Edlted by
Mel Schwartz




R T A o T T A o

NONDESTRUCTIVE EVALUATION

MaHESH C. BHARDWAJ
SecondWave Systems
Boalsburg, PA

INTRODUCTION

Ultrasound is widely used in health care for noninvasive
diagnostics and in industry for nondestructive testing. In
the human body, it generates visual images from inside the
test medium: the fetus, malignant tissue, stones, etc. Inin-
dustrial applications, besides defect detection, ultrasound
is also useful for determining significant material charac-
teristics such as density, thickness, mechanical properties,
and level sensing. Knowledge of ultrasonically analyzed
information is important for human health as well as for
cost-effective production of quality industrial materials.
Ultrasound operates on the same principle as other
characterization methods also based on wave-material
interactive phenomena, such as optical, X ray, infrared,
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Table 1. Categories of Ultrasonic Measurements and Their Applications

Measurement
Category

Measured Parameters

Applications

Time domain

Attenuation domain

Frequency domain

Image domain

Times-of-flight and velocities of
longitudinal, shear, and surface
waves

Fluctuations in reflected and
transmitted signals at a given
frequency and beam size

Frequency dependence of
ultrasound attenuation, or ultrasonic
spectroscopy

Time-of-flight, velocity, and
attenuation mapping as functions of
discrete point analysis by raster
C-scanning or by synthetic aperture

Density, thickness, defect detection,
elastic and mechanical properties,
interface analysis, anisotropy,
proximity and dimensional analysis,
robotics, remote sensing, etc.

Defect characterization, surface and
internal microstructure, interface
analysis, etc.

Microstructure, grain size, grain
boundary relationships, porosity,
surface characterization, phase’
analysis, etec.

Surface and internal imaging of
defects, microstructure, density,
velocity, mechanical properties, true
2-D and 3-D imaging.
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Raman spectroscopy; nuclear magnetic resonance; and
neutron, y-ray, and mass spectrometry. By propagating
a wave in a given medium, useful information about the
medium can be generated by analyzing the transmit-
ted or reflected signals. Ultrasound differs from other
wave-based methods because it does not require sample
preparation, is nonhazardous, and provides the means
to determine mechanical properties, microstructure,
imaging, and microscopy. Ultrasonic equipment is also
portable and cost-effective. Most significantly, ultrasound
is applicable to all states of matter, except plasma and
vacuum. Furthermore, propagation of ultrasound in a
material is not affected by its transparency or opacity.
Table 1 provides a comprehensive introduction to ultra-
sound measurements and to the information revealed
either directly or through correlation with measurements.

Since about 1980, both ultrasound and its applications
have grown substantially. Uses in industry have gone
beyond overt defect detection in metals to include char-
acterization of elastic and mechanical properties; dela-
minations in multilayered, particulate and fibrous materi-
als; proximity and dimensional analysis; measurements of
anisotropy and heterogeneity; surface profiling, chemical
corrosion, crystallization and polymerization; liquid and
gas flow metering; imaging of surface and internal features
of materials; viscosity of liquids; texture and microstruc-
ture of granular and cellular materials; applied and resid-
ual stresses; high temperature, pressure, and radiation
environment applications; and robotics, artificial intelli-
gence. These highly desirable applications have attracted
the attention of a wide range of industries: structural and
electronic materials and components manufacturers, air-
craft and aerospace, chemical and petroleum, plastics and
composites, lumber and construction, highways and air-
craft landing strips, bridges and railroads, rubber and tire,
food, and pharmaceutical products.

In medical diagnostics where the sophistication of ul-
trasound is more advanced than in industry, it can replace
harmful X rays in many critical instances. Ultrasound is
useful for visualizing a fetus, measuring the cornea, tissue
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characterization, imaging of plaque in arteries and gum
disease, brain wave measurements, monitoring of the heart
beat, skin and breast cancer detection, blood flow mete-
ring, ete.

In 1980, we were content if ultrasound could detect a
1-mm defect and 0.5-mm resolution in a given test material.
Today, after much R&D, we have developed short-pulse and
high-frequency transducers by using advanced electronics
and signal processing to the point that we can measure
resolution and detectability in the micrometer range. Ob-
viously, ultrasound has come a long way since the discovery
of piezoelectricity by Pierre and Jacques Curie in 1876 (1)
and its first application by Richardson in 1913 for sonar (2).

Ultrasound and its applications have grown phenome-
nally in recent years, but the mode by which it is propa-
gated in a given test medium is severely limited. Due to
extremely high attenuation of ultrasound by air, its trans-
mission in a test medium is done by physically contacting
(coupling) the transducer to the test medium. Therefore, all
conventional ultrasound has the severe limitation of phys-
ical contact between the transducer and the test medium
by a liquid gel (8). If this contact could be eliminated, then
we could diagnose burnt or malignant skin damage without
discomfort to the patient. Similarly, a number of industrial
materials sensitive to liquid contact could be tested to mea-
sure thickness, density, mechanical properties, defect de-
tection, etc. This is significant in ensuring materials qual-
ity and process control and for cost-effective production.
The development of a noncontact ultrasound (NCU) mode
would allow many more useful applications of ultrasound.
For example, using NCU, characteristics of materials that
are porous and hygroscopic could be determined. Similarly,
materials in the early stages of formation (uncured plas-
tics, green ceramics, and powder metals) and those that
are continuously rolled on a production line (plastics, rub-
ber, paper, construction, and lumber) could also be tested
under manufacturing conditions. NCU could also be ap-
plied to medical problems where contact with a patient can
be harmful, as in the evaluating wounds and diagnosis of
the eye.
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However, for NCU to become a reality, we first need
transducers and electronic systems sensitive enough to
transmit and detect ultrasound without contact with the
test medium. And herein lies a big problem. Conventional
wisdom stipulates that ultrasound (from ~200 kHz to
>5 MHz) cannot be propagated through solids or liquids
without physical contact between the transducer and the
test medium. Therefore, NCU has been generally consid-
ered an impossible dream due to the phenomenal mismatch
of acoustic impedance between the coupling air and the
test media. This mismatch can run as high as six orders
of magnitude when we consider propagation of ultrasound
from air to materials such as steels, superhard alloys and
dense ceramics, cermets, diamond, and diamond-like ma-
terials. To realize the NCU mode, this barrier of acous-
tic impedance must be broken. And for this to happen, it
is imperative that ultrasonic transducers be characterized
by phenomenally high sensitivity. Achieving NCU is ana-
logous to “throwing a helium-filled rubber balloon so that
it can pierce a stainless steel wall!”

REALITY THAT DEFIES NONCONTACT ULTRASOUND

The exorbitant mismatch between the acoustic impedance
of the coupling medium, air, and that of the test material
generates enormous resistance to ultrasound propagation
in materials. This, in conjunction with the extremely high
attenuation of ultrasound (in MHz region) by air, further
compounds the problem of the NCU mode. In simple terms,
when ultrasound travels from a medium of low acoustic
impedance to one of high acoustic impedance, only a frac-
tion of the energy is transmitted in the latter. The fraction
of ultrasound transmission and energy transferred at the
air-material interface is given by

T (Transmission coefficient in the propagation medium)
= 42,75 /(Z) + Zy)* (1)

where Z; is the acoustic impedance of the ultrasound car-
rier medium (for example, air for the NCU mode) and Z,
is the acoustic impedance of the test medium. The trans-
mission coefficient is derived as the ratio of transmitted
acoustical energy V' (measured in volts) and the input

Transmitting
transducer
Zy Air
Air-material
interface, a
Test
material
Material-air
! interface, b
Z, ; AIR
Receiving
transducer

Figure 1. Interfaces to be crossed by ultrasound (shown by ar-
row) in the noncontact transmission mode to propagate ultrasound
through a test material. Interface “a” corresponds to air-material
(from acoustic impedance Z, to Z,) transmission. Interface “b”
corresponds to material-air (from acoustic impedance Z, to Z,)
transmission

energy Vp of a plane wave when refracted at 0° incidence
on the interface between the two media:

T ViV,? (2)

This relationship can also be described by a decibel scale:

T =20log V/V, (dB), (3)
Energy transferred in the propagative medium
= 20log T (dB). (4)

For more details and the significance of plane wave trans-
mission and reflection at a number of interfaces in terms
of acoustical pressure and intensity, see (4).

Ultrasound in noncontact transmission must propagate
from air into the test material and then again into air so
that the transmitted wave can be detected by a receiv-
ing transducer (Fig. 1). Therefore, the high energy loss at
the air-material interface is doubled by further loss at the
material-air interface. Table 2 provides the transmission

Table 2. Transmission Coefficients and Energy Transfer in Selected Materials at Various
Interfaces in the Noncontact Mode, per Fig. 1. As a Reference, Similar Data for Water Are Also
Shown. Z (air) = 440 Rayl; Z (water); 1.5 Mrayl; 1 Rayl = kg/m? s.

Energy Transfer Total Energy Loss
Transmission Coefficient [Eq. (4)] at Interfaces

Material Interface [Eq. (1] (@B) eron
Zm (Mrayl) (Fig. 1) In Air In Water In Air  In Water  In Air In Water
Steel Air — steel, a 0.000034 0.11 -89 —19 178 38
51.0 Steel — air, b 0.000034 0.11 —89 -19
Aluminum Air — aluminum,a  0.0001 0.3 -79 -10 158 20
17.0 Aluminum - air, b 0.0001 0.3 -79 -10
Acrylic Air — acrylic, a 0.0005 0.84 —66 -1.5 132 3
3.5 Acrylic — air, b 0.0005 0.84 —66 -15
Silicone Air — rubber, a 0.018 0.96 -35 -0.35 70 <1
rubber Rubber — air, b 0.018 0.96 -35 —-0.35

1.0




coefficients and energy losses in selected test materials
in the noncontact ultrasound mode calculated by using
Eqgs. (1) and (4). As a reference, similar losses for water
immersion (contact technique) are also provided. The fol-
lowing conclusions can be drawn from the data:

1. Transmission losses decrease as the acoustic
impedance of the test material comes within the
vicinity of that of the coupling medium, whether it
is air or water.

2. Total energy loss at various interfaces in the noncon-
tact transmission mode can run as high as six orders
of magnitude compared to similar losses by using wa-
ter as the coupling medium.

While conducting this exercise, we did not address the is-
sues of the interrogating frequency of the transducer and
the frequency dependence of ultrasound attenuation by air.
When these factors are combined with the inherent loss of
ultrasound energy at various interfaces in the NCU mode,
the problem of noncontact transmission in solids is only
exacerbated. Relatively speaking, the attenuation of ul-
trasound in air is intrinsically high compared to that in
solids and liquids. And because attenuation in a medium
increases as a function of the fourth power of the frequency,
transmission of megahertz frequencies in air becomes al-
most incomprehensible. To overcome these NCU-defying
realities, first we need to create ultrasonic transducers that
have high sensitivity (or very low insertion loss). Sensi-
tivity is needed to overcome interfacial transmission losses
(Table 2) and also to facilitate transducer excitation by rel-
atively low power voltages. This will help avoid unwanted
heating of transducers and their subsequent destruction.
Once optimum sensitivity is achieved, we can increase the
transducer frequency to make it comparable to that used in
conventional contact testing. Accomplishing this task has
captivated the imagination of materials and transducer
researchers.

PURSUIT OF NONCONTACT
ULTRASONIC TRANSDUCERS

A. few researchers have tried to develop noncontact mate-
rial characterization by using wave phenomena, which in-
clude optics, thermal, infrared, X ray, and nuclear magnetic
resonance. In pursuit of bulk ultrasonic wave propagation
In 1963, White (5) reported generating elastic waves in
%lfd materials by momentarily heating a material surface.
This technique eventually led to the development of the
thermographic method which has been used for surface
and _aubsurface imaging of composites, metals, etc. by
- ::::;n’g minute tem})erature fluctuations as a function of
i abhsm;‘lh'fexture, microstructure, dt?fects, and other vari-
a) - 1his method .has been applicable to those mate-
A that can sustain heat or emanate heat during the
- testing,
S g.l‘;’;t came laser-in_duced ultrasound (6) that was used
._ s'“rfacea::’enz? Rayleigh waves in metals (7) and for sub-
B aten.aﬂs evaluation (8). The laser-based method
en applied to those materials that can withstand
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Table 3. Transmission Coefficients and Energy
Transferred in Air as a Function of the Final Acoustic
Impedance Matching Layer on the Piezoelectric
Element. As a Reference, Similar Data Are Also Shown
Using Water as the Coupling Medium. Z (air): 440 Rayl;
Z (water): 1.5 MRayl.

Transmission Energy Transferred,
Final Layer on Coefficient, T' 201og T (dB)
Piezoelectric Element
Z (Mrayl) In Air In Water InAir In Water
Bare piezoelectric,

PZT, 31.0 0.00006  0.17 —85 -15
Hard epoxy, 4.0 0.0004 0.79 —68 -2
Silicone rubber, 1.0 0.001 0.92 —58 -0.7
Porous rubber, 0.9 0.002 0.94 —b4 -0.5
“Pressed fiber, 0.1 0.018 - -35 -

“Worldwide patents pending and in process.

the impact of a high-power laser beam. Laser-based ultra-
sound has become acceptable for high melting point metals

and ceramics. The nondestructiveness of this laser-based

ultrasound method is questionable when analyzing heat
and shock-sensitive materials, such as polymers, green ce-
ramics and powder metals, pharmaceutical and food prod-
ucts, and tissue. Ultrasound generated by electromagnetic
acoustic transducers has been used in the NCU mode for
nondestructive testing (9). This method is applicable only
to ferromagnetic materials.

The various noncontact analytical methods outlined do
provide useful information about the test materials. How-
ever, all of them are limited to specific materials and are
partially destructive, complex, or expensive. The difficulty
of propagating ultrasound in test media by the noncon-
tact mode, as shown in Table 3, presents limited alterna-
tives for achieving this mode in practical terms. These in-
volve the techniques of ultrasound generation based upon
true production of ultrasound, so that its propagation in
the test medium is not affected by its (medium) exclusive
properties.

Researchers and transducer experts have been design-
ing piezoelectric devices by manipulating the acoustic
impedance transitional layers in front of the piezoelectric
element. In the materials industry, one of the early ap-
plications of noncontact ultrasound was testing Styrofoam
blocks by using a 25-kHz frequency (10). A precursor to
high-frequency, noncontact transducers was the 1982 de-
velopment of piezoelectric dry coupling longitudinal and
shear wave transducers up to 25-MHz frequency. Since
1983, these transducers have been commercially available
for characterizing the thickness, velocity, and elastic and
mechanical properties of green, porous, and dense ma-
terials (11-13). Dry coupling transducers feature a solid
compliant and acoustically transparent transitional layer
in front of the piezoelectric materials such as lead meta-
niobates and lead zirconate—lead titanate. These devices,
which eliminate the use of a liquid coupling agent, do re-
quire contact with the material.

An important by-product of dry coupling devices was the
development of air/gas propagation transducers, which use
less than a 1-Mrayl acoustic impedance matching layer of
a nonrubber material on the piezoelectric material. These
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commercially available transducers have been successfully
produced in planar and focused beam configurations for
transmitting ultrasound in air up to ~5 MHz frequency
and receiving up to 20 MHz. Air/gas propagation transduc-
ers, between 250 kHz to ~5 MHz, quickly found applica-
tions in aircraft/aerospace industries for imaging and for
defect detection in fibrous, low- and high-density polymers,
and composites. For such applications, these transducers
have been used with high energy or tone burst excitation
and high signal amplification systems. However, for appli-
cations such as level sensing and surface profiling, the low
energy spike or square wave transducer excitation mecha-
nism has been sufficient.

Similar transducers of 1-MHz and 2-MHz frequency
were also produced at Stanford University by using sil-
icone rubber as the front acoustic impedance matching
layer (14). By using such a transducer at 1 MHz, the dis-
tance in air could be measured from 20 to 400 mm at an
accuracy of 0.5 mm. Further improvements in transduction
efficiency were shown by planting an acoustic impedance
matched layer that is composed of tiny glass spheres in the
matrix of silicone rubber on piezoelectric elements (15,16).
Researchers at Strathclyde University (17) have reported
air-coupling transducers based on piezoelectric composites
between 250-kHz to 1.5-MHz frequencies. By using tone
burst transducer excitation, they have been successful in
producing millivolt level transmitted signals through a
composite laminated honeycomb structure at 500 kHz.

More recently, piezoelectric transducers featuring
perfect acoustic impedance matched layers for optimum
transduction in air have been successfully developed from
<100kHz to 5 MHz (18).! The sensitivity of these new
transducers in air is merely 30 dB lower than their con-
ventional contact counterparts. As a result, ultrasound in
the megahertz region can be easily propagated through
practically any medium, including even very high acous-
tic impedance materials such as steel, cermets, and dense
ceramics. This advancement, the major focus of this pa-
per, is discussed in detail along with the various medical
and industrial applications in the noncontact ultrasound
mode.

Air-coupled transducers based upon capacitance (elec-
trostatic) phenomena have also undergone substantial de-
velopments in recent years. Researchers at Kingston and
Stanford Universities have successfully produced micro-
machined capacitance air transducers; the latter claim a
high 11-MHz frequency (19,20). These transducers that
are characterized by high bandwidths have been used to
evaluate composites and other materials. Ultrasound ex-
perts at the University of Bordeaux, have reported gener-
ating and detecting Lamb waves in the noncontact mode
in anisotropic viscoelastic materials by using capacitive
transducers (21).

Though much progress has been made in enhancing
the transduction efficiency of transducers based on piezo-
electric and capacitive phenomena, from a practical stand-
point these advancements have by no means reached a
saturation peint. In the subsequent sections of this article,
we describe the successful development of piezoelectric

1U.S. and international patents pending and in process.

transducers that are characterized by extraordinarily
high sensitivities in the frequency range from 100 kHz to
5 MHz. The evidence of the high sensitivity of these new
transducers can be seen from the fact that even very high
frequencies such as 2-5 MHz can be propagated through
a number of solids in the NCU mode.

PIEZOELECTRIC TRANSDUCERS FOR UNLIMITED
NONCONTACT ULTRASONIC TESTING

The efficiency of an ultrasonic transducer depends on the
coupling coefficients and other electromechanical proper-
ties of the piezoelectric material. It also depends on the
mechanism by which ultrasound is transferred from the
piezoelectric material to the medium in which ultrasound
needs to be propagated. In the noncontact mode, this
medium is air. Because the acoustic impedances of piezo-
electric materials are several orders of magnitude higher
than that of air, it is usually necessary to implant tran-
sitional (acoustic impedance matching) layers of various
materials in front of it (the piezoelectric material). Ulti-
mately, the characteristics of the final layer determine the
transduction efficiency of a transducer device. The signif-
icance of the final acoustic impedance matching layer in
the noncontact transducers cannot be overemphasized. Be-
cause the properties of a given piezoelectric material can be
considered constant for a given device, the ultimate trans-
fer of ultrasonic energy in air is entirely controlled by the
acoustic characteristics of the final matching layer on the
piezoelectric material (Fig. 2). To understand this, we ex-
amine the effect of the final acoustic impedance matching
layer on the piezoelectric material with respect to trans-
mitting ultrasound from it (piezoelectric element) to air, as
per Egs. (1) and (4). Table 3 shows the transmission coeffi-
cients and the transfer of ultrasonic energy in air as well
as in water (as a reference) by assuming a number of final
acoustic impedance matching materials on the piezoelec-
tric material. The following conclusions can be drawn from
the data:

1. The transmission coefficient in air increases as the
acoustic impedance of the front layer on the piezo-
electric material is reduced.

Piezoelectric
element —
Z, (Acoustic impedance of
— final matching layer in
contact with air)

Final Matching —
layer

—Z, (Acoustic Impedance
of Air)

Air —

Transmission of
ultrasound in air

Figure 2. Schematic of an ultrasonic transducer showing the
critical final acoustic impedance matching layer relative to the
piezoelectric element and the coupling medium, air.



2. There is a significantly high transfer of ultrasonic
energy in water compared to that in air due to better
acoustic impedance matching of the final layer on the
piezoelectric element with that of water.

In the light of (14-17) and this author’s 1983 design
(commercially available as air/gas propagation transduc-
ers from Ultran Laboratories), the best final piezoelectric
matching layer for maximum ultrasound transmission in
air is composed of soft polymers. The polymer layer in
these transducer designs can be porous or nonporous or can
have embedded hollow spheres (in the polymer layer). For
the sake of simplicity, we will identify all polymer acous-
tic impedance matched layer transducers as air-coupled
(AC) transducers. These transducers yield a —58 to —54 dB
transfer of ultrasonic energy in air, which is significant
for propagating up to ~2-MHz ultrasound in some solids
in the noncontact mode. For example, by using a suitable
transducer excitation mechanism and high received sig-
nal amplification, ultrasound can be transmitted in low
acoustic impedance materials (typically materials that are
lower than ~3 Mrayl) by using AC transducers. However,
ultrasound propagation by such transducers in materials
=3 Mrayl is arduous, if not impossible.

The AC transducers based on polymer matching layer
transducers do demonstrate the feasibility of noncontact
ultrasound, but they are far from the most efficient. To
enhance transduction efficiency in air, this author has
been developing and applying a number of low acoustic
impedance final matching layer materials since 1978. In
1995, we produced and evaluated (18) a transducer that
had compressed fiber as the final matching layer. For the
sake of simplicity and comparison, we will identify them
asnoncontact (NC) transducers. This transducer design ex-
hibited unprecedented and phenomenal transduction in air
which was found sufficient for NCU transmission in prac-
tically all material types. Perfected in 1997, the NC trans-
ducers can increase ultrasonic energy transfer from the
transducer to air from —54 dB (AC transducers) to —35 dB;
see Table 2 (18). An increment of sensitivity by an order
of magnitude is extremely significant and warrants spe-
cial attention. After initial trials at 200 kHz, 500 kHz,
1 MHz, and 2 MHz, NC transducers have been produced
up to ~8 MHz. However, from a practical standpoint, it has
been shown that they propagate up to 5-MHz ultrasound
in nearly all material types in the NCU mode in ambient
air. Leaving aside transmission in plastics and composites,
the sensitivity of NC transducers is also high enough for
transmission in materials that have extremely high acous-
tic impedance such as steel, dense ceramics, and cermets.
In the following sections, we provide detailed observations

about NC transducers and their sensitivity compared to
AC types.

Transducer Characterization Scheme

NC transducers, like their contact or water-coupled coun-
terparts, can also be characterized in the transmission or in
the reflection (pulse-echo) modes. Figure 3 shows the setup
for characterizing transducers in the transmission mode
which is used to analyze NC and AC transducers. Here, the

NONDESTRUCTIVE EVALUATION 695

Transducer
| excitation
Transmitting Tkmmm s g
transducer : s 39mas
i T
Loe7 Vv
10mm ; H rﬁwm_
Ambient Bl [
3 frn‘ :
Receiving Hl-
e 1
transducer | S { LCURACE
1048 So0knz D T5u
Measurement
oscilloscope

Figure 3. Noncontact ultrasonic transducer characterization
scheme in transmission mode. Frequency, bandwidth, pulse width,
and signal-to-noise ratio are read directly from the oscilloscope.
Sensitivity = 20Log (Vi/Vp). Vp = Excitation in volts. Vx = Re-
ceived signal amplitude in volts.

transmitting and receiving transducers are aligned and
separated by a 10-mm (or more, depending on the trans-
ducer frequency) column of ambient air. In this case, the
transmitting transducer is excited by a pulse of known
voltage, Vp. The output from the receiving transducer is
directly fed into a measurement oscilloscope that has a
mechanism to measure the frequency domain characteris-
tics. Frequency and bandwidth are measured directly from
the frequency domain envelope, and V;, the received signal
amplitude in volts, and the pulse width are measured from
the time domain RF trace. The signal-to-noise-ratio (SNR)
is determined by the following relationship when measure-
ments are made without signal averaging. It is understood
that while doing so, the instrument and cable noise also
factor into the measurement.

SNR = 20log V;/V; (dB), (5)

where V,, is the amplitude of the noise in volts. Sensitivity
(insertion loss) is determined by

S = 201og Vi /V, (dB). 6)

By using this characterization scheme, several NC trans-
ducers were analyzed in ambient air. Figures 4-7 show
typical time and frequency domains for 200-kHz, 1.5-MHz,
3.0-MHz, and 5.0-MHz NC transducers and their salient
acoustic characteristics.

Sensitivity Comparison of NC and AC Transducers
with Conventional Contact Transducers

Because sensitivity is the most critical requirement for NC
or AC transducers, it is important to develop some kind of
comparison scheme. To this effect we chose conventional
contact, water immersion transducers as a reference. A
number of NC transducers were characterized for sensi-
tivity in the transmission mode according to Fig. 3. Similar
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Figure 4. Time and frequency domain of broadband 200-kHz,
50-mm active area transducers in transmission mode. T-R air
separation: 100 mm. Bandwidth center frequency: 200 kHz. Band-

width at —6dB: 100 kHz (50%). Pulse width: <20 us. Sensitivity:
—46 dB. SNR: 50 dB.

transducers, suitable for conventional contact water im-
mersion operation where acoustic impedance matches that
of water, were characterized in water for sensitivity mea-
surements. The setup for such transducer characteriza-
tion is the same as in Fig. 3, except that in this case
the 10-mm air column was replaced by a 10-mm column
of water. Sensitivities for both transducer types, calcu-
lated according to Eq. (6), are shown in Table 4. From this
comparison, it is quite clear that the sensitivity of the new
noncontact transducers is approximately 30 dB below their
contact counterparts. AC transducers were approximately
50 dB below their conventional contact water immersion
counterparts.

Tek HETE 20MS/s

14

Bomvy 1ops
10dE8  500kHz D 2.5us
Figure 5. Time and frequency domain of broadband 1.5-MHz,
25-mm active area transducers in transmission mode. T-R air
separation: 10 mm. Bandwidth center frequency: 1.4 MHz. Band-
width at —6 dB: 0.92 MHz (65%). Pulse width: <2 us. Sensitivity:
—58 dB. SNR: 46 dB.
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Figure 6. Time and frequency domain of broadband 3.0 MHz,
12 mm active area transducers in transmission mode. T-R air
separation: 10 mm. Bandwidth center frequency: 2.6 MHz. Band-
width at —6 dB: 2.0 MHz (75%). Pulse width: <700 ns. Sensitivity:
—62 dB. SNR: 40 dB.

Application Related Experiments
and Sensitivity Comparison

In the previous section, we demonstrated the high sensi-
tivity of new NC and AC transducers by analyzing them
according to a transducer characterization scheme and by
comparing them to similar observations of conventional
contact transducers. Although this comparison provides
substantial evidence of the superiority of NC transducers
over the AC types, it still does not present a convincing ar-
gument. Graphical evidence is needed to prove this point.
To this effect, we performed several application-related ex-
periments aimed at propagating ultrasound in an NCU
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Figure 7. Time and frequency domain of narrowband 5.0 MH_Z,
12-mm active area transducers in transmission mode. T-R air
separation: 5 mm. Bandwidth center frequency: 4.5 MHz, Band-

width at —6 dB: 1.5 MHz (33%). Pulse width: <800 ns. Sensitivity:

—68 dB. SNR: 40 dB.




Table 4. Sensitivity Comparison of Noncontact and
Conventional Contact Transducers.” Mode of Testing:
Tyansmission. Medium of Testing: 10 mm Ambient Air for

Noncontact and 10 mm Water for Contact Transducers
yphidias

Sensitivity in  Sensitivity w.r.t

Frequency Active Ambient Air  Water Immersion®
(MHz)  Diameter (mm) (dB) (dB)

0.25 50 —38 Below 18
25 —46 Below 26

0.5 50 —44 Below 24
25 —50 Below 30

1.0 25 -52 Below 32
19 —54 Below 34

12.5 -56 Below 36

3.2 —62 Below 38

1.5 12.56 —-58 Below 38
2.0 12.5 -58 Below 38
1.5 —66 Below 40

3.0 12.5 —62 Below 40
5.0 12.6 —68 Below 44

aGensitivities reported here were obtained by exciting the transmitting
transducer using a broadband and 15-ns pulse. Tone burst excitation sen-
sitivities will be 12 dB higher.

bFor some contact transducers, a —20-dB sensitivity is assumed.

mode through a solid material by using AC and NC trans-
ducers. Figures 8 and 9 present observations in support
of this. Both observations correspond to NCU trans-
mission through 20-mm thick aluminum by 1-MHz and
20-mm active area diameter transducers in the direct
transmission mode. In both cases, transducers are sepa-
rated from the test material surfaces by an ~5-mm air
column. Furthermore, in Figs. 8 and 9, the transmitting
transducer was excited by a high-energy 400-volt (into 482
input impedance) pulser, and the signal received from the

Tok HITHE 50MS/s 194 Acqs

T T T T T T T T T T T T T

it

| T e

1TV £ R
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Figure 8§, A 1-MHz noncontact transmitted signal through
: 20-mm aluminum by using transducers based on a soft, porous,
- Polymer matching layer. Excitation of the transmitting trans-
_dtfcer: 400V into 4-0 input impedance. Receiving transducer am-
Plification: 64 dB. Transmitting and receiving transducers are
mm away from the material surfaces. Under these conditions,
 the transmitteq signal amplitude is 13.1 mV. Compare with Fig. 9.
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Figure 9. A 1-MHz noncontact transmitted signal through
20-mm aluminum by using new transducers based on a com-
pressed fiber matching layer. Excitation of the transmitting trans-
ducer: 400 V into 4-© input impedance. Receiving transducer am-
plification: 64 dB. Transmitting and receiving transducers are
5 mm away from the material surfaces. Under these conditions, the
transmitted signal amplitude is 111.1 mV. Compare with Fig. 8.

receiving transducer was amplified by a 64-dB gain. The
key difference is that Fig. 8 was obtained by AC transduc-
ers and Fig. 9 by NC transducers. Under these conditions,
the amplitude of the transmitted signal through 20-mm
aluminum by AC transducers is 13.1 mV, whereas it is
111.1 mV for NC transducers. This clearly establishes the
superiority of the new noncontact transducer design over
the other air-coupled transducers described in (14-17),
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Figure 10. A 1-MHz noncontact transmitted signal through
20-mm aluminum by using new transducers based on compressed
fiber matching layer. Excitation of the transmitting transducer:
one burst 16-V sine wave. Receiving transducer amplification:
64 dB. Transmitting and receiving transducers are 5 mm away
from the material surfaces. Under these conditions, the transmit-
ted signal amplitude is 3.26 mV. No other air-coupled transducer
can transmit ultrasound under similar conditions in high acoustic
impedance materials by very low level excitation.



