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Measurements of the longitudinal wave speed in thin materials
using a wideband PVDF transducer
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(Received 7 September 2001; accepted for publication 30 January 2003

A flat transducer was constructed, using au@-thick PVDF (polyvinylidene fluoride film for
generation and detection of high-frequency ultrasonic waves, and used for measurements of the
phase velocity of longitudinal waves traveling along the thickness direction in a very thin material.
The transducer has a useful wideband frequency characteristic extending from 10 MHz to over 150
MHz. Measurements of the phase velocity of the longitudinal waves are carried out using a
0.212-mm-thick glass slide and a 0.102-mm-thick stainless-steel shim, using water as a coupling
medium. The thickness limit for this measurement appears to be approximatgiy 20he phase
velocity of the longitudinal mode is obtained as a function of frequency in the frequency domain by
using a modified sampled continuous wae) technique. It can also be measured in the time
domain by using a broadband pulse of short duration.2@3 Acoustical Society of America.
[DOI: 10.1121/1.1562650

PACS numbers: 43.38.Ar, 43.38.FSLE]

I. INTRODUCTION propagating in the thickness direction of very thin glass slide
d stainless-steel shim. Although both a broadband pulse
d a tone burst of various carrier frequencies are used for
is purpose, of particular interest is a modified sampled cw

chnique adapted to the flat PVDF transducer aligned paral-
el to a very thin-plate specimen using water as a coupling
medium, as one sweeps frequency over the effective band-
width of the PVDF transducer.

the thickness direction in a plate specimen are usually base
on the interference phenomenon between the successive ed
oes as the ultrasonic beams reverberate inside the plate. T
phase comparison methddilliams and Lamb, 1958 pulse
superposition methotMcSkimin, 1961; McSkimin and An-
dreatch, 196R and continuous wav&w) resonance method
(Bolef and Miller, 1971) are the typical examples that make L DESCRIPTION OF MODIFIED SAMPLED cw
use of the mterfer_ence or alignment of the successive ec.hoeéLTRASONIC SPECTROSCOPY
as one varies either the frequency of a tone-burst signa
(pulse repetition radeor its carrier frequency. A variation of A flat transducer using a gm piezoelectric PVDF film
these methods is the pulse—echo overlap metRaghadakis, is fabricated, following the design and construction tech-
1976 in which best alignment or overlap of the successivenique similar to those adopted in a line-focusing transducer
echoes is sought to find their carrier frequency. ConstructivéZou et al, 2003, in which the geometry of a line-focusing
and destructive interferences may occur at frequencies corr@art is simply replaced by the flat geometry. One flat trans-
sponding to the integral multiples of one half-wavelength.ducer is used as a noncontact sensor to generate and detect
For a thin-plate specimen this requires a high-frequencyltrasonic waves, using water as a coupling medium to a thin
transducer that generates and detects ultrasonic waves. specimen. We modified a sampled cw technigBelef and

The spherically focusingSmolorz and Grill, 1996and  Miller, 1971) to observe a series of resonance frequencies
line-focusing(Zou et al,, 2003 high-frequency transducers, corresponding to an integral multiple of half-wavelengths of
which are both made of a Am-thick piezoelectric PVDF ultrasound in the specimen as the frequency is swept over a
(polyvinylidene fluoride film, are reported to possess a wide bandwidth of the transducer.
wide-frequency bandwidth ranging from 10 MHz to over An overall electronic block diagram for the measure-
150 MHz. Very recently, the authofZou et al, 2003 dem-  ment system is displayed in Fig. 1. For a radio frequemBy
onstrated that a line-focusing PVDF transducer can be usene-burst operation, we used an electronic signal generator
to measure the phase velocity of a surface acoustic waveapable of generating both continuous and gated harmonic
(SAW) in aV(z) curve by employing either a sharp broad- signals in the frequency range from 5 kHz to 1.5 GHz. The rf
band pulse or a tone-burst signal having a carrier frequencione-burst signals derived from the signal generator are fed
chosen over a wide frequency region. It is quite natural tdnto a rf power amplifier, whose frequency bandwidth ex-
expect that a flat transducer made of the same piezoelectriends from 100 kHz to 250 MHz. The output of the rf am-
PVDF film can be used to measure the phase velocity oplifier is connected to one arm of the single-pole double-
longitudinal waves. Because of its high-frequency bandthrow (SPDT) switch, in which the single pole always joins
width, it can be applied to investigate very thin materials. Wethe PVDF transducer. The operation of the SPDT switch is
fabricated the flat PVDF transducer and used it both as aontrolled by the TTL pulse generator that is synchronized
generator and as a detector of ultrasonic waves to successith the rf signal generator at the beginning of signal gen-
fully measure the phase velocity of the longitudinal modeeration. The switching times of the SPDT switch are less

Accurate ultrasonic measurements of sound speed alor‘%
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than 20 ns and the width of the TTL pulse is maintainedwhich is long enough for the generated and reverberated sig-
slightly longer than that of the rf tone-burst signals. Duringnals to decay out almost completely before the next pulse for
the time when the TTL pulses are on, the single pole of thesignal excitation is on.
SPDT switch is connected to the rf amplifier side arm of the  During the time the TTL pulse is off, reflected and re-
switch, and the PVDF transducer generates longitudinal ulverberated signals from the specimen arrive at the PVDF
trasonic signals that transmit through water to a thin specitransducer, which via the single pole of the SPDT switch is
men. The ultrasonic signals are then reflected from the specin contact with the other arm of the switch connected to the
men surface, reverberate inside the specimen, and areput of a preamplifier whose bandwidth extends from dc to
transmitted back to the PVDF transducer. over 300 MHz. The SPDT switch prevents the preamplifier
In the modified sampled cw technique, a continuouslyfrom being overloaded from the high-amplitude output of the
running oscillator is gated on for a sufficiently long time, sorf amplifier, and keeps the electromagnetic leakage of a gen-
that a steady-state cw acoustic response is established in theated signal to a detected signal below 100 dB. The output
specimen. But, the gate pulse width is kept shorter than thef the preamplifier is brought into a digital sampling oscillo-
round-trip time through water between the transducer and thecope, which digitizes the signals at the sampling rate of 2.5
specimen, so that signals generated and detected by the sa@klz and displays them on a phosphor screen for visual ob-
transducer are separated from each other and not superpossatvation. Finally, the digitized signals are brought into a
together. After the steady-state conditions have been reachétigh-speed personal comput@C) for processing and stor-
the signal transmission gate is off and the signal detectiomge of the signals.
gate is on. The distance between the PVDF transducer and As the carrier frequency of tone-burst signals is swept,
the specimen is taken to be about 2 mm, which correspondfie shape of observed signals on the scope changes and dis-
to an ultrasonic round-trip time of about 2.@&. We choose plays a series of mechanical resonances evenly spaced in the
the gate width for the tone-burst signals to be 284 which  frequency domain for nondispersive materials. Figure 2
corresponds to slightly longer than 32 round-trip times of theshows two signals observed with a 0.212-mm glass slide, one
longitudinal ultrasonic waves that undergo multiple reflec-at an off-resonance frequency of 127 MHz and the other at a
tions inside a 0.212-mm glass slide used as a thin specimeresonance frequency of 120.6 MHz. For most of the fre-
The longer the gate width for tone-burst signals is, thequency range corresponding to the off-resonance condition,
sharper will be the mechanical resonance that is prompted bsignals similar to the upper one in Fig. 2 are observed. As the
more reverberations in the specimen. The longer gating timeswept frequency approaches towards a resonance frequency
which is maintained slightly shorter than an ultrasonicin the narrow interval surrounding the resonance frequency,
round-trip time between the transducer and the specimerthe trailing edge of the signal rapidly builds up in amplitude,
requires a longer distance in water. However, attenuation imvhich decays in time. The peak amplitude among the trailing
water increases in proportion to the square of frequency. As adge signals occurs at a resonance frequency. To enhance the
result, high-frequency signals will attenuate severely as theyifference between the off-resonance and near-resonance sig-
travel a longer distance. The 2-mm water gap maintainedals, the magnitude of a trailing signal for Qus- duration
between the transducer and the specimen appears to be iammediately after the termination of the excitation signal is
optimum distance, which allows a steady state to be set up imtegrated. These integrated values are plotted as a function
the specimen and still preserves high-frequency signals a¥f frequency and shown in Fig. 3, which exhibits sharp reso-
they make a round trip through water from the transducer tmance peaks at an evenly spaced frequency intéh&#0
the specimen. The pulse repetition rate chosen is 10 m#4Hz) in the frequency range from 10 to 150 MHz. The sharp
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FIG. 2. Signals observed with a 0.212-
L5F L mm-thick glass slide at off-resonance
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resonance peaks at the center of a mechanical resonance ptays resonance peaks evenly spaced at a frequency interval
cur at frequencies corresponding to the integral multiples obf 28.75 MHz. From this value, we obtain the phase velocity
one half-wavelength of ultrasounds as multiple reflections irb.84 km/s of the longitudinal mode for stainless steel. Sup-
the specimen constructively superpose to set up standingpsing that the first resonance peak can be observed near 140
waves. The signal shapes shown in Fig. 2 and the overaMHz, the thickness limit of the specimen materials for mea-
shape of the envelope of the frequency domain sweep in Figgurement of the longitudinal phase velocity appears to be
3 are discussed in detall in the literatugolef and Miller,  about 20um.

1971). From the evenly spaced frequency interval 13.4 MHz  The frequency sweep is implemented with an interval of
between successive resonance peaks in the 0.212-mm-thioki MHz between 10 and 150 MHz at a total of 1401 fre-
glass slide specimen, the longitudinal phase velocity of 5.68uencies. At each frequency 10000 digitized signal points
km/s is obtained for glass. We conducted a similar experiare brought to a computer at a sampling rate of 2.5 GHz. The
ment using a 0.102-mm-thick stainless-steel shim, which disresonance frequencies corresponding to the peaks in Fig. 3

o

=)
L)
A

e
0
T
i

<

~
L]
i

o

(=2}
T
i

FIG. 3. Resonance spectroscopy of a
0.212-mm-thick glass slide in the fre-
quency domain.
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FIG. 4. Echoes observed from a
0.212-mm-thick glass slide, using a
broadband sharp pulse.
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are thus determined with an erret0.05 MHz over the fre- V. CONCLUSIONS
guency span over 100 MHz. As a result, an error in transit

time measurement of the longitudinal wave across the spec]il-at
men is better than 0.05%. The error in transit time measureg . .
ments can be improved by taking a smaller interval in fre-
guency sweep, say 0.01 MHz, at the cost of bringing mor
digitized points in computer storage. However, the thicknes
of a specimen is determined with an error ofuin, and

We have demonstrated that a broadband, high-frequency,
PVDF transducer, which is constructed with gud-

k piezoelectric PVDF film, can be used to measure the
hase velocity of the longitudinal waves traveling along the
hickness direction in a very thin plate. A modified sampled
Tw technique using gated tone-burst harmonic signals, espe-

therefore the errors in m rements of the lonaitudin Eially adapted to the noncontact configuration of the trans-
eretore the errors casurements ot the longituding ucer, works successfully to show sharp resonance peaks in
phase velocity both in glass and in stainless-steel specimeq

Re frequency-domain spectroscopy. For nondispersive mate-
. o 0 : .
are estimated to be about 0.5% and 1%, respeciively. rials, a broadband, sharp pulse can also be used for the flat

PVDF transducer to measure the longitudinal phase velocity
11l. BROADBAND PULSE RESPONSE in the time domain.
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