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This paper presents numerical simulations and experimental measurements of longitudinal and shear
bulk waves in composite materials, generated and detected with an air-coupled ultrasonic system,
The tansfer function of an anisotropic absorbing layered plate immersed in air is computed with the
transfer matrix method, and the waveforms produced by transmission throu gh a plate are simulated

longitudinal and shear modes. Results are presented showing how this daia may be used to recover
the stiffness mawix of composite materials, using the angular variation of velocity of both modes.
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INTRODUCTION

The ultrasonic irmmersion technique, using a water cou-
pling medium, is now a standard method of the nondestrne-
tive inspection of anisotropic composite materials. Using a
gormometer to investigate a composite material in any direc-
tion of propagation, their anisotropic elastic' of
viscoelastic™* properties can be determined. This method is
especially useful for following the evolution of these prop-
erties, caused for instance by anisowropic damage 3¢ when
the material is submitted to a tensile stress. A comparative
analysis of the through-transmission ultrasonic bulk wave
methods was recently published by Chu and Rokhlin.”

In 2 conventional system, the ultrasonic piezoelectric
transducers are coupled 1o the material using a liquid which
has an acoustic impedance of the same order of magnitude as
the sample. The ratio between solid and fluid impedances is
rarely greater than ten, whereas the ratio is approximately
10 000 between solid and air. However, there are many cases
for which it is important to eliminate the liquid coupling
medium, for instance in presence of high temperatures, po-
rous materials etc. Noncontact techniques such as laser gen-
eration ard detection of ultrasound were developed for just
such reasons.*® This point source/point receiver method is
very powerful, but the generated ultrasonic fields, and the
theory describing their generation, are rather complicated, as
is the inverse problem.®** In addition, the method is sensi-
tive to the optical properties of the solid surface, and can
cause damage to the material. The use of air-coupled trans-
ducers would be both a simpler and cheaper alternative.

There has been a lot of recent interest in the use of
air-coupled transducers, the aim being to generate and detect
the ultrasonic waves in the same way as in a conventional
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immersion system, but replacing the liquid coupling medium
with air. There are two popular designs of transducer for this
purpose, using either a piezoelectric device with a matching
layer for air," or an slectrostatic {capacitance) device,!5-18
Work has been presented to illustrate the use of both types of
device for performing measurements on compaosites, #1929
The present work is based on a recent design of capacitance
ransducer  incorporating 4  micromachined silicon
backplate,'” which have an extended bandwidth over other
capacitance devices and piezoelectric designs, a property that
is required in the present set of measurements, As will be
shown, the combination of sensitivity and bandwidth facili-
tates the generation and detection of bulk plane waves,
which can be used to perform a comparison to theoretically
simulated waveforms. It will also be demonstrated that such
signals can be used with the relevant simple Christoffel's
equations and assaciated procedures to recover the elastic
properties of a fiber-reinforced composite sample.

In an orthotropic material, stresses o; and strains €; are
linked by six linear relations o= C;€; which define the stiff-
ness matrix C; ;» USIng nine independent constants. Orthotro-
pic materials have three planes of symmetry.”) Composite
materials made of superimposed plies™ are shaped like a
plate, which defines the principal plane (see Fig. 1, which
also indicates the nine constants of interest). Using an im-
mersion technique, it is possible to measure seven of these
constants routinely, in the two planes P, and P,y of Fig. 1.
The other two (Cy; and C,,) can be measured in certain
materials, if the composite is sufficiently anisotropic, bat it is
a more difficult measurement.™ In fact, in a quadratic mate-
tial, three pairs  of constants  are  equivalent
(C22:C33, C12= C|3, and C55= Cﬁé), thus reducing the re-
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FIG. 1. Axis and Planes of symmetry in long fibers compasite marerials,

quired number of independent measuremnents of these con-
stants. In this paper, we wil] measure Cyy, Cp3, Cay, and
Cas. Convcntionally, the elastic properties of composites age
measured using a System where the angle of incidence onto
the plate can be changed using an accnrate gonicmeter. The

furction of incidence angle.

It is interesting nitially to compare the problems asso-
ciated with using air coupling instead of water The wave
velocity in air is about five times less than in water, and as g

cording to the Snell-Descartes’ laws, the Iimit angles will be
about five times smaller Wwith air than with water, and the
iransducers can be placed much closer. Therefore, the accu-

restricted (1 MHz in the present measurements).

Despite the above limitations, recent publications *$17:2¢
have shown that the s gnal-to-noise ratio is now large enough
for air-coupled transducers o be used in nondestructive
evaluation of composite materials, and one purpose of this
paper is to demonstrate that the Hmited frequency bandwidth
is not an obstacle to abserving separate longitudinal and
shear transients in composite materials. This then leads to the
possibility of comparing experimenta] results to the forward
modeling problem, where transmitted waveforms are pre-
for a sample with known acoustic Properties and
thickness. It may also be possible to study the inverse prob-
lem, where waveforms are recorded as a function of incident
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angle, and the data used to predict the stiffness matrix of the
composite. Both possibilities are studied in the present work.

. APPARATUS AND EXPERIMENT

The experiments used the Usual arrangement for elastic
constant determination, modified for use in air as shown in
Fig. 2. The sample was mounted on a high precision goni-
omeler stage, with an anguiar resolution of 0.1°, and the
air-coupled  transducers mounted
transmission experiments as shown. The ransducers, capaci-

metallized polymer membranes, have been described
elsewhere."” The source Was excited by a Panametrics 5052

provided with a dc bias via a Cooknell CA&/C charge ampli-
fier, whose output was fed back into the receiver section of
the 5052 UA unit to boost signal levels. The amplified signal
was then digitized using a LeCroy 9410 oscilloscope, The
whole data collection and processing operation was con-
trolled by an Apple Macintosh I computer. Note that tefrac-
tion effects, leading to sideways displacement of the trans-

Coupling
Medinm
{Air}

Goniometer

Air-coupled
transducer

Snell’s law
displacements

5052 UA
Panametrix
Pulser

Cooknell CAG/C
Charge Preamplifier

Lecroy 9410

FIG. 2. Setup to investigate a mazedal iy through transinission.
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FIG. 3. {a} Experimental waveform in air. (b} Corresponding spectrum.

mitted beam, were also taken into account automatically by
scanning the receiving transducer laterally by an appropriate
amount, as shown.

A typical waveform transmitted from the source to trans-
mitter in air, without the sample present, is shown in Fig.
3(a). Note the absence of ringing associated with piezoelec-
tric devices, and that the signal level was several volts in
amplitude. The corresponding frequency spectrum is shown
in Fig. 3(b), and it is clear that usabie energy extends to
frequencies beyond 1 MHz With the sample to be tested
inserted between source and recsiver, the signal level
dropped significantly, with a signal-to-noise level that neces-
sitated some signal averaging (typically 1000 sweeps) to ob-
tain 2 reasonable signal. In the present wark, several types of
sample were tested. The first was a carbon fiber epoxy
sample, in the form of a cross-ply sample with 16 layers to
give a final thickness of 2 mum. Also tested was a 5.7-mm-
thick [0,90], glass fiber cross-ply composite sample, with an
epoxy matrix and 32 fiber layers aligned in the 0° and 90°
directions. Both types of sample were tested over a range of
incident angles in air, typically up to 12°,

ll. RESULTS

A. Theory and experiment for waveforms in
anisotropic composite plates

The first area of interest is the forward problem, i.e., to
measure the properties and characteristics of through-
transmitted ultrasonic waveforms when using an air-coupled
systemn, and to compare the results to a theoretical prediction.
This is interesting, as a sample in air is likely to lead to
different transmission properties than when it is immersed in
water. A comparison of theoretical simulations to experimen-
tal waveforms over the delection bandwidth would also al-
low us to be confident that the experimental arrangement is
producing reasonable results. and would also aliow the iden-
tification of various features, such as mode conversion to
shear waves in the plate.

Consider first the 16-ply carbon fiber sample. The trans-
mitted waveform recorded at normal incidence (0°) is shown
in Fig. 4. Tt will be seen that the signal is characterized by a
decaying longitudinal wave resonance in the thickness direc-
tion of the composite. This arises because of the low trans-
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mission coefficient across the air/fcomposite boundary, which
traps energy within the composite: The rate of decay of this
signal will depend on the materal properties, including both
the impedance and the attenuvation. To study this phenom-
enon further, it is interesting to compare the waveform of
Fig. 4 to theoretical simulations. This computes the wansfer
function of a stratified plate in the frequency domain, for any
incident and azimuthal angle, using the transmission coeffi-
cient of the plate computed from the anisotropic viscoelastic
properties of each layer. This transfer matrix method was
recently adapted to take into account the propagation of the
heterogeneous modes generated through interfaces, in ob-
lique incidence® and the numerical stability was achieved by
using the deita operator technique.*® The Fourier transform
of this transfer function is the iropulse response h(r, &, ¢).
The trapsmitted waveform s(z, 6,¢) is computed from the
convolution product:

s(t,6,8)=r(1)@h(1.9,4),

where r(t) is the reference waveform, transmitted through
the coupling medium between source and receiver (i.e., with-
out the sample). The convelution product is computed in the
usual way using

R(»)=F(()).
H{1,6,0)=5(h(1,6.4)),
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FIG. 4. Expertmental waveform at normal incidence in air for the 16-ply
carbon fiber sample.
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FIG. 5. Theorstical simulation of rransmission in normal incidence through
a 16-ply carbon/epoxy sample immersed in air Solid lines: €,,=13+/ 0.5
GPa. Dashed lines: Cy;=13+47F 0.25 GPa.

and
5(1.6,8) =" (R(v)H(2,6,9)),

where % denotes the Fourier transform in the frequency do-
main [+ 1]

In this paper, simulated theoretical waveforms in air
were computed with the reference waveform of Fig. 3, as
recorded from the micromachined capacitance devices. The
mass density and wave velocity in air were, respectively,
taken to be 0.0012 and 0.34 mm/us. The results shown in
Fig. 5 are the waveforms computed for through transmission
in air by the 16-ply carbon/epoxy composite sample. It is
evident that the damped thickness resomance observed ex-
perimentally is predicted theoretically, at a similar frequency.
The sample mass density and thickness were taken to be 1.5
and 2 mm, respectively, for the calculation, and the vis-
coelastic properties in normal incidence were taken te be the
generally accepted values for this materal: C,=13+7 0.5
GPa. A computation was also performed with a smaller at-
tenuation of C;=1347 0.25 GPa. Figure 5 also shows the
importance of introducing attenuation into the theoretical
simulation, as it is a significant factor in determining the
decay of the resonant oscillation. The fact that the waveform
predicted in Fig. 5 has similar features (amplitude, shape and
duration) to that recorded experimentally in Fig. 4 demop-
strates that the computation seems 1o work well for experi-
ments performed in air ‘

As mentioned previously, the reflection coefficient of an
air/solid or solid/air interface is almost equal to 1, and this
leads to a resonant signal at normal incidence. However, be-
cause of attenuation within the sample, the resonance is
caused to decay. In water this aspect is less evident because
a large portion of the energy is transmitted through the inter
faces. To illustrate this point, a simulation of transmission of
the same incident reference waveform {Fig. 3(a)} through the
same material immersed in water results in the waveform
presented in Fig. 6. Note several factors of interest. First, the
change in propagation delay caused by inserting the sample
between the source and receiver in air {Fig. 5) is approxi-
mately ten times that expected in a water-coupled experiment

(Fig. 6). As it is this change that gives information on veloc-
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FIG. 6. Transmission in normal incidence through 16 layers of carbon/
epoxy immersed in water.

ity within the sample, the accuracy of the measarement
should be greater for the air-coupled case. In addition, in the
case of water coupling, the simulations indicate that attenu-
ation in the sample has Hutle effect on the waveform for this
sample in this frequency domain, whereas it is a big effect
for air coupling. This may have implications for recovering
the elastic constants in some materials.

Similar measurements were performed in air for the
glass fiber/epoxy sample, and the results are shown in Fig. 7
for (a) theoretical simulation and (b) experiment. Note again
that there is excellent correlation between the two. Note now
that the signal contains discrete Iongitudinal multiple reflec-
tions, and that these can easily be separated. This is due to
the greater thickness in this material than within the carbon
fiber reinforced sample.

It is now interesting to observe the changes in the wave-

0.3
0,2
0.1
0
0,1

0.2

-0.3
(a) 110 115 120 125 130

03
mv
02 |
01 k-
0
01

0.2 - Time in u§

0,3 ) { 1 1
{b) t10 115 120 125 130

FIG. 7. (a) Normal incidence computed waveform in the glass fiber rein-
forced sample. (b) Normal incidence experimental waveform in the glass
fiber reinforeed sample.
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FIG. &. Experimental waveforms in the [0,90), glass fiber sample for inci-
dent angles of 4.0°, 4.5° and 5.0°.

form that occurred when the glass fiber sample was rotated,
so that oblique incidence could be studied. Selected wave-
forms are presented in Fig. 8 for plane P 5 (as defined in Fig,
13, for incident angies of 4°, 4.5° and 5°. These are more
complicated than at normal incidence, but simulations can be
used to identify the main features of the problem. This is
especially important for the determination of the C ¢ elastic
constants which is described below. As before, it is instruc-
tive to compare what is expecied to happen in air with the
water-coupled case, using the simulation approach. As in the
normal incidence case, it is expected that the main difference
between water and air immersion is the influence of the in-
lerface transmission coefficients, This is well illustrated in
the computations of the amplitude (shown in Fig. 9) of the
first bulk arrivals transmitted through the composite versus
the angle of incidence.® Here, the modes of interest are the
quasilongitudinal (QL) and quasitransverse (QT) modes.
Note as before that when this material is immersed in air, the
amplitude is about 3500 times less than the amplitude ex-
pected in water. In addition, the first critical angle is at less
than 5° in air, and energy is mot expected to propagate
through the sample at angles beyond 14° (assuming plane
wave incidence}. For water coupling these angles are much
greater.

More information conceming this behavior can be ob-
served in the simulated time waveforms, shown in Fig. 10.
These can be compared directly to the experimental wave-
forms, where similar behavior is observed. At 4°, the quasi-
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FIG. 9. Relative amplitude of the ficst transmitted bulk mode through
[0,90)i composite materiat.
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FIG. 10. Transmission before and after the extinction angle of quasilongi-
tudinal mode. [0,90); composite material, Plane P;. Angles of incidence:
4.0°, 4.5°, 5.0°.

longitudinal {QL} signal is present as the first arrival, with a
smaller quasishear (QT} component following some time
later {as expected from Fig. 9). At 4.5° the modes are of
equivalent amplitude, and by 5° the QT signal predominates.
It is evident that from such simulations, the modes can be
identified, and that the air-coupled capacitance devices have
a sufficient bandwidth to allow the modes to be separated
experimentally. This is important for the inverse problem
that will now be described. Note that the phase shift between
theory and experiment is unimportant, and is due to the path
length between source and receiver through the sample
{which is difficult to determine accurately in the experiment).
Here, we are interested in changes in the waveform time of
arrival. In addition, losses due to attenuation in zir were ig-
nored in the simulations, and would not be expected to be a
big effect on received through-transmitted waveforms (which
tended to be of narrow bandwidth in any case). Note, how-
gver, that such an effect could easily be incorporated in the
theory if necessary.

B. Simulations of elastic constant C;; determination

Initially, a computer simulation of the process involved
in elastic constant.C;; determination was performed. This
took a [0,90];5 plate, modeled the waveform in the forward
direction as above, and then used this data to simulate the
process of trying to obtain the elastic constants from the
strulated data, The idea was to compare the water and air
coupling cases in z simulation, to see whether the process
would be viable. Figure 11 shows the main steps of this
process. The complex viscoelastic tensor of the ply is known
or measured from a unidirectional sample. The properties of
such a stratificd medivm are described by a series of vari-
ables, including the viscoelastic tensor, the thickness, the
density, the relative orientation of each ply, the number of
plies and the repetition number of elementary superlayers.!
From this information, the transfer function in the frequency
domain is then computed and applied 1o the reference wave-
form. As long as the first bulk transmitted mode can be iso-
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lated in these waveforms, the equivalent medium can be con-
sidered to be of infinite extent. This condition depends on the
viscoelastic and geometric properties of the medium and the
frequency content of the reference, and not on the coupling
medium. Angular variations of the times of flight of the first
transmitted bulk modes (i.e., before multiple reflections take
ptacc) give the phase velocities versus the direction of propa-
gation. The elastic constants required in the present experi-
ments (C;;, Cy3. Csa, and Cs;) can then be computed from
these velocities using Christoffel’s equations and Newton—
Raphton’s algorithms.

The above method for determining the elastic constants
(C;'s) has been investigated by comparing the results likely
to be obtained in water with those determined in air, using
the computer-based simulation described by Fig. 1i. This
was done for the same [0,90]y; 5.7-mm-thick glass fiber/
epoxy sample as before, containing 32 plies and with 2 mass
density of 1.8. To allow such a simulation, the viscoelastic
properties of a real unidirectional composite were measured
with the water immersion method.® The five complex con-
stants are given in column 2 of Table I They are here
rounded for the clarity of the paper,

The elastic constants of a perfect composite can be de-
duced using the invariant linear combinations.® € I

TABLE L Elastic constants of simulated glassfepoxy composite in (Pa.

[0.90]ss
[017,2 Deduced [0132 [090135 [0}32 ]:ngo]ﬁﬁ

Initial values from UD  In water In water Inair In air
cll 15(+i0.6) 150 150 150 150 14.9
22 15(+i0,6) 300 150 29,5 153 303
33 45(+i3,0) 30,0 44.8 293 46,2 29,4
c66 3.5(+i3,5) 375 3,5 3.5 32 32
55 4,0(+i0,2) 375 39 3.6 3.6 3.4
cl2 8.0(+i0,1) 8,25 8.0 8.5 83 86
k3 8,3(+i0,8) 8,25 85 85 8.9 83
c22-+033 60,0 60,0 59.8 58.8 61,5 59.7
b6+ ¢35 7.5 75 74 7.1 6.8 6,6
c12+r13 16,5 16.5 16,5 17,1 17,1 17.1
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Copt Csy+2C 0. Ceet Css, Ciat Cra.and Cyy— Coy are in-
variant whatever the stacking sequence. For any kind of
stacking sequences such as [0y,90,,].¢. whatever the N, M,
r numbers, the Cyy in-plane Coulomb’s modulus is also in-
variant, If N=M, direction 2 is equivalent to direction 3 for
a [04.904],5 sequence, and in these smuctures, Cope=Css,
Cos= Css, and C,=C15. Using these relations, it is easy to
compute the elastic moduli, given in column 3 of Table L.

With the 7-matrix method,”*? the waveforms produced
by the mansmission through the wnidirectional [0]y, and
[0.90)s cross-ply composites were computed for a water
coupled system, and the recovered C, ., are given in columas
4 and 5 of Table L. The recovered constants are slightly dif-
ferent. This is due to the fact that the simulation method
attempts to reproduce the exact conditions of the acquisition
process (e.g., signals are digitized with only 8-bit resolution,
the number of waveforms is limited, modes may overlap,
etc.). The values of columns 4 and 5 give a good estimation
of the errors and the precision of the water immersion
method at these frequencies. Simulations of the values of C; ;
likely to be obtained from an air-coupled system are given in
columans 6 and 7 of Table 1. The C;; values and precision
reached in air immersion are seen to be comparable to the
water immersion method, in the frequency range covered by
the present capacitive air-coupled transducers. Note that this
simulation did not include the lower signal-to-noise levels
likely to be seen in practice, but gave an indication that the
air-coupled technique had some promise for elastic constant
determination.

C. Experimental air-coupled determination of elastic
constants (Cy)

It was mentioned earlier that it is possible to use an
ultrasonic method for predicting the elastic moduli of a lay-
ered composite material.?® This can be done without Prior
knowledge of the layup configuration of the sample; all that
is required is that the overall sample density and thickness
are known. However, individual plies must be sofficiently
thin that, at the shortest wavelength used, the material can be
assumed {0 be homogeneous (i.e., so that multiple reflections
within each layer are not observed). These conditions are
satisfied in the present air-coupled experiments. The simula-
tions above indicated that the use of air-coupled ultrasonic
transducers could lead to a reasonable estimation of elastic
constants. Hence, an experiment was performed to determine
the elastic constants (C;;’s) of a [0,90]g; plate. This used the
goniometer stage of Fig. 2, to record series of 17 wavetorms,
which were collected over an incident angular range of 0°-
12°, and used as input to the software for velocity recon-
struction. This experiment was repeated several times, and
the repeatability was seen to be excellent. Note that in all
such experiments, careful alignment of the transducers was
performed prior 1o the start of a scan. The reproducible na-
ture of the results indicated that alignment of the transducers
was rot a problem. Some example waveforms from this ex-
periment were shown earlier in Figs. 7 and 8. For each wave-
form, a time window was used to define the first arrival of
the QL or QT mode, and a cross-correlation performed with
the reference waveform of Fig. 3(a) to give the time of flight.
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From this information, the velocity of either mode could be
determined for selected directions of propagation through the
composite, and the results from this experiment are shown in
Fig. 12.

It is evident from Fig. 12 that the QL and QT velocity
data (shown as the data points} are well behaved, and that
each mode was well separated in velocity. Also shown is the
result of the optimization procedure, which has detsrmined
the values for the relevant C;; coefficients to give the best fit
lines plotted on the figure. The values obtained to produce
the best fit lines to the experimental data in Fig. 12 are pre-
sented in Table II. These can be compared to the values
expected from both a water coupled experiment, and from
simulation of the air-coupled experiment, shown earlier in
Table L The values of the four C;; constants completely char-
acterize this material, and the values are seen to be very close
to those in Table 1. From this comparison it may be con-
cluded that the air-coupled experiment has produced excel-
lent estimates of elastic constants for this anisotropic com-
posite material. One interesting point is the differences in the
C,, value. This arises because the value of this constant
tends to be frequently dependent. The value of 15 GPa used
for simulation was obtained as an average of several values,
taken from prior water immersion studies at different fre-
quencies; the air-coupled experimental result is one from the
measurement bandwidth of about 1 MHz, and would thus be
expected to be slightly different, as observed in Table IL

Note that the purpose of this paper is to demonstrate the
feasibility of measuring C;; values with air-coupled trans-
ducers, and a more detailed analysis of the precision of the
measurements will be presented in a future paper. However,
it is clear from Fig. 12 that the velocity measurements fit the
velocity curves reconstructed from C;; values very well

TABLE II. C;; values {in GPa) for the [0,90]g5 sample obtained from an
air-coupled experiment,

Cu Cn Cas Cu

13 31 3 8
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(with a standard deviation of 0.6%). Signal averaging had to
be used to reduce signal-lo-noise levels, but this was accept-
able after 1000 averages, and could possibly be improved if
more efficient transducers were used. Moreover, the majority
of the noise in Fig. 7(b) is outside the useful bandwidth of
the air coupled devices (<1 MHz}, and could be easily fil-
tered out if necessary. This paper has thus shown that C,.
values can be determined using air-coupled ulrasound, and ;Jt
is hoped to continue this work to increase the sensitivity and
precision of the technique.

. CONCLUSIONS

In this paper, it has been demonstrated that it is possible
to measure the elastic properties of anisowropic materjals
such as composites with air-coupled transducers. Waveforms
have been obtained in two types of sample, and it has been
demonstrated that it is possible to record waveforms over a
wide range of incident angles. Simulations have been pre-
sented of the waveforms, and the behavior interpreted in
terms of the two expected wave modes. Finally,  prelimi-
nary experiment has shown that it is possible to obtain good
estimates of the C; elastic constants for a glass fiber rein-
forced sample. These measurements seem to be the first of
their kind using butk waves in air. The noncontact aspect is
very useful if elastic constants need to be followed in situ
during a long-term experiment, such as the effect of stress on
a material, at elevated temperatures etc. It may also be the
case that air coupling leads to an increased accuracy of Cj;
estimation.

Further work by the authors is presently underway to
investigate transmitted waveforms in a wider range of mate-
rials, using both aircoupled experiments and nurnerical
simulations, and to improve the accuracy of the C;; determi-
nation in anisotropic materials using the capacitance trans-
ducers. These results will be presented in future publications.

IM. E Markham, “Measurernent of the elastic constants of fiber compos-
ites by ulirasonics,” Composites 1, 145-149 (1970).

*B. Hosten, A. Barrot, and I. Roux, “Interférométrie numérique ultrasonore
pour Ja détermination de la matrice de raideur des matériaux composites,”
Acustica 53, (4), 212-217 (1983).

3B. Hosten, M. Deschamps, and B. R. Tittmann, “Inhomogensous wave
generation and propagation in lossy anisotropic solids. Application to the
viscoelastic characterization of compasite materials,” J. Acoust. Soc. Am.
82, 17631770 (1957).

4B. Hoster, “Reflection and transmission of acoustic plane waves on an
immersed orthotropic and viscoelastic solid layer,” J. Acoust Soc. Am.
89, 2745.-2752 (1991).

5B. Hosten and S. Baste, “Ultrasonic Measurements of Anisotropic Dam-
age in Polymeric Matrix/Glass Fibers Composite Laminates Subjected to
Tensile Stresses,” in Review of Progress in Quantitative Non-Destructive
FEvaluation, edited by D. O. Thompson and D. E. Chimenti (Plenum, New
York, 1994}, Vol. 13B, pp. 1253-1260.

3. Audoin and §. Baste, “‘Ultrasonic Evaluation of Stffness Tensor
Changes and Associated Anisotropic Damage in a Ceramic Matrix Com-
posite.” 1. Appl. Mech. 61, 305--316 (1994).

7Y, C. Chu and S. I. Rokhlin, “Comparative analysis of through-
ransmission ultrasonic bulk wave methods for phase veloeity measure-
ments in anisotropic materials,” J. Acoust. Soe. Am. 95, 3204-3212
{£994).

£J. P. Monchatin, “Optical detection of ultrasound.” IEEE Trans. Ultrason.
Ferroelectr, Freq. Control UFFC-33, 485-499 (1986).

9D. A. Huchins, “Ultrasonic gencration by pulsed lasers.” in Physice

Hosten et al.: Measurement of elastic constants in composites 2322

This am’c!e is for indivi‘_:luai use only and may not be turther reproduced or stored electronically without written permission from the copyright holder.
Unautharized reproduction may result in financial 2nd other nenalities. &) AMER INST PHYSICS




Aunl
THERL Vol T8, pp. [-123

(1994).

i Proveedings  of  rhe
ﬁ (Butterworth-Heinemann, London, 1990), pp. T1-77.
] ﬂ 277 (1995).

MR, Farlow and G. Hayward, “Real-time ultrasonic techniques suitable for
implementing noncontact NDT systems employing plezoceramic compos-

ite transducers.” B, J. NDT (Insight) 36, 926-935 (1994},

dacers,” Ultrasenics 31, 13-20 (1993).

'“M. Rafig and C. Wykes, “The performance od capacitive ultrasonics
transducers using V-grooved backplates,” Meas. Sci. Tech. 2, 168~174

(1991).
' H D. W. Schinde]. D. A, Hutching, L. Zou, and M. Sayer, “The manufacture
and performance of micromachined air-coupled capacitunce transducers,”

tics. edited by W. P2 Mason and R. N. Thursion (Academic, New

i Custugnede, W, Sachse, and M. O. Thomson, “Detsmination of the
ejustic coustunts of anisolropic materfals via Luser genermed ultrasound,”
Ultrasonics  International 89 Conference

M, Veigdt and N. W, Sachse, “Ultrasonic point-source/point-receiver mea-
surernenls in thin specimens,” I. Acoust, Soc. Am. 96, 2318-2326 (1994;.
2B, Castagnede, M. Deschamps, E. Mottay, and A. Mourad, “*Laser impact
generalion of ulrasound in composite materials,” Acla Acust, 2, 83-93

M. Deschamps and Ch. Bescend, “Numerical method to recover the eias.
tic constants fror ulirasound group veloeitics,” Ultrasonics 33(3), 205-

I '*H. Carr and C. Wykes. “Diagnostic measurements in capacitance trans-

IEEE Trans. Ultrason. Ferroelectr, Freq. Control 42, 42-5] (1995).

]
]

]
1
]
1
1
1
1

] 2123 J. Acoust, Soc. Am., Vol. 99, No. 4, Pt. 1, April 1996

This article is for individual use only and may not be further reproduced or stored electron
Unautharized renradieTion mav raciilt in Snnaeiol aed mloas - oonti . oo

A g

M. L Haller 2nd B. T. Khuri-Yakub, “A surface micromachined electro-
static ultrasonic air-transducer,” presented at 1994 IEEE Ultrason, Syrmp.
Proc. IBEE Ultrason. Symp. 2, 1241-1244 (1994;.

M. J. Anderson, P R. Martin, and C. M. Fortunko, “Gas-coupled ulira-
sonic measurcment of stiffness modeli of poiymer compoesite plates,”
Proc. IEEE Ultruson. Symp. 2, 1255-1260 (1994),

*D. A, Hutchins, W, M. D. Wright, and D. W. Schindel, “Ultrasonic mea-
surements in polymeric materials using 2ir-coupled capucitance wansdug-
ers,” J. Acoust. Soc. Am. 96, 16341642 (1994).

HM. L P Musgrave, “On an elastedynamic classification of orthurhombic
media,” Proc. R. Soc. Lond. Ser. A 374, 401426 (1981).

28, W, Tsai, Composites Design (Think Composites, Dayton, 1987).

*B. Hosien, “Stiffness matrix invariants to validate the characterization of
composite materials with ultrusonic methods,” Ultrasonics 30 {6}, 365~
376 (1992).

*B. Hosten and M, Castaings, “Transfer matrix of multilayered absorbing
and anisotropic medis. Measurements and simulations of ultrasonic wave
propugation through composite materials.” J. Aconst. Soc. Am, 94, 1488 -
1493 (1993},

B, Castaings and B. Hosten, “Delta Operator lechnique w improve the
Thomson Haskell method stability for propagation in multifzyered aniso-
Uopic absorbing plates,” J. Acoust. Sve. Am. 95, 1931-1941 (1994),

¥B. Hosten and M. Castaings, An acoustic method 1o predict the effective
elastic constants of orthotropic znd symmetric laminates, Review Prog.
QNDE 12B, 1201-1207 (1993).

Hosten st al: Measurement of elastic constants in composites 2123

ically without written permission from the capytight holder,




