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Wide bandwidth capacitance devices have been designed which have a high transduction efficiency
in air at frequencies into the MHz range. They are sufficiently sensitive to allow transmission
through solid samples, including polymers and fiber-reinforced composites. Examples are presented
of experiments showing how such transducers may be used to measure material properties and to

perform ultrasonic imaging.

PACS numbers: 43.35.Cg, 43.35.Yb

INTRODUCTION

There are many examples in the literature of ultrasonic
transduction methods which do not require contact to the
sample. Such methods fall into several categories. Optical
methods can be used for both ultrasonic generation and de-
tection. Ultrasonic transients can be generated using pulsed
optical energy, either from conventional light sources or la-
sers. In the latter case, a range of mechanisms can be used,
including thermal expansion, material ablation, and the
evaporation of coatings.! The generation process is well
characterized, and wide bandwidths are possible. One prop-
erty of this source is that it tends to generate several modes
simultaneously, which sometimes complicates the subse-
quent dala analysis. Optical detection can be achieved using
various types of interferometry and other methods such as
optical beam deflection,”” and systems have been described
for experiments in solids using optical generation and detec-
tion. While there are undoubted advantages to using such an
approach in some situations, there is potential for damage at
the source. Also, the detection methods often rely on careful
alignment with respect to the detection surface, which must
have suitable optical characteristics.

Two other methods have also been used to generate and
detect wide bandwidth transients in solids. The first of these
is a capacitance method, where a conducting biased electrode
is positioned within a small distance (typically tens of mi-
crons) from the surface. These devices have been used pri-
marily for detection,* where changes in the gap cause charge
variations on the electrode, although generation is also
possible.” Alternatively, the electromagnetic acoustic trans-
ducer (EMAT)® can be used as a method for both generation
and detection. In detection, a magnetic field is applied to the
sample, and the ultrasonic motion causes an eddy current to
be generated which is detected by a coil placed a few milli-
meters from the surface. Ultrasonic generation can also be
achieved by passing current transients through the coil. A
disadvantage of both capacitance transducers and EMATS is

1634 J. Acoust. Soc. Am. 96 (3), September 1994

0001-4966/94/96(3)/1634/9/$6.00

that the surface of the material should ideally be electrically
conducting.

There are many situations where it would be advanta-
geous to propagate wide bandwidth ultrasonic pulses through
solid samples without contact, but where the application of
the transduction method based on optical methods, capaci-
tance approaches, and EMATs would be difficult. Examples
include the rapid inspection of large areas of material, where
the sample is not electrically conducting, and where the sur-
face finish is not sufficiently smooth for interferometric
methods to be successful. An example of such a situation is
the detection of defects within fiber-reinforced polymer com-
posites, and in the measurement of the ultrasonic properties
of these and other polymer-based materials (e.g., transparent
plastics, foams, etc.). Here, a system using air-coupled trans-
ducers would be very useful. Consider, however, the prob-
lems that would be encountered in such an experiment where
a signal was to be transmitted through a plate of material.
The ultrasonic transient generated by the source would travel
to the first air/solid interface, where the intensity transmis-
sion coefficient o, for a longitudinal plane wave at normal
incidence is

42,72, |
Z, %2, M

a,=

where Z | is the acoustic impedance of air and Z, that of the
solid. For typical values of Z, and Z, , for air (430 kg 2s”!
and a polymeric solid (3.2X10’ kg2 s~ 1), respectively, only
a small fraction (=0.05%) of the energy would enter into the
solid. A similar transmission coefficient would exist at the far
solid/air boundary, so that a large decrease in signal would
be present when compared to propagation in air alone.
Lamb waves® may also be generated and detected in thin
plates of material, where the direction of propagation is par-
allel to the surface of the plate. They exist in two types of
modes, symmetric and asymmetric, which are both disper-
sive (i.e., waves of different frequencies travel at different
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velocities in the material). However, if the wavelength is
much greater than the plate thickness, then the dispersion of
the symmetric mode is reduced and its velocity tends to-
wards a single value. Lamb waves radiate or “leak” from a
plate into air at different angles depending on their velocity,
as described by Snell’s law, and so a system using air-
coupled devices would be ideally suited for both the genera-
tion and detection of these waves.

In anisotropic materials such as carbon-fiber reinforced
polymer (CFRP) composites, the Lamb waves will have dif-
ferent velocities in different directions, dependent upon the
orientation of the fibers and the laminates (cross-ply, unidi-
rectional or quasi-isotropic. Much work has been done
recently’ '* to model the propagation of Lamb waves in
composite plates and to calculate the dispersion curves for
the material. The two main methods for this approach have
been to calculate bulk elastic properties by combining those
of the individual layers using classical lamination theory, or
to calculate the equations of motion in each layer and apply
the appropriate boundary conditions at each layer interface.

An additional factor in all air-coupled experiments at
ultrasonic frequencies is attenuation in air which will in gen-
eral increase with frequency.' This will limit the propaga-
tion distance in air, but as will be seen, it is not a serious
problem at frequencies in the MHz range and propagation
distances of a few centimeters.

Despite these difficulties, recent work has investigated
the use of transducers operating in air, using the air path to
couple ultrasonic energy into the sample. There are several
basic designs whereby these devices can be constructed."
One of these relies on the use of piezoelectric materials,
which can be modified to result in a lower acoustic imped-
ance than that of the normal piezoelectric material. This usu-
ally involves the use of a composite piezoelectric/polymer
matrix, often with the piezoelectric elements in the form of
pillars within an epoxy substrate.!® These so-called 1-3 con-
nectivity composites can be optimized for either generation
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FIG. 1. Schematic diagram of the silicon backplate capacitance transducer.

or reception in air. Further gains in sensitivity result when a
matching layer to air is included. This can either be some
form of rubber, or another polymer composite containing air-
filled microspheres. Such devices have a reasonable sensitiv-
ity, and indeed have been used for experiments in composites
and other materials in various configurations, including
through transmission.!”~>! Their main drawback seems to be
their relatively narrow bandwidth response.

The devices that are the subject to the present work are
a development of previous research into the use of capaci-
tance transducers in air for ultrasonic ranging and manufac-
turing applications.”>”® Conventional devices use a metallic
backplate over which a thin polymer membrane is stretched.
The backplate serves as an electrode to which a dc bias is
applied, the membrane having a conducting grounded film
on its outer surface. Application of transient voltages to the
clectrode causes motion of the membrane, and hence ultra-
sonic generation. Detection occurs via motion of the mem-
brane causing charge variations on the back electrode. Much
work has recently been reported on the effect of backplate
surface condition and membrane properties on the resulting
transduction performance,”*" where it was shown that back-
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FIG. 2. Diagram of apparatus for through transmission studies.
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plate roughness in particular had a pronounced effect on sen-
sitivity and bandwidth. The devices used in the present work
use a silicon backplate,”'*? whose surface features can be
precisely controlled (see Sec. I).

In the following, a description of the devices used in
these experiments will be given, together with their transduc-
tion properties. Experiments will then be described where
ultrasonic pulses have been transmitted through polymers
and fiber-reinforced composite plates. It is shown that mea-
surements can be made on many such materials, using
capacitance-based transducers in air. The imaging capabili-
ties of such a system are also demonstrated.

I. APPARATUS AND EXPERIMENT

The capacitance transducers were developed to be
highly efficient generators and detectors of wide bandwidth
ultrasonic pulses in air. Their design is shown schematically
in Fig. 1. The backplates were constructed from optically flat
single crystal silicon wafers. Etching techniques were then
used to produce a series of pits in the surface, of 40-um
depth and diameter, spaced at regular intervals of 80 um
over the active area of the device. After etching, the back-
plate was coated with metal to give a conducting surface.
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FIG. 3. (a) Waveform transmitted through air. (b} Spectrum of waveform in
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This backplate served as the signal electrode, to which a dc
bias voltage of typically 100 V was applied. A thin polymer
membrane (Mylar or Kapton) was placed against this back-
plate; this was metallized on one side only, with the unmet-
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FIG. 5. Waveforms transmitted through (a) unidirectional and (b) cross-ply
carbon fiber reinforced composite of 2.2-mm thickness (16-ply).
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allized surface against the backplate. The outer electrode was
grounded to the case of the transducer, which in turn was
insulated from the backplate electrode. Further details of the
construction of the device may be found in Ref. 33.

With the dc bias voltage applied, the thin polymer mem-
brane was attracted to the backplate, thus forming an array of
tiny air springs. The resonant frequency of the etched pits
was designed to increase the high-frequency response of
these devices, so that in a typical experiment they had a
bandwidth of at least 1 MHz. In generation, a voltage tran-
sient was applied to the backplate, causing a force on the
polymer membrane and hence ultrasonic generation. In de-
tection, a charge amplifier was attached to the backplate.
Changes in the capacitance of the device caused by ultrasoni-
cally induced motion resulted in charge variations, which
could be modified to produce voltage signals via the charge
amplifier. The apparatus used for a through-transmission sys-
tem using these devices is shown in Fig. 2. A Panametrics
5055 PR pulser acted as the transient voltage source for ul-
trasonic generation. Ultrasonic transients emitted by the
source were transmitted through a parallel plate of the mate-
rial under study, and on emerging from the far surface,

2000+
18004
1600
14004

1200

Amplitude
o
o
IS

800
600 4
400-‘

200 A

o S
0.0 a's 1o 1.5 2.0
Frequency (MHz)

(@)

3000+
28004
2600+
24004
22004
20004
° 18004
b
316004
%1400
<1200
1000+
800
600
4004
2004

O T T T 1
0.0 0.5 1.0 1.5 2.0
Frequency (MHz)

®)

FIG. 6. Spectra of wavctorms shown in Fig. 5.
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propagated to the receiving transducer where they were de-
tected. Received signals were conditioned using a Cooknell
CA6/C charge amplifier, which also applied the 100-V dc
bias to the transducer backplate. The resulting voltage wave-
forms were digitized using a Tektronix 2430A oscilloscope,
triggered via the pulser unit, and transferred to a PC for
storage and analysis.

For some of the experiments, the sample was mounted
on an X-Y translation stage as shown in Fig. 2. This was
controlled by an IBM PS2 computer via a Modulynx motion
control system and stepper motors. This allows through-
transmission waveforms to be recorded as a meander scan,
over scan areas of up to 200X200 mm, with a position reso-
lution of 1 mm. The Tektronix 2430A oscilloscope was also
controlled from the computer, resulting in a totally auto-
mated scanning system that could record full waveforms for
imaging purposes.

A typical waveform transmitted from source to receiver
through air is shown in Fig. 3(a). As can be seen, the signal
level is of the order of volts, and is a well-damped wide

Amplitude (mV)
o
o
H

‘o 200 400 600 800
Time (microsec)

@)

. 507

Amplitude (mV)
&

. 00

T
Q0.0 20.0 40"0 SOI.O 80. 0
Time (microsac)

(b)

FIG. 7. Waveforms in (a) a 120-ply carbon fiber reinforced plate and (b) a
pultruded glass fiber reinforced plate of 6 mm thickness.
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bandwidth transient. Note that the Panametrics pulser was
not on full power, as at this setting saturation (at 3 V) of the
charge amplifier output occurred. A spectrum of the signal is
shown in Fig. 3(b). Note the absence of any primary reso-
nances, and the fact that useful energy was available at fre-
quencies of up to 1 MHz and beyond. A series of experi-
ments were conducted on various plate samples with
different uniform thicknesses. Waveforms were recorded in
through transmission for various materials, including fiber-
reinforced composites, foams, and polymers, placed in air
between the transmitter and receiver, as will be described
below. ‘

Experimen$ using Lamb waves were also performed,
using the apparatus shown in Fig. 4. Ultrasonic waves were
generated in air by the Avtech AVRH-1-C pulser, and the
angle # which the transducer made with the surface normal
of the plate de;termined the range of frequencies of Lamb
waves which would propagate along the plate to be detected
by a similarly orientated transducer connected to a Cooknell
CA6/C charge amplifier. Waveforms were captured using a
Tektronix 2430A digital oscilloscope, and transferred to an
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IBM PS2 model 30 286 PC via an IEEE/488 interface for
storage and later analysis.

Il. RESULTS AND DISCUSSION
A. Longitudinal waveforms and spectra

Consider first thin plates of carbon-fiber reinforced poly-
mer (epoxy) composite. These are available in various lay-up
configurations, where subsequent layers are positioned at
various angles with respect to each other. If they are all in the
same direction, the result is a unidirectional composite, al-
though other configurations are possible. For example, if
plies are at angles of 0°, 90°, and *45° in an alternating
sequence, then a quasi-isotropic laminate results, whereas if
the plies are alternatively at 0° and 90°, a cross-ply laminate
will be formed. The thickness depends on the number of
layers used to form the composite, so that a 16-ply plate is
nominally 2.2 mm thick.

Figure 5 shows transmitted waveforms through 16-ply
samples of (a) unidirectional and (b) cross-ply material. In
both cases, it is evident that despite the large loss in signal
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FIG. 8. Waveforms through (a) a defect free arca and (b) a Teflon tape defect in a 16-ply unidirectional carbon fiber-reinforced composite plate. (c) and (d)

Spectra of waveforms in (a) and (b).
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associated with transmission across two air/solid interfaces,
waveforms were recorded that contained oscillations which
decayed in amplitude with time. The frequency of these os-
cillations is associated with the round trip transit time of
longitudinal waves within the material. This is illustrated fur-
ther by taking the spectrum of each waveform, obtained us-
ing a fast Fourier transform (FFT) and shown in Fig. 6 for
both samples. Ii is seen that peaks appear at the frequencies
associated with the damped oscillations, which represent the
fundamental for thickness mode vibrations in the plate.
These frequencies are seen to be similar for both samples.
This is expected from their structures, where velocity differ-
ences would be predicted in directions parallel to the plate
surfaces, but not in the thickness direction. An interesting
feature is that the resonance is less sharp in the spectrum, and

the oscillations in time more highly damped, for the unidi-
rectional sample. This could be due to the more anisotropic
nature in the unidirectional lay-up configuration, which
would tend to promote propagation down the fibers and
hence discourage a strong thickness resonance. In each case,
however, measurement of the resonant frequency for a
known sample thickness leads to an estimate of the through-
thickness longitudinal velocity of 2900%=50 msfl, which
does not change significantly with the lay-up configuration.

Further evidence for the resonant behavior has been ob-
served in 24-ply and 40-ply samples of quasi-isotropic ma-
terial, and as would be expected, the thicker material leads to
a lower fundamental resonant frequency, but a similar esti-
mate of through-thickness longitudinal velocity. In even
thicker material, it was possible to obscrve discrete multiple

FIG. 9. Images of (a) l-in. (b} 0.5-in. and (c) 0.25-in. Teflon tape defects in a 16-ply unidirectional carbon fiber-reinforced composite plate. The outlines show
that actnal size of cach defect and their approximate Jocation. (d) An image of a delaminalion caused by impact in a cross-ply plate. The outline shows the

actual 5X5 mm arca of impact.
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reflections within the solid material. Two examples are
shown in Fig. 7, where waveforms are presented for (a) a
120-ply carbon-fiber-reinforced unidirectional plate, and (b)
a 6-mm-thick pultruded glass-fiber-reinforced sample. In
both cases, the multiple reflections are clearly resolved. Ad-
ditional waveforms (not shown) were also obtained in other
materials, including a 5-mm-thick Plexiglass sheet and a 14-
mm-thick open pore expanded polyurethane foam sample. In
the latter case the extremely high attenuvation of the material
meant that the first transmitted longitudinal signal was
present, but multiple reflections were highly damped making
their identification difficult.

It is evident from the above waveforms and spectra that
the air-coupled capacitance devices are able to produce data
capable of providing a range of measurements in polymeric
materials. In many cases, multiple reflections within the plate
thickness lead to a resonance at a certain frequency. As in
more conventional immersion schemes, this information can
be used to estimate the longitudinal wave velocity in the
samples, using normal incidence in air, provided the thick-
ness is known. The bandwidth and sensitivity of the devices
have been shown to be high enough to allow such measure-
ments to be performed, despite the high losses induced by
the air/solid interfaces.

B. Detection of defects

A major factor affecting the performance of fiber-
reinforced polymer composites is the presence of delamina-
tion defects. These have been the subject of much interest, as
ultrasonic techniques are very useful in detecting such
anomalies. For the testing of large composite panels, it is
often necessary to scan a transducer pair, operating in the
through-transmission mode, in unison over the area of inter-
est. In some cases, an immersion tank cannot be used, and
devices such as water-jet transducers have been developed
for such applications. These have a limited resolution, due to
the low frequencies used and the area of contact that the
water column makes with the sample. It was thus thought to
be of interest to examine the use of the silicon-based air-
coupled devices for the detection of defects. In the present
work, two such cases have been investigated—artificial de-
fects, and those caused by impact damage. Data was col-
lected using the through-transmission system shown earlier
in Fig. 2. The two transducers were fixed in position, and the
sample moved in an X-Y meander scan under computer con-
trol. The images presented here were produced over a 50-
X50-mm scan area, with a pixel resolution of 1 mm.

The system was first tested on a sample that contained
artificial defects, in the form of layers of 15-um-thick Teflon
tape, included in the composite during manufacture. These
were of square cross section, and occupied the central 8 lay-
ers of a 16-ply unidirectional composite plate. Three defect
sizes were available, namely 0.25, 0.5 and 1 in. (6.35, 13.7,
and 25.4 mm). Examples of waveforms taken over a defect
free area, and over the Teflon tape, are shown in Fig. 8 to-
gether with their spectra. As can be seen, the resonant oscil-
lations are present in the defect free data, whereas the data
from over the defect contained much lower frequencies and a
less prominent spectral resonance peak. This was due to the
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defect suppressing the strong thickness resonance. One
method that could have been used to perform imaging is to
time window the waveform (as in a conventional C scan).
However, the dc level tended to shift from one position to the
next, due to the tendency of the transducers to pick up back-
ground low-frequency acoustic noise, although this could be
removed by filtering.

For the above reasons, a different technique was em-
ployed which based imaging on a window portion of the
spectrum, encompassing the spectral peak at 0.6 MHz. As
was seen in Fig. 8, this was a prominent feature in the defect
free material but was affected markedly by the artificial de-
fects. Hence, simply plotting the maximum amplitude within
the window (or alternatively, some other variable such as
total area) led to reasonable images. This is illustrated in Fig.
9(a)—(c) for the three artificial defects quoted earlier. It is
evident that the air-coupled ultrasonic system has detected
the presence of these delaminations (the solid square out-
lines) very effectively, and has given a good indication of
their size and shape. Note that the transducer aperture of 10
mm was not negligible relative to the defect sizes, and hence
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isotropic carbon fiber-reinforced composite plates.
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some distortion of the image would result. It is possible to
produce focused transducers™ to give greater resolution, but
it is evident that the images show approximately square de-
fects, of a size close to that expected from the above consid-
erations.

Figure 9 shows the image obtained from an area of
delamination caused by impact. The sample was a 100-
X150-mm plate of 6.35-mm thickness with a cross-ply
lay-up configuration. The area of impact was 5 mm in diam-
eter and it is evident from the image, taken over a 50-
X50-mm scan area, that damage was caused over a much
wider area than that of the impact.

C. Lamb waves

Lamb waveforms were obtained using the two air
coupled transducers in the configuration shown in Fig. 4.
Examples are shown in Fig. 10, after passing them through a
2-MHz low-pass filter to remove noise. Figure 10(a) shows
the signal obtained in a 1.5-mm-thick Plexiglass plate, in
which the dispersive a; mode is clearly visible, with the
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higher frequencies arriving first, as expected from the well-
known behavior of this mode in an isotropic plate. A similar
waveform was obtained in a 2.2-mm-thick 8-ply quasi-
isotropic carbon fiber-reinforced composite plate, as shown
in Fig. 10(b). In more anisotropic composites, such as an
§-ply unidirectional plate, different waveforms are obtained
when the direction of wave propagation is parallel to the
fiber orientation, as shown in Fig. 11(a), and at 90° to it, as
shown in Fig. 11(b). The elastic properties of the material,
and hence the acoustic velocities, are different for a wave
propagating along the fibers, resulting in the slightly de-
formed waveform which arrives at an earlier time than the
waveform transmitted across the fibers. Analysis of such
waveforms in anisotropic media is difficult, due to the more
difficult wave propagation characteristics in these materials.
However, it is proposed that future work could be directed
toward the extraction of material properties (such as thick-
ness and possibly elastic constants) from such measurements
as those shown in Figs. 10 and 11.

lll. CONCLUSIONS

An air-coupled transduction system has been demon-
strated which can be used for the ultrasonic inspection of
polymeric materials. The system, based on capacitance trans-
ducers using a silicon backplate, has sufficient sensitivity and
bandwidth to investigate a wide range of materials. Work is
now underway to increase the range of application of these
devices.
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