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This paper reports on the application of the ultrasonic point-source/point-receiver technique (PS/PR)
to thin, anisotropic specimens. By using a scanned source and viewing a large number of signals
measured at adjacent source/receiver configurations, one obtains a so-called scan image which
represents the detailed spatial and temporal characteristics of the elastic wave field in a specimen.
The measurement system uses either a focused, pulsed laser beam operating as a dipole source or
a small aperture, piezoceramic shear transducer serving as a monopolar source. Detection of the
signals is with a sensitive piezoceramic sensor that responds to the lateral or shear motions of the
specimen surface. Scan images were obtained in a Silicon wafer whose thickness was 625 um and
in one- or two-ply, unidirectional, graphite/epoxy laminates whose thicknesses were approximately
145 and 275 um, respectively. The experimental data are analyzed using a simple plane-wave,
plane-stress model that describes the propagation of quasilongitudinal and quasitransverse
membrane waves in the plane of the plate. Good agreement is obtained between the experimental
and theoretical group velocity curves of the membrane waves in the laminates. 1t is shown that the
measured group velocity data of different wave modes can be inverted to recover the elastic
constants of a material with excellent reliability and accuracy. The measurement system was also
used to map out the group velocities in branches comprising the cuspidal region of the
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quasi-transverse group velocity curve.

PACS numbers: 43.35.Sx, 43.35.Yb

INTRODUCTION

Over the past several years, we have reported the devel-
opment of an ultrasonic poini-source/point-receiver (PS/PR)
measurement system and its application to a number of ma-
terials inspection and characterization applications.' ™ As its
name implies, the essential elements of such a system are a
small-aperture source and a receiver of ultrasound whose re-
quirements and operational characteristics have been re-
viewed in Ref. 4. With such a system, measurements are
possible in a wide variety of specimen geometries with mini-
mal surface preparation. But, in addition to these practical
advantages, a PS/PR system is intrinsically a powerful ultra-
sonic measurement tool. In most cases, a point source gen-
erates both longitudinal and shear waves in a bulk specimen,
therefore information about each of these wave modes can
usually be extracted from each detected waveform. Further,
since PS/PR signals are simultaneously propagated in a wide
range of directions in a specimen, one can use an array of
sensors or scan either the source or the receiver over the
specimen surface to determine the directional dependence of
the speeds of propagation and amplitudes of various wave
modes in a material. Obviously, an understanding of the
propagation of transient elastic waves in a bounded specimen
is required in order to properly process the detected PS/PR
signals so that the characteristics of the material can be re-
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covered. Calculation of the propagation of elastic waves in
anisotropic materials remains an area of active research.

Although PS/PR waveform data is generally more com-
plex than that obtained using conventional, plane-wave ultra-
sonic measurements, many of the measurement problems
and limitations of the latter are minimized or avoided. For
example, when generating signals in thick and absorptive
materials,5 such as fiber-reinforced thermoset composites, a
broadband excitation that is rich in low frequencies is often
desired and for this application, a step-type source function
may be used. To obtain such an excitation, the point source
may be a normal force which can be generated by the frac-
ture of a capillary or a focused, pulsed laser that is operating
in its ablative regime. A horizontal, dipolar source can be
realized by using a pulsed laser operating in its thermoelastic
regime. The application of pulsed lasers as a source of ultra-
sound in metals, in single crystal specimens and in thick
composite materials has been reported in a number of publi-
cations, cf. Refs. 6-9.

The signals can be detected by a small-aperture piezo-
electric or capacitive sensor or with an optical interferometer
system, Each of these sensing systems is principally sensitive
to wave motions that are normal to the surface of a specimen.

A pulsed laser is an example of a convenient noncon-
tacting source that can form the basis of a repetitive and
scanable ultrasonic measurement system. By viewing a large
number of signals measured at adjacent source/receiver con-
figurations, one obtains, a so-called scan image which repre-
sents the detailed spatial and temporal characteristics of the
elastic wave field in a material. Features in such an image
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can be directly related to the material’s anisotropy and
macrostructure.'’

To date, the PS/PR technique is most often applied to
bulk specimens in which the smallest dimension was in ev-
ery case greater than the dominant wavelength of the probing
signals. The application of laser point-source generated and
detected ultrasonic waves in thin platelike specimens has
been described by Hutchins et al.,"" Dewhurst er al.,12 Na-
kano and Nagai'* and by Bobbin et al."* In these studies, the
focus was on measurements of the lowest-order symmetric
and antisymmetric Rayleigh—-Lamb wave modes in speci-
mens which were elastically isotropic. The detection of these
wave modes was made by measuring the normal displace-
ments of a specimen surface. Dean'® used piezoelectric line
source transducers that were sensitive to the normal motions
of the specimen surface. The wave speeds of the lowest-
order symmetric and antisymmetric Rayleigh—Lamb modes
were measured in unidirectional graphite/epoxy and carbon-
reinforced PEEK specimens that were 2—3 mm thick. In con-
trast to the foregoing, the present study deals with the use of
PS/PR measurements in anisotropic platelike specimens
whose thickness is of the order of 200 um. The focus is on
the lowest-order symmetric and shear horizontal Lamb
modes of the thin plate. In every case, the thickness dimen-
sion is so small that the dominant signals of interest are those
associated with the in-plane motions of the specimen. The
detection of these wave modes requires the use of small-
aperture shear sensors.

In the following section, we consider the essential fea-
tures of a PS/PR system that is designed for measurements
on specimens of such dimensions. We demonstrate the use-
fulness of the technique to determine the elastic wave field in
a thin wafer of silicon and to characterize the wave propaga-
tion characteristics in a thin laminate of graphite/epoxy.

. MEASUREMENTS
A. Ultrasonic system for thin specimens

Because of their utility, PS/PR measurements in bulk
specimens often rely on sources such as a capillary fracture
or a pulsed laser operating in the ablative regime. However,
such normal force sources launch principally flexural waves
info a thin specimen because of the small bending stiffness
characteristic of such specimens. In contrast, the characteris-
tics of a pulsed thermal source, when it is operating ther-
moelastically, can be modelled as an array of double forces
of arbitrary orientation but all parallel to the surface of the
specimen. Such a source can be used to generate in-plane
waves in a thin specimen.

To detect waves whose principal motions are in the
plane of a specimen, it is necessary to use small-aperture
detectors which are sensitive to these in-plane motions. The
thickness dimension of the specimens of interest here is so
small that the normal components that are induced by the
in-plane waves through the Poisson effect are of insufficient
amplitude to be easily detectable by capacitive or piezoelec-
tric transducers which are principally sensitive to out-of-
plane motions of the surface of a specimen. Rather, transduc-
ers that directly respond to the lateral or shear motions of the
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specimen surface need to be used. Noncontact, optical inter-
ferometric sensing systems are now available which are ca-
pable of detecting such motions.'® While they possess a
broad frequency response, the sensitivity of such systems is
at least an order of magnitude or two less than is available
from piezoelectric sensors. Furthermore, such an expensive
instrument was not available to us. For this reason, piezoce-
ramic shear transducers were used in this study to detect and
in some instances, to generate the ultrasonic signals. They
were fabricated by cutting square or rectangular-shaped
pieces with lateral dimensions of the order of 1.5 mm from a
larger piezoceramic shear element (Philips, PXE4). These
transducer elements were glued directly to the surface of the
specimen using either Salol (Eastman Kodak Company, Phe-
nyl Salicylate) or a fast-curing epoxy (Permabond, 5-Minute
Epoxy). No systematic differences were found in the sensi-
tivity of transducers that had been attached to the specimens
with either of these coupling materials.

In cases where the propagational characteristics of
waves in an anisotropic material is to be investigated in de-
tail, a measurement system capable of selective excitation of
various wave modes is desirable. For this purpose, a system
consisting of one or two small aperture shear transducers was
fabricated. Such a transducer operating as a source can be
modelled as a monopole acting parallel to the surface of the
specimen that excites the in-plane motions in the plate. Its
operation as a detector is similar to that described in the
previous paragraph. With such a system, the amplitudes of
the signals are much larger than those excited by a laser
impact even when a highly viscous shear couplant is used in
attaching the transducer(s) to the surface of the specimen.
The small aperture shear transducers were designed using
coaxial shear elements whose center frequency was 2 or 10
MHz and whose sensitive area was about 0.8 mm in diameter
(Valpey Fisher, PZT-4, PZT-5A).

The sensor signals were amplified by 40 or 60 dB using
a low-noise preamplifier, whose bandwidth extended from 2
kHz to 2 MHz. The signals were digitized to 10-bit resolu-
tion at a sampling rate of 60 MHz. Each of the signals in the
scan images consisted of 1-K sampled points. In recording
the scan images, each of the signals has been delayed so that
the noise associated with the pulsing of the laser was avoided
and that the data collection was optimized as to signal tem-
poral resolution and duration. The specimens were moved
through the laser beam using a scanning stage running under
PC control. Each scan image typically consisted of 201
waveforms acquired along one scan line across a specimen.
The acquisition of these data required between five and 20
min, depending on the signal averaging count.

B. Specimens

To demonstrate the operation of the measurement tech-
nique, measurements were made on a {111} p-type, semicon-
ductor quality, Silicon wafer, that was 12.5 cm in diameter
and 625 wpm thick. This material was chosen because its
mechanical properties are well known. These include its den-
sity, 2332 kg/m® and elastic stiffnesses: C,,=165.7,
C,,=63.9, and C,,=79.56 GPa."”

M. Veidt and W. Sachse: Ultrasonic point-source measurements 2319




TABLE 1. Characteristics of the compocite materials tested.

Thickness'  Density®  Fiber fraction®
Ply-layup  Curing process (pem) (g/cm®) (%)
[0]r Autoclave 152 1.52 55
[0] Hot press 140 1.53 58
[00] Autoclave 280 1.53 58
[00]+ Autoclave 287 1.53 56
[00], Hot press 260 1.56 64
[00]y Hot press 273 1.55 62

*Measured mechanically and optically by analyzing polished cross sections
of strips 10 mm wide imbedded in an epoxy matrix.

"Measured using the gravimetric (Archimedes) principle.

“Calculated from the measured density and an image analysis of the polished
specimen cross sections.

The inhomogeneous, anisotropic specimens used in this
study were unidirectional, carbon fiber-reinforced epoxy
laminates consisting of one or two laminae in the shape of
square plates whose lateral dimensions ranged between 150
and 190 mm. Typical specimen characteristics are listed in
Table I. The laminates were fabricated using a hot press or an
autoclave following the curing cycle recommended by the
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manufacturer of the prepreg material (Hercules Inc., carbon
prepreg tape IM6/3501-6).

C. Measurements

Multiple PS/PR measurements were carried out on each
of the specimens. The scan images were generated with a
scanned, pulsed laser operating as a source and a fixed shear-
wave transducer as a detector. An example is the scan image
that is shown in Fig. 1(a) that was obtained for the Silicon
wafer. In this measurement, the laser was scanned along a
line 20 mm from the detector in the (112) direction normal to
the (110} direction. The arrivals of the different wave modes
can be identified. To the authors’ knowledge, a Monte Carlo
simulation procedure, analogous to that available for synthe-
sizing scan images in bulk specimens,'® is not yet available
for thin anisotropic plates. It is clear, however, that, as in
bulk specimens, the signals detected in thin specimens ex-
hibit considerable ringing. This artifact results from the pi-
ezoelectric sensor used to detect the signals. While this may
complicate the detection of small-amplitude features in the
image, the dominant features, such as the signal arrival time
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FIG. 1. (a) Scan image of a 625-um-thick Si wafer of (111} orientation. The
scan was along (_112). Normal distance from the scan line to the receiver was
20 mm along (110). The anomalous time record near the center of the image
is the result of a mistrigger. (b) Arrival time of the peak (minimum) ampli-
tude of the quasilongitudinal wave as a function of scan position. (¢) Am-
plitude (minimum) of the quasilongitudinal wave as a function of scan po-
sition. The scan lines Nos. 100-102 were omitted from the processing.
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FIG. 2. Scan image of a two-ply, 280-um-thick, unidirectional graphitc/cpoxy laminate. Scan line perpendicular to the fibers. Normal distance from the scan

line to the receiver was 40 mm.

and relative amplitude of particular wave modes, are not ob-
scured and detection and analysis is possible using image
processing techniques.

A simple but particularly useful scan image processing
procedure is a tracking algorithm in which the location of a
particular peak or valley is identified in one of the wave-
forms comprising the scan image. The algorithm subse-
quently tracks the arrival and amplitude of this selected fea-
ture throughout the image. The examples shown in Fig. 1(b)
and (c) are the arrival times and amplitude minima of the
first signal arrival extracted from the scan image shown in
Fig. 1(a). These data characterize the quasilongitudinal wave
mode propagating along 201 directions between *£45° to the
(110) direction of the Silicon wafer of (111) orientation. The
group velocity of this wave mode along each direction is
found by dividing the source/receiver separation by the cor-
responding arrival time. It should be noted that while the
arrival-time data shown in this figure are those associated
with the amplitude minimum, algorithms have recently been
demonstrated that can be used to detect the signal onset.'’

A second example, shown in Fig. 2, is the result ob-
tained when the two-ply, unidirectional plate of graphite/
epoxy, 280 wm in thickness was tested. In this measurement,
the successive impacts of the pulsed laser source were along
a line perpendicular to the fibers and at a distance of 40 mm
from the detecting transducer. That is, the laser was scanned
along a line perpendicular to the fibers. The arrivals of dif-
ferent wave modes are easily identified in this image.

Because the sensitivity of a shear transducer is polariza-
tion dependent, the output of such a detector is dependent on
its orientation relative to the fiber axes. This property can be
used to delineate between different wave modes in a speci-
men. Figure 3 shows two scan images that were collected in
a unidirectional, two-ply specimen of graphite/epoxy with
scans of the laser along the lengths of the fibers. The perpen-
dicular distance between the detector and the scan line in
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each case was 40 mm. For the image shown in Fig. 3(a), the
detecting transducer polarization was aligned within approxi-
mately +20° of the direction of energy propagation between
the source and receiver points. In the testing configuration
used to collect the data shown in Fig. 3(b), the detecting
transducer polarization was approximately =20° to the nor-
mal to the energy propagation direction. The fiber direction
is, in both, cases is identical and parallel to the scan line of
the laser source. Because the transducer polarization is
nearly aligned with the direction of energy propagation, the
first arrival signal has essentially the same shape for all
waveforms comprising the scan image shown in Fig. 3(a). In
contrast, when the shear detector is turned 90°, the first ar-
rival signals in the detected waveforms reverse their polarity
according to the position of the source along the scan line, as
shown in Fig. 3(b). It is evident from these scan images that
the particle motions for the first-arrival signal are principally
perpendicular to the fibers.

This result illustrates how the orientation-dependent sen-
sitivity of a shear transducer can be used to selectively con-
trol the detected signal amplitudes corresponding to different
wave modes, thus enabling a delineation between them. On
the other hand, this characteristic of the detector may also
complicate the measurements. This is particularly true when
quantitative amplitude data is to be determined. Examples
include investigations of wave focusing effects in anisotropic
specimens or determination of the damping characteristics of
a material.'#%

Il. DATA ANALYSIS AND RESULTS
A. Membrane waves in thin specimens

1t was observed that the measured signals, while broad-
band in frequency content, have their principal amplitudes in
the low MHz range. The wavelength/thickness ratio, A/d, of
these signals is greater than 7.5. Consequently, it is appropri-
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FIG. 3. (a) Scan line parallel to the fibers. Normal distance from the scan line to the receiver was 40 mm. Polarization of the receiver was perpendicular to
the fibers. (b) Scan line parallel to the fibers. Normal distance from the scan line to the receiver was 40 mm. Polarization of the recciver was parallel to the

fibers.

ate to describe the wave propagation in terms of the in-plane
longitudinal and shear modes of the plate. These correspond
to the lowest-order Lamb modes of the plate, the symmetric
Sy mode and the shear-horizontal mode, SH,,. We call these
waves the membrane waves of the plate. Higher modes can
be omitted from consideration since the corresponding cutoff
frequencies are estimated to be between 5 and 10 times
greater than the central frequency of response of our mea-
surement system.

The centrally induced waves are approximated as plane
waves propagating in a homogeneous, anisotropic plate un-
der plane stress. The elastic stiffnesses of such a specimen
are written as C,4, where the hat (i.e., *) denotes the coef-
ficients appropriate to the plane stress case, cf. Ref. 21. A
material that is elastically cubic, such as the silicon wafer, is
specified by the three elastic stiffnesses, é‘l 1,Cip,and Cyy.
A transversely isotropic material, such as a unidirectional
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laminate, has its elastic properties completely specified by
the four stiffnesses él 1> 6'22, C iy, and Cgg.

The analysis of the propagation of elastic waves in an
anisotropic plate under plane stress is analogous to that for a
plane wave in a bulk anisotropic material.? If the mass den-
sity of the medium is specified by p, then the governing
wave equation for the displacements u, in a thin plate of
material that is elastically transversely isotropic, are given by

Criuy 11t Cogtr 22T (Crat Coglun 12=pliy .

. . N M
Costtn, 11T Coptty 2o (C 1ot Coguy 12=pliy.

In the plane-wave approximation, the in-plane displacement

vector u can be expressed in the form

0
U
u={ué]exp[ik(n1x1+n2x2—ct)], @)
2

M. Veidt and W. Sachse: Ultrasonic point-source measurements 2322




— generated data .

scan line 90 degrees to fibers

4 [ . o C . scan line 60 degrees to fibers
+ scan line 30 degrees to fibers
scan line along fibers

P o

%

- guasi—longitudinal

quasi—tronsverse

Group Velocity [mm/us] —along x2

Group Velocity [mm/us] —along x1

FIG. 4. Measured group velocity data and generated group velocity curves
for a unidirectional, two-ply graphite/epoxy laminate.

where the real vector u’=[uY,u5]" describes the amplitude
and polarization of the plane waves, k is the wave number, ¢
is the phase velocity and the vector n=[n, ,1,]" describes
the propagation direction. Using Egs. (1) and (2), the Christ-
offel equation which governs the wave propagation in elas-
tically, anisotropic solids becomes

(CiatCoe)niny ul
(C6611%+CA'2211§) —pc?

(Cyini+Ceens) —pc?
(Cip+Cog)nyny

0
ol (3)

The directional dependence of the phase velocities of the
quasilongitudinal and quasitransverse waves is determined
from the solution of the characteristic equation:

0
Uy

(Cip+Cog)nyin,y
2, A 2
(Cgeni+Copn3)—pc?

- 2
(Clln%+c(,6n2)—pc2
(Crat+Coglnyny

=0(n,C 45,C46)=0. (4)

The energy or group velocity vector V is, in general,
different from the phase velocity in anisotropic materials. It
can be determined from?

d€}/dn

V=507 (5)

B. Laser-generated acoustic imaging

It was already shown how the arrival times of the quasi-
longitudinal and quasitransverse wave modes can be deter-
mined from the time signals comprising the scan images.
From such arrival-time data, where each set typically con-
sists of more than a hundred data points, the elastic constants
of the specimen material can be recovered using an inversion
procedure that has been described in earlier publications.23’24
Alternatively, it is possible to detect large scale inhomogeni-
ties or flaws in the specimen.?

Figure 4 shows a comparison between the group veloc-
ity data measured on a unidirectional two-ply specimen and
the quasilongitudinal and quasitransverse group velocity
curves that have been regenerated using the recovered elastic
constants. These data pertain to the specimen that was fabri-
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TABLE II. Recovered elastic constants.

Elastic constants (GPa)

Specimen material C, ' ézz [P Coo

two-ply graphite/epoxy 157 10 3 7.5
(Autoclave)
two-ply graphite/epoxy
(Hot pressed)

155 10 5.5 5

cated using an autoclave and whose elastic constants are
listed in Table II. For clarity, not all of the experimental data
points are shown in Fig. 4. For the quasilongitudinal data,
only every 8th point was drawn while for the quasitransverse
mode, it was only every 12th point.

The agreement between the measured and regenerated
data is excellent for the quasilongitudinal wave. The experi-
mental data of the quasitransverse wave that was measured
for directions near the principal axes, x; and x,, and on some
of the branches in the cuspidal region does not fall on the
computed group velocity curve. In these cases, the peak and
valley tracking algorithm that is employed to extract the ar-
rival times of the quasitransverse wave mode from the scan
image failed. There are two possible explanations for this.
Because of the convexity of the slowness surface of the qua-
sitransverse wave along the principal directions in a trans-
versely isotropic material, the rays associated with this wave
mode diverge and correspondingly, the amplitudes of these
signals are very small in these directions. Additionally, when
the source/receiver separation is small, the arrival of the qua-
sitransverse wave signals occurs shortly after the arrival of
the quasilongitudinal signal. Because the amplitudes of these
signals are small, they are easily obscured by the ringing of
the transducer.

An obvious remedy would be to increase the source/
receiver separation so that the ringing associated with the
quasilongitudinal signal will have subsided when the quasi-
transverse wave modes arrive. However, the signal ampli-
tudes generated by a laser when it is operating as an in-plane,
dipole source are relatively small when compared to other
ultrasonic sources. Because of the absorption of the sound in
fiber-reinforced, thermoset composite materials, the maxi-
mum separation between the location of the laser source and
the detector is typically limited to about 50 mm. In the de-
tected signals, the individual peaks associated with the qua-
sitransverse wave arrivals are not sufficiently separated in
time to permit their identification and measurement.

Figure 5(a) shows the image of a scan made at 30° to the
fibers in a two-ply unidirectional specimen. The perpendicu-
lar distance between the detector and the scan line was 40
mm. The group velocity data correspond to the region indi-
cated in Fig. 5(b). It is seen that at the midpoint of the scan,
the arrivals of the quasilongitudinal signals are followed in
rapid succession by the arrivals of the quasitransverse wave
signals, denoted as “qtl,” “qt2” and “qt3” in Fig. 5(b). For
a source/receiver separation of 40 mm, these arrive at 1.8,
2.19, and 2.87 us after the arrival of the quasilongitudinal
signal and they are difficult to identify in the detected sig-
nals.

M. Veidt and W. Sachse: Ultrasonic point-source measurements 2323




/ll/
////, //

il

_’ /////// -

///////,// ,// //// //// /j

// /,”/""f”w”///////////j
/ ///////,////

.

(a)

T e -

quasi—transverse |

- propagotmg at
L 60 degrees ta fibers

0_0_~-.|I....i,..i..‘.i.
0 1 2 3 4

Group Velocity [mm/us] — along x1

Group Velocity [mm/us] — along x2

,\
£

C. Piezoelectrically generated acoustic waves

The larger signal amplitudes that can be realized when
using a monopolar in-plane source permits measurements at
larger source/receiver separations. When using such a source,
the location of the detector becomes limited only by the
specimen size even for highly absorptive materials, although
interfering reflections from the boundaries may lead to com-
plications in the scan image which are sometimes difficult to
identify. Figure 6 shows a typical waveform that was de-
tected in a unidirectional, two-ply specimen. In this example,
the source and receiver shear transducers were separated by
80 mm along a line under 30° to the fibers. The arrivals of
the three quasitransverse wave modes are well separated. By
changing the angle between the sensor line and the fibers, the
directional dependence of the wave speed of each of the
wave modes can be determined. Data as this has been used to
map out the details of the cuspidal region of the quasitrans-
verse wave. Figure 7 provides a comparison between mea-
sured group velocity data points and the regenerated group
velocity curves. The latter have been calculated using the
elastic constants of the specimen fabricated in a hot press
that is listed in Table II.

lll. CONCLUSIONS

We have demonstrated in this paper that the scan image
technique utilizing a point source and a point receiver is a
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FIG. 5. (a) Scan image of scanning at 30° to the fibers. Normal distance
from scan line to the receiver was 40 mm. (b) Region of the wave curve
covered by scanning at 30° to the fibers.

powerful tool for determining the temporal and spatial char-
acteristics of membrane waves in thin specimens. Such mea-
surements permit mapping out the spatial dependence of the
amplitudes and arrivals of quasilongitudinal and quasitrans-
verse wave modes propagating in thin samples.

At 30 Degrees to Fibers, Distance 80mm
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FIG. 6. Typical time signal of piezoclectric pulse excitation experiments;
sensor line at 30° to the fibers, at a source/receiver separation of 80 mm.
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FIG. 7. Measured and generated group velocity data of piczoelectric pulse
excitation experiments measured in the cuspical region of the quasitrans-
verse group velocity curve.

The measurement system described here utilizes either a
focused, pulsed laser beam operating as a dipole source or a
small aperture, piezoceramic shear transducer serving as a
monopolar source. With the laser source, scan images are
easily obtained for source/receiver separations which are less
than about 150 specimen thicknesses. In applications in
which the wave arrivals, corresponding to particular wave
modes, are to be clearly identified, a large source/receiver
separation is often useful. In these cases, a stronger excita-
tion is essential. We have shown that a piezoceramic shear
transducer operating as a source can be used to generate
large amplitude membrane waves which are detectable at
receiver locations that are several hundred thickness dimen-
sions away, even in highly absorptive materials. Detection of
the signals in either case was with a highly sensitive piezo-
ceramic sensor that responded to the lateral or shear motions
of the specimen surface. Such transducers are capable of
selective detection of different wave modes which is an im-
portant advantage in some applications.

The technique has been successfully applied to single-
ply, graphite fiber-reinforced epoxy laminates whose thick-
nesses were less than 150 um. The experimental data was
analyzed using a simple plane-wave, plane-stress model. Ex-
cellent agreement was obtained between the experimental
and theoretical quasilongitudinal and quasitransverse group
velocity curves of the membrane waves propagating in the
plane of the laminates. It was shown that the measured group
velocity data of different wave modes could be processed to
recover the elastic constants of a material with excellent re-
liability and accuracy.

By using a measurement configuration that permitted a
clear delineation of the arrivals of various wave modes, we
have mapped out the group velocities of the longitudinal as
well as the three shear waves in branches comprising the
cuspidal region of the quasitransverse group velocity curve.

Although the results we have presented in this paper
include only a small number of examples, the measurement
approach described here should be applicable to a broad
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range of other materials and specimens for which a plane
stress approximation is adequate to describe the wave propa-
gation.
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