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Abstract

In this article investigation of low frequency broadband contact type ultrasonic transducers is described. A few types of the driving
pulses were used in the frequency range from 50 kHz up to 350 kHz. Numerical simulations and experimental investigations were
performed. The main dependencies of the frequency responses are in a good coincidence for both cases. The spectrum magnitude of the
three periods of the driving pulse has the bandwidth of lobes 3 times narrower than the in the case of a single driving pulse.

The ultrasonic transducers with and without the replaceable protectors were investigated. It was obtained that the first period of the
pulse response possesses high steepness suitable to be used for time of flight measurements. The second and the third periods of the
signal are wider due to compression type vibrations of the piezoelement. The convex replaceable protector gives additional losses of
ultrasonic signal and changes the frequency response giving the extra minimum values at some frequencies.
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Introduction

Low frequency transducers are widely applied in
various fields of the ultrasonic investigations such as non-
destructive  testing, characterisation of materials,
measurement of acoustic emission, flow measurements and
etc.. Therefore, they can be used for different ultrasonic
applications, such as air-coupled, immersion and contact,
also a mixing of these methods for obtaining of an
optimum amount of the information. The air-coupled
investigations are limited due to essential losses of the
signal [1-3]. In order to decrease the losses of air-coupled
transducers, the active aperture of the transducer could be
increased, but simultaneously the achievable spatial
resolution becomes lower. Another way to increase the
signal to noise ratio is to use the immersion and the contact
method in such a way that the acoustic impedance of the
coupling medium will be close to the acoustic impedance
of the investigated object [4]. It can be achieved by fixing
the transmitting transducer on the edge of the object under
investigation and scanning of the receiving transducer over
it. In another immersion method the transmitting
transducer was permanently fixed by epoxy glue on the
surface of the aluminium plate [5]. The receiver was
placed at the distance of 10 mm over the plate and scanned
along two perpendicular directions.

Many ultrasonic transducers are used for low
frequency investigations. They can be divided into three
groups:

- air-coupled transducers;

- immersion transducers;

- contact transducers.

This is due to the fact that the acoustic impedance of
the environment considerably differs from the acoustic
impedance of the matching layer of the transducer. The air-
coupled transducers usually consist of a few matching
layers. The last matching layer possesses very low acoustic
impedance for good matching with the surrounding
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medium (air). Therefore, these transducers are not used for
mechanical contact type scanning.

The immersion transducers can be used
mechanical scanning device.

The investigation of the carbon fiber reinforced
plastics rods using contact and immersion techniques was
performed [3]. The ultrasonic transmitting transducer with
a small diameter (4 mm) was mounted on the edge of the
rod and the receiving ultrasonic transducer with the same
diameter has been scanned over the surface of the sample
in order to register leaky waves.

The low frequency, broadband transducers with the
additional protectors are needed to ensure a long-term
scanning and to increase the resistance of the contacting
part of the transducer against abrasion [6-8]. It can be
achieved if the characteristics of the low frequency
broadband transducers within the frequency bandwidth are
known.

Usually, such characteristics are complicated due to
shape and duration of the driving pulse, frequency
response of the transducer, effect of spatial filtering due to
finite size of the transducer surface and the complex
transfer function of the object under investigation.

The aim of this work is to investigate the pulse and
frequency responses of the broadband contact type
ultrasonic transducers and to determine the distortions due
to modification of their construction.

in the

Investigation of the influence of the driving pulses

At the first step of investigations, it is necessary to
determine the possibilities to excite the broadband signals
by the appropriate driving pulses. For that the simulations
and the experimental investigation were performed.

The two cases of driving signals having the unipolar
rectangular shape were simulated: the single positive pulse
and the positive burst of 3 periods. The pulse was
simulated using equation:
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where T is the period of the signal u(?), ¢ is the time, f'is the
frequency of the signal, N is the number of periods in
burst. Waveforms of the normalized driving pulses are
presented in Fig.1a and b.
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Fig. 1. The driving pulses: a — single positive pulse; b — positive burst
of 3 periods

The ultrasonic measurement system Ultralab
(Ultrasound institute, Kaunas University of technology)
was used for investigation of the transducers and formation
of the driving pulses having amplitudes of 20 V. The
duration of the excitation pulse (the half of the period) was
changed from 10 pus (for 50 kHz) up to 1.43 us (for
350 kHz). The amplitudes of the driving pulses were
registered experimentally, also. For registration the digital
oscilloscope Agilent Infiniium 54830B DSO, connected in
parallel to the transmitting transducer, was used. The
sampling frequency was 100 MHz. Waveforms of the
acquired signals in the case of a single pulse and the burst
of 3 periods corresponds very well to simulated presented
in Fig. laand b.
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The simulated and the experimental spectra
magnitudes were obtained at frequencies from 50 kHz up
to 350 kHz. The results of the investigation are shown in
Fig.2, 3 and 4 for three cases of the single driving pulse:
50 kHz (duration of 10 ps), 150 kHz (duration of 3.33 ps)
and 350 kHz (duration of 1.43 ps).
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Fig. 2. The simulated and the experimental spectrum magnitudes of
the single driving pulse of 50 kHz (duration of 10 ps): a —
simulation, b - experimental

The simulated spectrum magnitude has the maximum
values at the odd harmonics and the uniform minimum
values (-60 dB) on the even harmonics. The maximum
values of the experimental spectrum magnitude are very
similar to the simulated one, but the minimum values are
different, especially at the low frequencies. It is necessary
to note that in the simulation the losses were not evaluated.
In the experimental investigation the generator output of
the measurement system was loaded by the complex
impedance of the broadband low frequency transducer [6-
8]. In both cases the spectrum magnitudes consist of many
lobes distributed repetitively at each 100 kHz. The
bandwidth of each lobes at the -6 dB is /= 74 kHz.

The simulated and experimental spectrum magnitudes
of the single driving pulse of 150 kHz (duration of 3.33 ps)
are shown in Fig. 3a and b. The number of minimum
values in the both spectrum magnitudes decreases by three
times and the bandwidths of lobes increase up to 210 kHz.
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Fig. 3. The simulated and the experimental spectrum magnitude of the single driving pulse of 150 kHz (duration of 3.33 ps): a- simulation,

b — experimental

The simulated and the experimental spectrum
magnitudes of the single driving pulse of 350 kHz are
shown in Fig.4a and b. In this case there is only one
minimum at the frequency of 700 kHz. The bandwidth of
the main lobe is 400 kHz at -6 dB.
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Thus decreasing the duration of driving pulse causes
more broadband lobes of the spectrum magnitude. It
improves the ultrasonic visualization and the possibilities
of ultrasonic investigation within the bandwidth.

A/Apax, dB

0 01 02 03 04 05 06 07 08 09 fMHz

b

Fig. 4. The simulated and the experimental spectrum magnitude of the single driving pulse of 350 kHz: a- simulation, b — experimental
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Fig. 5. The simulated and the experimental spectrum magnitudes of the three periods driving burst of 150 kHz: a — simulation, b — experimental
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However, the shorter driving pulse causes the lower
amplitude of the ultrasonic signal needed for the
investigation process.

In order to increase the signal to noise ratio of the
ultrasonic signal, the transmitter can be driven by a burst of
3 periods (Fig. 1b).

The simulated and the experimental spectrum
magnitudes from 50 kHz up to 350 kHz were estimated
and the driving amplitudes were the same as during
investigation of the single driving pulse.

The spectrum magnitudes using three periods of the
driving pulse of 150 kHz are shown in Fig. 5a and b. The
bandwidth of lobes of the theoretical and experimental
spectrum magnitudes is 66 kHz. It means that the
bandwidth is 3 times narrower comparing with the single
pulse.
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Fig. 6. The simulated and the experimental spectrum magnitudes of
the three periods driving burst of 350 kHz: a — simulation, b —
experimental

The frequency responses using three periods of the
driving pulse of 350 kHz are shown in Fig. 6a and b. In
this case the bandwidth of lobes is also 3 times narrower
than in the case of the single pulse. In this way the increase
of the signal amplitude is obtained due to decrease of the
broadband effect of the driving pulse.
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Frequency and pulse responses of the contact type
transducers without replaceable protector

The scanning of the object by using the ultrasonic
waves enables to get more useful information if the
broadband ultrasonic signals are wused. It increase
possibilities to excite a few types of ultrasonic waves in the
investigation  object  simultaneously, to  shorten
investigation time, to increase measurement accuracy of
the materials parameters and dimensions of defects. It can
be achieved if the possibilities and characteristics of the
broadband ultrasonic transducers which are exited by the
broadband pulses are known. The very short excitation
pulse (single pulse) of 200V and 0.5 ps was used in order
to determine the frequency response of the broadband
transducer [6, 7]. The excitation of very short pulse is not
efficient in long range investigations (ultrasonic guided
wave technique) of the materials with a high attenuation of
ultrasonic waves.

The experimental investigations of the pulse and
frequency responses were carried out without and with the
additional protector (Fig. 7). The acoustic contact between
the transmitter and the receiver was obtained by a coupling
liquid (glycerol). In this case the excitation by the three
periods burst [6-8] with the amplitude of 20 V was used.
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Fig. 7. The measurement schemes: a — without additional protector, b
— with planar additional protector, ¢ — with convex protector

The different driving pulses were used: the single
pulse having the amplitude of 20V (Fig. 1a) and three
periods of the rectangular pulse having the same amplitude
(Fig. 1b). The duration of the excitation pulse was changed
from 10 ps (for 50 kHz) up to 1.25 us (for 400 kHz).

The experimental investigations were carried out
without a replaceable protector for determination of the
reference pulse and frequency responses of the low
frequency broadband contact type transducers. Two
transducers (the transmitter and the receiver), operating in
a direct contact (face to face) through the coupling liquid
were used. The pulse and frequency responses of the
exciting pulse having duration of 10 ps and amplitude of
20V are shown in Fig. 8 and 9.
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Fig. 8. The pulse response of the low frequency broadband
transducer excited by a single pulse having duration 10 ps
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Fig. 9. The frequency response of the low frequency broadband
transducer excited by a single pulse having duration 10 ps

The first period of the pulse response is suitable to be
used for the time of flight measurements.

The second and the third periods of the signal are
elongated typically due to the volume mode vibration.

The frequency response of the low frequency
broadband transducer is shown in Fig. 9. The bandwidth of
lobes and their amplitudes are very similar to the previous
case of the driving pulses, except the beginning of
frequency response (0-20) kHz. In this part the first
maximum is located at 50 kHz.

At higher frequencies (150 kHz and 300 kHz) the
pulse responses become shorter (Fig.10 and Fig. 11). The
first period of the pulse response changes a little and
possesses a higher steepness. This enables to get a high
accuracy of time of flight measurements of arriving
ultrasonic signals.

The frequency responses according to the pulse
responses of 150 kHz and 300 kHz are shown in Fig.12
and Fig.13. The minimum values of the frequency
response of 150 kHz completely coincide with the
modeling results presented in Fig.3b. However, the
minimum values of amplitudes are different. In the

experimental investigation the minimum value of the
amplitude at 300 kHz is -25 dB, though in the modeling
this value is -45dB. In such a way at the higher
frequencies the minimum values become smaller. It can be
seen in Fig.13, that the minimum amplitude at 600 kHz is
-30 dB.
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Fig. 10. The pulse response (single pulse of 150 kHz, duration 3.33 ps)
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Fig. 11. The pulse response (single pulse of 300 kHz, duration 1.67 ps)
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Fig. 12. The frequency response (single pulse of 150 kHz, duration
3.33 ps)
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Fig. 13. The frequency response (single pulse of 300 kHz, duration of
1.67 ps)

Frequency and pulse responses of the contact
transducers with replaceable protector

The application of low frequency broadband
transducers which are used in contact scanning systems
require transducers without significant change of the
characteristics or to use the changeable part of transducer
which can provide identical characteristics. It can be
achieved using the replaceable protector, furthermore, this
protector can be used many times. Also, the replaceable
protector enable control the operation characteristics of
transducer without change of the main construction of the
transducer. Two types of the replaceable protector were
used during investigation of the pulse and frequency
responses of the low frequency broadband transducer (Fig.
7b and c): the planar and the convex. The planar
replaceable protector with the diameter of 5 mm and
thickness of 3 mm was used for each transducer in a
through transmission mode. The pulse response of the low
frequency broadband transducer with the planar
replaceable protector is shown in Fig.14. The exciting
pulse was the single of the 50 kHz frequency (duration
10 ps) pulse. The losses of the ultrasonic signal of the two
planar protectors are higher by 10 dB (due to attenuation in
the protector) as compared with the results obtained
without the additional protector.
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Fig. 14. The pulse response of the planar replaceable protector
(single pulse of 50 kHz, duration of 10 ps)
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The pulse response becomes more complicated in
comparison with the pulse response without the
replaceable protector. However, the first period remains
the same as in the case without the replaceable protector.

The frequency response of the transducer with the
replaceable protector (Fig. 15) is very similar to the
frequency response without the replaceable protector

(Fig. 9).
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Fig. 15. The frequency response of the planar replaceable protector
(single pulse of 50 kHz, duration of 10 ps)

It means that at the 50 kHz the planar replaceable protector
doesn’t affects the characteristics of the transducer. There
is only a small difference at the frequency 500 kHz.

Very similar responses were obtained at a higher
frequency (Fig. 17). This planar replaceable protector is
very useful for the long-term ultrasonic scanning systems.
The thickness of the replaceable protector can be wearied
away due to abrasion without significant change of the
frequency response. The pulse response indicates reduction
of the signal amplitude but the shape of the first period is
not significantly affected.
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Fig. 16. The pulse response of the planar replaceable protector

(single pulse of 150 kHz, duration of 3.33 ps)
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Fig. 17. The frequency response of the planar replaceable protector
(single pulse of 150 kHz, duration of 3.33 ps)

The convex replaceable protector has the thickness of
3 mm, the diameter of 5 mm in the side to be attached to
the ultrasonic transducer and the diameter of the contact
area was 0.1 mm. The pulse response of 50 kHz (Fig. 18)
has a different shape comparing to the case of planar
protector. The first period of the pulse possesses a low
amplitude and the maximum of the amplitude is achieved
only after 3 periods of vibration. The losses of the convex
replaceable protector are close to -15 dB and depend on the
area of contact.
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Fig. 18. The pulse response of the convex replaceable protector (single
pulse of 50 kHz, duration of 10 ps)

The frequency response of the 50 kHz has a few extra
minimum values, which are determined by the shape and
the size of the convex protector (Fig.19).

The pulse response of the single pulse of 200 kHz
(duration of 2.5 ps) is presented in Fig. 20.

The use of the convex replaceable protector restricts
the bandwidth of transducers, even in the case of a very
short excitation pulse, for example 0.5 pus. Two extra
minimum values are shown in Fig. 21, where the
amplitudes of the frequency response at the frequencies of
300 kHz and 500 kHz are decrease by -(10-12) dB. It can
give the effect of measurement information losses in
further investigations.

38

A/Amax, dB.

4 N

A

"

-25

-30

-356

-40 1 ||||

-45

-50

0O 01 02 03 04 05 06 07 08 09 fMHz

Fig. 19. The frequency response of the convex replaceable protector
(single pulse of 50 kHz, duration of 10 ps)
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Fig. 20. The pulse response of the convex replaceable protector (single
pulse of 200 kHz, duration of 2.5 ps)
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Fig. 21. The frequency response of the convex replaceable protector
(single pulse, duration of 0.5 ps).

Conclusions

Low frequency broadband ultrasonic transducers were
investigated using simulation and experimental methods.
The square shape pulses of a half period (single pulse) and
three periods were used for excitation of the broadband
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transducers. These pulses give the frequency responses
with many lobes, the bandwidth of which depend on the
band width of the driving pulse.

The broadband transducers may operate in the
frequency range from 50 kHz up to 350 kHz with planar
and convex replaceable protectors. The replaceable
protector gives additional losses of the ultrasonic signal but
protects the surface of the transducer against the wear
during long term scanning.
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Impulsinés ir dazninés placiajuos¢iy Zemojo daznio pjezokeitikliy
charaktersitikos

Reziumé

Nagrin¢jamos daZninés ir impulsinés placiajuos¢iy zemojo daznio
pjezokeitikliy  charakteristikos. Sumoduliuotos dazninés Zzadinimo
impulsy charakteristikos ir eksperimentiskai istirtos taikant vieno ir trijy
teigiamyjy periody impulsus. Eksperimentuose buvo naudojamas
plaCiajuostis  zemojo daznio pjezokeitiklis.  Gautieji ~ dazniniy
charakteristiky spektrai nuo 0 iki 1,0 MHz parodé, kad spektry lapeliy
plotis priklauso nuo zadinimo impulsy plo¢io ir kinta nuo 75 kHz iki 400
kHz, jei zadinama vienu periodu. Kai zadinama trimis periodais, lapeliy
plotis tris kartus mazesnis negu tuo atveju, kai zadinama vienu periodu.

ISmatuotos impulsinés ir dazninés vienu ir trimis pusperiodziais
zadinty pjezokeitikliy be papildomy sluoksniy ir su ploksciais ir
iSgaubtais papildomais sluoksniais charakteristikos plac¢iame dazniy
diapazone. Tam tikslui buvo naudojami du placiajuosc¢iai zemojo daZnio
pjezokeitikliai, kuriy vienas — siuntiklis, kitas — imtuvas. Impulsines
charakteristikas zemuose dazniuose (50 kHz) sudaro papildomi §iy dazniy
svyravimai.

Dazninés charakteristikos esant plokStiems sluoksniams neturi
papildomy minimumy, o dazninés charakteristikos su sferiskai i§gaubtu
sluoksniu turi papildomy minimumy ir $ie gali daryti jtaka matavimo
rezultaty interpretacijoms dazniy srityje.
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