
loaded surface of the solidhe subscripts ofs refer to nor-  pulsive line force acting along the, axis and to a point
mal force and displacement in thg direction, while x, force acting at the origin are treated respectively in the next
=(X41,X) is the position vector in the surface of the sensingtwo subsections.
point relative to the excitation poihtOur calculated Green’s
functions, represented as images spanning time and direction
in the surface, conform well to measurement. Because of the
finite aperture angl@ of the two lenses, the spatial Fourier A concentrated impulsive line forde per unit length acts
transforms of the forcing and sensing areas have a finite cuglong thex, axis in the interface between the two half
off at a slowness=k/w=v ~!sin 6, wherev~1500 m/s is spaces. The time-dependent displacement field in response to
the speed of sound in water, and only modes with surfacéhis force
slownesses less than this are excited and observed with this
technigue. There are other methods of excitatlaser ther- ui(x,t) =G;j(x,t)Fj, (1)
moacoustic, laser induced vaporizatibiie use of interdigi-
tal transducerd and capillary fracture, etcand detection whereG;;(x,t) is the 2D dynamic Green’s function, is gov-
(optical interferometry or beam deflection, contact capacitiveerned by the the equations of motfon
or piezoelectric transducers, gtthat in principal permit or
in some cases have already led to the observation of the 92U
Scholte interfacial wave whose slowness excaeds Our p* :
calculations without cutoff are applicable in this case.

The solids that are studied by means of acoustic micros-

copy and related techniques vary widely in their acoustidh €&ch of the media and is subject to the boundary condi-

properties, as do the coupling liquids that can be employediOnS on the stress tensor

While many solids have sound velocities and acoustic im-

pedances significantly greater than the coupling liquidst 0 ,3(X,X3=04 ,t) — 0 3(X,Xz3=0_,1)
commonly it is water that is us@dthere are some combina-
tions that are comparable in velocity and acoustic impedance =~ Fjdj,8(x) 8(1), 3

e.g., carbon fiber epoxy composites and waterd some . . .
(e.g poxy P wa which express the requirement that the traction forces must

combinations in which one or more of the solids velocities is . . .
less than that of the liquite.g., polyethylene or polystyrene balance the applied force. Representing the boundary condi-
tions in terms of their Fourier transforf; ; ,F(K , ),

and watey. Many of the materials that are studied are elas
tically anisotropic. The consequence of this is that there is a

wealth of different types of behavior to be observed. One Flky,w)=—8(ky)/4m?, (4)
aim of this paper is to explore, through a broad range of

examples, the different regimes of behavior possible withinwith respect tax, andt, we have that

A. Line force response

- 0"2U|
at? TR axioxy

+

X3# 0, 2
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0 3(X,X3=0, ,t) =0 3(X;,X3=0_,1)
=f dzkuf dw F;5;,F(k )

Xexp{ik;- X, — wt}, (5

wherek;=(kq,k,) is the projection of the wave vectérin
the surface ana is the angular frequency. We seek a solu-
tion to the equations of motiof2) and boundary conditions

SURFACE RESPONSE OF A FLUID-LOADED SOLIDQ ...

1603

whereB(" equalsU{"; for the upper half space andU(™,
for the lower. These six linear equations have the solution

1
(. —1y(n)
A= Fk,0)(B™H". (13)

From Egs.(1), (6), and(13) it follows that

Gij(x,t)=f_md2kuf_m E]-'(k”,w); (B~ HiMum

(5), which in each medium takes the form of a superposition

of outgoing plane waves whose amplitudes are proportional

to Fj .
Ui(X,t):f dzk”f dwz A](n)FjUi(n)
—© —oo n

x expli(k;-x+k§Vx3— wt)}, (6)

n running from 1 to 3 for the upper half space and from 4 to
6 for the lower. For each value ¢f and w, the third com-
ponentk; of k and the polarization vectod are related
through the Christoffel equatiohs
(CiiaSiSk—p " 8)U;=0 (7)

for each medium, where=k/w is the acoustic slowness
vector. The sextic characteristic equation

de{Cijsjsc—p ™ 8| =0, (8

yields six solutions fors; for each medium, from which

X exp{i (k- x,+k§"x3— wt)}. (14)
Regarding the response at the interface, we can without

loss of generality take the observation poigtto be in the

positive direction along the; axis in the surface, setting

X1=X3=0. On substituting forF(k;,w) from Eq. (4) into

Eq. (14), replacing the integration variablg by 5=k;/w,

and integrating with respect &, we obtain

» o iv(s;,5,=0
Gij(xl,t)=J7 dslfi dw%
X expliw(s;x;— 1)}, (19
where
3 3 -
adj(B){"u"
- _ —1y(n) (M = e B
(16)

three are chosen that correspond to outgoing waves, on tt&slj denoting the adjoint matrix¥;(s;,s;), which we will

basis that they are either homogene@ugk) waves with ray

call the surface admittance function, plays a key role in the

vectors pointing away from the interface or inhomogeneousubsequent analysis.

(evanescentwaves that decay away from the interface.
From the stress-strain relationshipy,= Cjy,pqdUp/dXq
and Eq.(6) it follows that the surface tractions are given by

0 ,3(X,%X3=02 1)

=)

|

J do iwX, AVF;BY
. =

XeXmi(kH’XH_wt)}, (9)
where
B =+ p% Ca/pUsy”, (10)

with + (n=1,2,3) and— (n=4,5,6) pertaining to the upper
and lower half spaces, respectively. Comparing Egsand

SinceGjj(Xz,t) is real, it follows that its temporal Fourier
transform has the proper@i’j(xl,w)zGij(xl,—w), where
the asterisk denotes complex conjugation. We exploit this
property to restrict the integration overin Eq. (15) to the
interval [0,], retaining only the real part. On carrying out
the integration, making the replacemers; —t)—(S1X;
—t+i0,) for convergence, we arrive at the result

1 [+
X_]_ PJloo de_
T

X_l Im \I’ij(t/xl,O)

with P [ denoting the principal value of the integral.
From causality, the displacement is zero for negative
times. Using this fact and settirg;;(—x;,—t)=0, t>0, in

Re W;;(s1,0)
(S1—t/xq)

Gij(xlyt):_ﬁ

+ 17

(9), we arrive at a set of three linear equations for the partiaq. (17) yields the Kramers-Kronig—type relation

wave weighting factor&\("”,

6
> AVB"=gFk,0)io, 1=123. (11
n=1

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

> A

(WB(V=0, =454,
n=1

12

1Pf+wd ReWi(810) T (%00, 10
X ). Slm—m m W (t/X1,0), :
(18

It follows from Eq. (17) that
Gij(xl!t>0): e Im \I,ij(t/Xl,O), (19)

7|4

which has reduced the calculation of the line force response
to a purely algebraic problem.
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FIG. 2. Representation of REz4(s) as a gray-scale image for
s (us/mm) the water-loaded001) surface of copper. The pattern repeats itself
in the other three quadrants. The integration path in the calculation
FIG. 1. W45 for the water-loaded aluminum surface. of the point force response is along the lige

Figure 1 shows the admittance functitiy; for the com-  pylk wave slownesses of the solid, whose ray vectors are
bination isotropic polycrystalline aluminium and water. parallel to the(001) plane. Solutions of Eq8) change from
Apart from a factor—1/m[xy|, Im W33 is the normal dis- real to complex on these lines. The very bright bands that
placement response of the surface to an impulsive line forcgyppear to repel at about 30° and 60 160] correspond to
expressed as a function tfx;. It is zero until the longitu- the leaky RW near théL00) directions and leaky pseudosur-
dinal wave arrival or lateral wave of the solid, labeled  face acoustic wavéPSAW) near the(110 directions. The
because in this fully supersonic region all the solutions ofRw trace lies outside the bulk slowness threshold curve for
Eqg. (8) are real and henc® 3 is pure real. R&l;; has a  the slow transverséST) branch(the so-called transonic state
sharp minimum at.. At the transverse lateral wave of the for the solid, except in thg110 directions, where it degen-
solid, labeledT, Im W33 displays a kink, while R&3; has  erates with the limiting bulk slowness. In th&00) directions
another sharp minimum. The broadened resonance featune RW is pure S\(shear vertical, i.e., polarized in the sag-
labeled RW, is the leaky Rayleigh wave of the solid, whichittal plane, whereas towards th€110) directions its polar-
is dampened through radiation of energy into the liquid. Be4zation tilts over to SH(shear horizontally polarizeédAs it
yond RW, ReW; falls off rapidly to a very small value, but does so, the coupling to the water and consequent damping
towards the water slowness = 1/v(water)=0.645us/mm  decrease and the RW becomes sharper but less intense. The
it increases again and then drops to zers,ato form the  PSAW, on the other hand, is SV in t&10 directions, and
lateral wave feature labeled Beyonds,, ¥s3 is pure  moving away from these directions its polarization tilts over
imaginary, except asgy=0.6475us/mm, where R&3;;  and it fades in intensity. Beyond the RW, Rg4(s)) falls off
displays as-function singularity associated with the Scholte in value, but neafs|= 1/ (water), it increases again, drops
wave (SW) pole, which is conditioned on the vanishing of to zero at the lateral wavk and then displays a singular
the boundary condition determinant [Bét This is a true spike associated with the Scholte wave SW at the interface.
interfacial wave that falls off exponentially with distance on The| and SW features are too close to be resolved in this
both sides of the interface. It is a special case of the Stonelegiagram and their jagged appearance is an artifact of the
wave?® but the conditions on its existence are less exclusivdinite resolution of this image.
than for Stoneley waves at the interface between joined
solids° To render this singularity visible it has been artifi-

. . B. Point f
cially broadened by making the replacement oint force response

For an impulsive point force, it is expedient to obtain the
Was— (1 35+ @), (20 3D dynamic Green'’s functiors;;(x,t) = (d/dt)H;;(x,t) as
) o » the time derivative of the displacement respohisgx,t) to
wherea is a small but finite positive number. I35, and 5 concentrated point force acting at the origin and having
hence the line force response, also displays correspondingt step function time dependence. The boundary conditions

resonant or singular features at RW,and SW. obtaining for the calculation dfi;; are
A global picture ofW¥ 55 for an anisotropic surface is pro-
vided by Fig. 2, which shows R&is4(s) for the water- X Xa= 0. t)— X Xa=0_ t
loaded (001) surface of copper as a gray-scale image. The 73X Xa=04 )= 050X X3=0-.1)
lines that stand out as darker are the longitudirig) é&nd =—F;6,6(X1)6(Xp) €(t), (2D

transverse T) lateral waves of the solid and correspond to
loci of the projection on the surface of limiting or threshold with
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t>0 dimensions. This has the effect of suppressing structures,
e(t)= 1 (<0 (22 such as the liquid lateral wave and Scholte wave, that propa-
2 . gate with slowness>s;.

1
2

In calculating the line force response normal to the sur-
face, as measured by a pair of line focus lenses,(E9).is
Fk,0)=1/8m % w. (23 modified by the removal of the portion of the integral in Eq.
(17) over the interval§ — oo, — s4] and[ g, ]. We thus have
In place of Eq.(14), Gj;(x,t) is in this case given by that for 0<t<|x,|sq

Their Fourier transform i, 6; ,F(k, ,w),

N * dw 1
B -7 2 - —1y(n)y (M
Gij(x,)=— J,md kuJ’ﬂO o f(ku,w); (B™H;7Y; 633(x1,t)=—m Im W g5(t/x1,0) + f35(X1,1), (29)
x expli (k- X+ k§Vx3— wt)}. (24 where
Regarding the response at the interface, we againxset 1 sy Re W44(S;,0)
=x3=0. On substituting forF(k; ,w) in Eq.(24) and replac- faa(Xq,t)= 2 [ J ——t/
ing the integration variablk, by s=k;/w, we obtain XS ST
» Re Waq(S1,0)
J (= = ®i(s) +f — AT 30
Gij(xl1t): - E 7wdle'700dw 8773 So Sl_t/X]_ ( )
X expli w(s1x;— 1)}, (25) In considering a liquid-solid combination in which the
Where liquid sound speed is considerably smaller than that of the

solid, as is the case depicted in Fig. 1, Rg(s;,0)~0 in

w the region ofsy and sof 35(x4,t) is a smooth function of in
(I)ij(sl)zf ds,Vi(s1,Sy). (26) the interval[ 0,|x,|Sp] and represents a small correction to

- Gas(X4,t). We have not included this correction in the cal-
As before, we restrict the integration overin Eq. (25) to  Culated images presented later since our principal concern
the interval[02<], retaining only the real part. On carrying there is for the structures in these images and not the
out this integration we obtain smoothly varying background.

For later timest>|x,|sy,

1 JJ“X’ Im <I>ij(sl)

Cita =" G| 5 P9 Gk e
33\ A1 2772Xl s Sl_tlxl

: (31)

o
+ x| Re ®j;(t/xy) |- (27 which is a continuous function df not revealing the liquid
lateral wave and Scholte wave. In the limit of large
Again, using causality we can derive a Kramers-Kronig ex-Gg4(x,,t)~ 14.
pression relating the two terms in the square brackets in Eq. In calculating the point force response, as measured by a
(27). This allows us to eliminate the integral ov@rand we  pair of point focus lenses, E(6) is modified by cutting off

arrive at the result the integral ats)|=s, rather thanto. All the structures that
1 5 may be present in the images are captured in this way, but

Gij(Xq t>0)= — =— — Re dyj(t/xy), (28) the liquid Iatera_l wave and Scholte wave are suppress_ed.
27| x4| at The generation of a surface point force response image

which has reduced the calculation of the point force respons]reequ'res the evaluation of the line integkd6) and its dif-

to a one-dimensional integral. For an anisotropic solid, nu_erentlatlon with respect 16 to obtain G(x;.t) for a 2D

merical methods are in general required for the evaluation ofray of values of and ¢, the angle specifying the direction

the integral(26) and the method of integration has to copeOf thbe obfsfervat_mn p0||nt n thiﬁsurfacef. To mlg!mme the
with the Scholte wave, leaky RW and PSAW resonances?um elr OI un;t(lacl)fn eva ?atloqszooisg())bm 9&” ?O |Ing wef
and the solid and liquid lateral waves. Irst calculate 33.(5') ora grid of values o
5, and store these in a lookup table, which is subsequently

consulted in calculating the line integrals. The entire process
of calculating an image, examples of which are given later,

In the acoustic microscopy experiments of Wolfe andtakes in the regionfol h on a133-MHz Pentium personal
co-workerst®=2° the insonification is accomplished with an computer.
acoustic lens of finite aperture. The spatial Fourier transform The integration oves, in Eq. (26) is carried out along a
of the force for normal insonification with a line focus lens line perpendicular to the viewing directior,, with s;
of aperture angled is thus confined to the line segment =t/x;. Ast is varied, there are certain times when the inte-
—5p<5;<Sy, Where sy=sin dlv(water)=0.56us/mm for  gration path is tangential to a threshold contour. At these
#=60°, while for a point focus lens it is confined to a cir- instants,Hs; displays nonanalytic behavior of some sort,
cular disk of the same radius and for an inclined point focus.g., a kink or discontinuity, which are the lateral waves in
lens it is confined to a displaced elliptical region of similar the point response. For the unloaded surface the resonance

C. Line and point focus acoustic images
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FIG. 3. W, for a slow solid, polyethylene, and the effects of ~ FIG. 4. W33 for a fast solid, aluminum, and the effects of vary-
varying the acoustic impedance of the loading liquid, “watefay ~ INg the acoustic impedance of the loading liquid, watey. The
The impedance is one-tenth of that of watehifted up, (b) the  impedance is one-tenth of that of watshifted up, (b) the normal
normal impedance of water; atid) the impedance is five times that impedance of water, an¢t) the impedance is five times that of
of water(shifted dow. The negative portion of I, that occurs ~ Water (shifted down.
beyond RW is not shown.

that fall off exponentially in both directions away from the
associated with the leaky RW becomes infinitely sharp andsurface. It is unattenuated as it travels along the surface and
as a consequence, there are inverse square root surface wame broadening in R¥g5 that is apparent in this figure is
arrival singularities conditioned on tangency of the integrapurely the result of the artificial damping that has been in-
tion path with the RW slowness curve. The bulk and RWiroduced to render the surface wave visible.

arrivals propagate respectively at the bulk and surface wave Figure 3b) shows¥ 35 when the fluid impedance is equal

group velocities in the directior, . to that of water. The lateral wave featurelas now much
more pronounced than before and the loading has had the
IIl. RESULTS FOR ISOTROPIC SOLIDS effect of increasing the RW slowness to 1.438mm, which
represents a 13% increase over that for the free surface.
A. Slow solids Figure 3c) shows the surface response when the fluid

There are quite a few solids, main|y organic, whose transiﬂ]pedaﬂce is 5 times that of water. The interfacial wave
verse wave speeds and in some cases even longitudinal wa§®wness has increased to 2.@8/mm and the integrated
speeds are less than the speed of sound in water. These soliue of Re¥; for this wave relative to that for the bulk
span a range of densities and acoustic impedances. To ewave continuum is now much greater. With a further in-
plore the surface dynamical behavior of liquid-solid combi-crease in the liquid impedance or, equivalently, a decrease in
nations in this category, we consider isotropic polyethylenethe solid impedance, the slowness of the interfacial wave
which has wave speeds(T)=0.85mmis and v(L) continues to increase without limit. The kinetic energy of the
=2.10 mmks and density=1.37 g/cni, in contact with a  wave resides more and more in the fluid and the potential
fluid that is nominally water, and examine what the effects ofenergy in the solid. This is somewhat analogous to the situ-
Varying the acoustic impedance of the ||qu|d, keeping theatlon for Capillary waves on the surface of a ||qU|d, but with
sound speed fixed, are. This variation is accomplished byhe elastic restoring force of the solid performing the func-
changing the density and bulk modulus of the fluid by thetion of the surface tension.
same factor. The results are shown in Fig. 3.

Figure 3a) depicts¥ 43 in the case where the impedance
of the fluid has been reduced by a factor of 10 with respect to
that of water. Due to the small influence of the fluid loading, The common metals, most covalent and ionic solids, and
the surface response is very similar to that for the free soligninerals have longitudinal and transverse wave speeds that
surface, having singular features at the lateral wavaadT  exceed the speed of sound in water. To explore the surface
and the RW. The main difference is the sharp narrow dip irdynamical behavior of liquid-solid combinations in this cat-
ReW,; and attendant swing in Ink;; at s(water), which  egory, we consider isotropic aluminium, for whieh(T)
represents the fluid lateral wave The loading has in fact =3.04 mmjus andv(L)=6.42 mmks andp=2.7 g/cni, in
had the effect of increasing the RW slowness very slightly contact with a liquid that is nominally water, and examine
from 1.252us/mm for the free surface to 1.2@¢&/mm. The what the effects of varying the acoustic impedance of the
RW in this case represents a true interfacial wave lying in thdiquid, keeping the wave speed fixed, are. The results are
subsonic region and consisting of partial wave componentshown in Fig. 4.

B. Fast solids
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Figure 4a) depicts¥ 33 in the case where the impedance 4
of the fluid has been reduced by a factor of 10 with respect to
that of water. Due to the small influence of the fluid loading, (a)3s, T
W3 is similar to that for the free surface. There are, how- !
ever, two important differences: The RW is now supersonic
with respect to the sound speed in water and phase matching
allows this wave to couple to bulk sound waves in the water,
causing radiation of energy away from the surface. This re-
sults in the attenuation of this so-called leaky RW as it trav-
els along the surface and endows the resonance in the re- (b)2s,
sponse with a finite width. Beyond the RW slownessdRe
falls off rapidly to a very small value, but approaching the 0
sound slowness dtit increases slightly, drops to zero lat
and a little beyond this value displayssgunction singular- ©)s, T
ity of small integrated amplitude. This singularity lying in %
the fully subsonic region is associated with a true interfacial : :
wave, the Scholte wave. In this limit it is essentially a bulk
sound wave in the liquid, traveling parallel to the surface,
which has become trapped at the surface and transformed
into an interfacial wave by the finite compliance of the solid.  FIG. 5. Effects on¥ 4, of polyethylene, of varying the sound
Figure 4b) showsV 55 in the case where the fluid imped- speed of the coupling fluid, wate@ The fluid slowness is three
ance is equal to that of water. The broadening and attenudimes that of watetshifted up, (b) the fluid slowness is twice that
tion of the RW due to leakage into the water is now muchof water, and(c) the normal slowness of watéshifted down.
greater. The increase in Ri&; nearl is is now more pro-
nounced than before and the Scholte wave has a larger am- Since there is scope for varying the properties of the cou-
plitude and separated a little further from the sound threshpling liquid in a continuous fashion, the effects described
old. above are in many cases amenable to direct observation.
Figure 4c) shows W45 when the fluid impedance is 5 Guzhev and Levit? have carried out an in-depth study of the
times that of water. The RW is now barely recognizable asgffects of varying the fluid sound speed, taking BieO,, as
the broad feature that extends frdfrto |. The Scholte wave their solid and an aqueous glycerol solution as coupling lig-
is now well separated from the continuum a& uid. By altering the glycerol concentration, the sound speed
=0.680us/mm. With a further increase in the liquid imped- in the solution can be varied from 1484 to 1913 m/s, which
ance, the slowness of the Scholte wave continues to increadignits lie to either side of the RW speed 1680 m/s for the
and, just as in the previous case, this wave evolves into golid. Their measurements are in excellent accord with
capillarylike wave, with the solid elastic modulus providing theory and show the Scholte wave tending to a value some
the restoring force. what below the RW speed as the fluid speed increases.

RW
SwW

_— Im‘}‘;‘3

—_— Re\Pss

33

0 0.5 1.0 L5 2.0 2.5

s (us/mm)

C. Solids ranging from fast to slow IV. RESULTS FOR ANISOTROPIC SOLIDS

To explore_ the o_Iiffere_nt types .Of beha\_/ior that th_e wide |, this section we will discuss some of the solids that have
range of relative fluid-solid velocities permits, we again CON-paen investigated  experimentally by Vines and
sider the polyethylene-water combination and examine th%o-workersl.g‘zo'zzThe first is a uniaxial carbon fiber epoxy
effect of changing the sound speéslowness of the fluid  \hsite that they have measured using line and point fo-

while keeping the density constant. Figur@SshowsWss  ¢\i5 acoustic transducéi&The transverse velocity and den-
when the.flwd. slowness is 3 times .that of water. The RW ISsity of this material are fairly close to that of the water trans-
supersonic with respect to the fluid and so is damped byjssion medium and as a result there is a complex interplay
leakage of energy into the f!wd. The broadened resonance [sunween the Scholte wave and the directionally dependent
centered at 1.2474s/mm, slightly below the value for the 5. stic properties of the solid. Next we consider a number
unloaded surface. The fluid lateral wave and Scholte wavgt o pic crystals whose densities and velocities are signifi-
lie close to each other at approximately<8 (waten. For oy greater than those of waféP?For these, the Scholte
larger fluid slowness, the fluid lateral wave and Scholte wave, -.a is a very small feature in the surface response and

diminish in size and approach each other as they increase o,y jittle directional dependence. There is, however, strik-

slowness. ing anisotropy to be observed in the leaky RW and lateral

Figure §b) showsW 33 when the fluid slowness is twice \ayes of the solid. We discuss these effects for the principal
that of water. The RW is now very heavily damped and the;ysta| cuts of a number of crystals, of anisotropy coefficient
Scholte wave is a more Pprominent fe_ature, which mOVes, ~ 5¢,,/(Cy— Cy,) greater and less than unity.
down gradually as the fluid slowness is decreased, but re-
mains above the RW slowness for the unloaded surface.

Figure 8c) shows the surface response when the fluid is
water. This is the same as Figlb3 The Scholte wave has The solid consists of an array of fine carbon fibers aligned
replaced the RW as the dominant surface mode and has takparallel to the sample surface and bonded together in an ep-

on some of the character of the RW of the loaded surface.oxy matrix. On a macroscopic scale this material behaves

A. Uniaxial carbon fiber epoxy composite
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Fiber composite water line force response . i .
Fiber composite water line force response
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FIG. 6. Surface displacement response of uniaxial carbon fiber epoxy composite to impulsive(frisesmal displacement response
to a line force in five directions in the surface. Between 0 and 1 the response in magnified 100¢timele angle between the fiber
direction and the observation direction, which is perpendicular to the line along which the force is ajpligidectional dependence of the
displacement response represented as a gray-scale image. The brighter regions correspond to positive displacement and the darker to negativ
displacement. To enhance the relatively small lateral wave features, the gray scale has been allowed to heavily saturate in the region of the
Scholte wave, the sinusoidal-like feature near the top of the imap®irectional dependence of the point force response represented as a

gray-scale image.

elastically as a transversely isotropic solid with effectiveclosely spaced set of directions in the surface. Brighter re-
elastic constanf8 C,;=12.7, C,,=7.78, C;3=7.3, C33  gions represent positive displacement and darker regions
=137,C44=4.23, andCgs=2.46 in GPa and densify=1.65 negative displacement. When the displacement becomes very
g/cn®. Figure §a) shows the normal displacement responsdarge, the scale saturates towards white or black. The sharp
to impulsive line loading in five directions in the surface. structures in this image that lie below about X §water)

The angle¢ is between the fiber direction and the observa-~0.6 us/mm constitute the only ones that can be excited
tion direction, which is perpendicular to the line along whichwith the experimental arrangement of Wolfe and Viflesd

the force is applied. The most conspicuous features are thiis portion of the image is in good agreement with their
longitudinal lateral wave of the solid, the transverse lat- measured line force image as regards the location of the lat-
eral waveT, the water lateral wavk and the Scholte wave eral waves of the solid. In the measured image, preceding the
SW. For clarity, the response between 0 &ilhs been mag- lateral wave arrivals there is a smooth buildup of the signal
nified by 100. All except the water lateral wave are highly corresponding to a displacement of opposite sign to that
anisotropic. Figure ®) shows a gray-scale image generatedfollowing the arrivals. This is indicative of a dipolar source
by stacking together a large number of responses for &unction and is well reproduced by convoluting the calcu-
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FIG. 7. (a) Line force respons&i4( ¢,t/1) for the water-loaded G002) surface(b) Point force respons@s4( ¢,t/1) for the water loaded
Cu(00)) surface.(c) Point force respons€;4( ¢,t/l) for the water loaded Li@01) surface.

lated image with a source function of the tyde(t) B. Cubic crystals of anisotropy 7>1
t: éocgi(g" fot)exg[—_(to— ;0%5/20 I with  fo=1MHz, The existence of RW’s and PSAW'’s and their variation
c=2-ofous, ando=0.o/ous. with direction in the principal crystallographic cuts of cubic

Figure &c) shows the calculated point force image for 2
this fiber composite, restricted to the region belsfwater), crystals have been surveyed by Farffeihd by Every”” The

which is accessible to the acoustic microscopy measuréf"tt_er report also describes the threshold bulk wave curves,
ments. While similarities can be seen between the line an#hich are the lateral waves of the fluid loaded surface.
point force images, there are also striking differences. In par- Figure 7a) is a gray-scale representation of the line force
ticular, the sharp structures in this case depict the directionaksponseGas(¢,t/l) for the water loaded G001 surface.
dependence of the group slowneasverse group velocily Copper is a crystal characterized by a large anisotrgpy
V™ 1(®,) of the lateral waves, not their phase slowness. In= 3.204, large density compared to wate8.96 g/cni,
the transformation from phase slowness to group slownesgind RW and PSAW slownesses that, although smaller than
velocity, points of inflection in the phase slowness curvesyyaier) in all directions, approach within 20% of the latter
:r:;narrﬁ)n?gttro Zui?\?allgnt?gu%msuipnStlr?gv%ifstrgg;\\l/%%g E?érgﬁ fou{:Iowness in thé€110 directions. In the vicinity of th&€100)

y y €d b directions the most prominent feature is the damped leaky

wave at about 4us/mm is clearly in evidence. There is an- S
other set of four at about 2s/mm, but they are barely dis- KW Of slowness-0.48 us/mm. The RW slowness is highly

cernible because the displacements for these particular FaNisotropic and away from th@00 directions it diminishes
modes is almost parallel to the surface and so they contributé intensity in the image as the polarization of this mode tilts
negligibly to the Green’s function compone®t;. They do, over to the horizontal, vanishing in th€10 directions
however, show up clearly in the case®f; andG,,. Figure = where the RW degenerates with the ST bulk mode. In the
6(c) is in good agreement with the measured point focusegion of the(110 directions the most prominent feature is
image?° the PSAW, with a slowness of0.43us/mm, which is



1610 A. G. EVERY AND G. A. D. BRIGGS PRB 58

t/x [us/mm]
t/x [us/mm]

-80 —60 —40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
(a) angle [] angle [9]

FIG. 9. Line force respons€sy(¢,t/l) for the water-loaded
Cu(11)) surface.

Cu(001) surface. The most prominent structures in this im-
age are again the leaky RW and PSAW. The upper set of
bright arches and their dark&t-shaped supports belong to
the RW. Their junction is a cusp in the group slowness
curve, which maps from a point of inflection in the phase
slowness curve. The lower set of brighitshaped arches is
associated with the PSAW. There are fainter features associ-
ated with the lateral waves. This image, with its complexity
and striking detall, is in good agreement with the(@id)
point focus image measured by Vines, Hauser, and Wdlfe.
Figure 7c) shows the calculate,4(¢,t/1) point force
T a— - . - . - image for the water-loaded L{B01) surface, for whichp
o =2.601 g/cm and »=1.815, both of which are significantly
(b) angle [° smaller than for Cu. The water loading causes considerable
broadening of the RW and PSAW, with the result that in the
FIG. 8. (a) Line force respons&s3(¢,t/l) for the water-loaded  image they appear as the connected undulating bright struc-
Cu(110 surface.(b) Point force respons@sy(,t/1) for the water-  tyre. The rounded legs protruding below are part of the
loaded Ge110) surface. PSAW structure. The sharp arches cutting through the RW
band are the ST lateral wave. The slightly undulating struc-

damped by leakage of energy into the water and away from
the (110 directions, also through coupling to bulk modes in 04
the solid. In the region midway between %100 and(110
directions the RW and PSAW have comparable intensities
The lateral waves of the copper are revealed as a set of sha
lines(other than the RW and PSAWvhere there is a sudden
change in the intensity. The structures in the region extend 03
ing from ~0.34 to ~0.62us/mm are the transverse lateral
waves and the sinusoidal-like structure between 0.20 an
0.23 us/mm is the longitudinal lateral wave. The disposition
of these various structures is consistent with the pattern ¢
surface and threshold bulk waves described in Ref. 32. Th 02
Scholte wave is the almost straight line at 0.643/mm,
which shows an almost imperceptible variation of slow- ;.
ness/velocity with direction and only slight splitting from the
water lateral wave, but a noticeable variation of intensity.

t/x [us/mm]

t/x [us/mm]
§

Because the water slowness does not greatly exceed the ¢ 0180 60 40 20 0 20 40 60 80
slowness of the solid, this wave is a fairly prominent feature angle []
in this image.

Figure 1b) shows an image representing the calculated FIG. 10. Line force respons&sy(¢,t/1) for the water-loaded
point force responseGag(¢,t/l) for the water-loaded CaR001) surface.
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FIG. 12. Line force respons@,4(¢,t/l) for the water-loaded
CaK11)) surface.

transverse lateral waves. This image is in good agreement
with the point focus image of G&10 measured by Vines,
Hauser, and Wolfé®

Figure 9 shows the calculat€shs( ¢,t/1) line force image
for the water-loaded Qi11) surface. Becausélll) is an
axis of six-fold rotational inversional symmetry for the me-
dium, the images displays six-fold rotational symmetry. The
most prominent feature is the leaky RW and the somewhat
less intense matching inverted structure originates in a reso-
nance near to the FT lateral wave. There is the faihter
lateral wave near 0.Zs/mm. These are all consistent with
Fig. 14 of Ref. 32. As in the other two surface orientations of

-150 100 -50 0 50 100 150 Cu, the Scholte wave and water lateral wave cannot be re-

(b) angle [°] solved and show negligible variation in slowness with direc-
tion, but significant intensity variation with direction.

t/x [us/mm]

FIG. 11. (@ Line force responseé5ss(o,t/l) for the water-
loaded CaFL10) surface.(b) Point force respons€s4(¢,t/1) for C. Cubic crystals of anisotropy <1

the water-loaded C4FE10) surface. . . . . .
The results presented in this section are illustrative of the

case of anisotropyp<<1. Figure 10 shows the calculated

ture at~0.2us/mm is the FT lateral wave and the more G,4(¢,t/1) line force image for the water-loaded GaB1)
prominent undulating structure between-0.13 and surface (p=3.18 g/cri and 7=0.575. For this high-
~0.15us/mm is thelL lateral wave. This image is in good velocity crystal, all the surface and lateral wave structures lie
with the measurement. at slownesses well beloa(water). The water lateral wave

Figure 8a) shows the calculate@s4(,t/1) line force  and Scholte wave are consequently extremely faint features
response for the water-loaded @m0 surface. The most separated only very slightly from each other. This and the
prominent structure in this image is the leaky RW. The transother images for CaF are thus restricted the slowness range
verse lateral waves are fairly faint structures, but in the corof the RW and solid lateral waves. For crystals wik<1,
responding images d@®,(,t/1) andG,,(,t/1) they show the ST lateral wave for thed01) surface is the pur& mode,
up as very sharp intense features. Thiateral wave lies just polarized normal to thé001) surface, and its slowness is
above 0.2us/mm. These structures are consistent with Fig.\/p/C,4, independent of direction. This has the result that the
12 of Ref. 32. As in the case of @201), the Scholte wave RW varies hardly at all with direction and there is no PSAW.
and water lateral wave cannot be resolved and show neglifhe L lateral wave shows more variation with direction,
gible variation in slowness with direction, but significant in- around a mean value of approximately 0/4&mm.
tensity variation with direction. Figure 11a) shows the calculate@®z3(¢,t/l) line force

Figure 8b) shows the calculate®;¢,t/l) point force  image for the water-loaded CER.0) surface. The prominent
image of the water-loaded @@€0 surface (p broad structure is, within~20° of ¢=0, a PSAW, while
=5.322 g/cm and 7=1.669. In appearance the structure elsewhere it is a leaky RW. All the sharp structures in the
for the leaky RW is similar to that for the line force image of image are lateral waves and are consistent with Fig. 20 of
this surface. The sharp split arched structures underneath aref. 32. Figure 1) shows the corresponding point force
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image. Here too the leaky RW and PSAW form an almostresenting the directional and time dependence of the line and
continuous band, only broken partly by the ST lateral wavepoint force responses are in good agreement with corre-
that separates the RW and PSAW in the line force imagesponding acoustic microscopy images measured by Vines
The other sharp features in Fig. (8l are lateral waves. and co-workers in a number of anisotropic solids using a pair
These map onto corresponding features in the line force imef line or point focus lenses. Because of the finite aperture of
age. Figure 1(b) is in good agreement with the measuredthe lenses, structures lying close to and beyond the water
point focus image of Cag10). lateral wave in slowness are not coupled to and are absent

Figure 12 shows the calculat&hy( ¢,t/1) line force im-  from the measured images. This effect is simulated by intro-
age for the water-loaded C@R1) surface. It bears some ducing a finite cutoff in the Fourier transform of the forcing
resemblance to the Cll1) image. The most prominent function. Other methods of excitation and detection exist that
structure is due to the leaky RW and there is a similar butvould allow these late arriving features to be observed. The
less intense inverted structure that is a resonance that follovanalytic methods described in this paper can be expected to
the angular variation of the FT lateral wave slownésse find application in diverse areas such as materials character-
Fig. 22 of Ref. 32. ization and nondestructure testing, physical acoustics, and

seismology.
V. CONCLUSIONS
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