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Abslract - In recent years, several new NDE applications of 
air-coupled, as opposed to liquid-coupled, ultrasonics have 
been seriously pursued. The applications range from through- 
transmission testing of aerospace laminates and various 
honeycomb or  foam  filled materials, and solar cells, to pulse- 
echo flaw detection in plastic electronic packaging materials 
and  in-line inspection of large-diameter gas pipelines. Most 
of the new applications have been made possible by major 
advances in component technologies: transducers, pre- 
amplifiers, pulsers, signal-conditioning, and impedance 
matching and noise-matching circuits. In this paper, we 
describe the transducer types and circuit topologies that are 
especially suitable for applications in  the 20 kHz to 20 MHz 

differences between airsoupled and liquid-coupled inspection 
frequency region. We also address the important key 

configurations. In particular, we focus on the practical 
advantages and limitations that arise h m  the fact that gases 
and liquids exhibit substantially different specific densities 
and sound speeds. 

I. INTRODUCTION 

Ultrasonic “water-immersion” and “water-squirt” scanning 
systems are widely used in nondestructive testing’. Water is 
attractive as a coupling medium, because it is universally 
available, exhibits insignificant absorption at low MHz 

chemical and mechanical properties of most industrially- 
frequencies,  and generally does not affect the physical, 

some industrial processes and may cause permanent damage 
important materials. However, water is not compatible with 

to paper, open-cell foams, many  reinforced plastics and  wood 
products, propellants and explosives, art objects, certain 
electronic-packaging materials, and many materials intended 

appears to reduce the surface-flaw detection probabilities in 
for use by the aerospace industry. Also, the use of water 

polymer-matrix and internal flaws in porous materials. The 
specific acoustic impedance of such materials is of the same 
order of magnitude as that of water, lying in the range 1-10 
Mrayls. Consequently, there is a genuine need for ultrasonic 
flaw-detection systems that do not  use water and other liquids 
as the coupling medium’. In the past three decades, relatively 
large resources have been dedicated to  the study and 
development of various non-contact ultrasonic inspection 

Contribution ofNIST, not subject to copyright in the US.  

systems’, principally those that rely on the use 
electromagnetic-acoustic transducers (EMATS)~.’,~.~  or 
lasers8,9,i0 for generation and reception of the ultrasonic 
probing signals. Combined EMATnaser”~’2~’’ air- 
transducer/laser“ systems have also been investigated. During 
the same period of time, relatively modest resources have 
been appropriated for exploration and development of 
ultrasonic inspection systems that rely on air, or another gas, 
as the coupling medium. In spite of this, there have been 
significant advances in the state of the art of air-coupled 
inspection systems, resulting in practical industrial 
applications of the technology”. There is now also a greater 
interest in the academic community, which recognizes the 
inherent advantages of using non-contact transducers in 
materials characterization s t ~ d i e s ’ ~ , ’ ~ . ’ ~ , ’ ~  and flaw- 
detection20.2’.22.’’ 

contact or minimally-invasive method, because the coupling 
Air-coupled ultrasonic inspection can be considered as a non- 

medium (air or another gas) is pari of the natural environment 
and therefore no additional physical contact is required. The 
use of air coupling is particularly attractive, because it results 
in ultrasonic probing signals whose temporal and spatial 
characteristics are similar to those generated using water 
coupling. This makes air-coupled systems particularly 
appropriate in applications that are not well suited for the use 
of EMAT or laser-based systems. In particular, such 
applications include the nondestructive testing and 
characterization of many  polymer-based aerospace composite 
materials. Most of the elastic-wave types generated and 
detected by lasers can also be generated and detected using 
air-coupled systems. On the other hand, air-coupled systems 
cannot be used to generate and detect certain elastic-wave 
types (e.g. torsional waves) that can be easily generated and 
detected by  EMATs2‘. 

11. BRIEF HISTORICAL PERSPECTIVE 

Air-coupled ultrasonic NDE has been enabled by the 
availability of transducers. The transducers, which are best 

been initially developed for other applications: process 
suited for use in air-coupled ultrasonic NDE systems, have 

control, gas-flow measurement, proximity sensing and 
distance gauging,  and  the  like. In such applications, it is often 
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essential to operate in the frequency region that extends from 

practical interest in ultrasonic NDE. 
25 kHz to 2.5 MHz. This frequency region overlaps that of 

of various practical air-coupled transducers that are used  in 
In a recent publication, V. Magori  reviewed the characteristics 

propagation-path sensors, including gas-flow meters,  and 
distance sensors in air-sonar applications2? However, for 

the pioneering work of L.C.  Lynnworth2'.28 , F.  Massaz9.'" 
historical reasons, it is also important to include references to 

W. Kuhl and co-workers", W.W. Wrigt~?~."~ who developed 
the solid-dielectric microphone, technical-staff members at 
the Polaroid CorporationM, and  B.T.  Khuri-Yakub". The 
availability of such transducers has also enabled the work 

sound speeds, and other properties of gasesJ6.". A bri 
leading to the determination of universal gas constant R, the 

ef 
review of the physics of such transducers is given by M. 
TNsler". 

The propagation characteristics of ultrasound in the air and 
other gases have also received considerable attention. For 
example, Hickling and Marin describe phenomena that affect 
the use of  lMHz sound signals in gauging and proximity 
sensing applications". The physical phenomena of sound 
absorption in the atmosphere in the audio region are reviewed 
in great detail hy  H.E. Bass et al.", while the effects of 
turbulence on apparent allenuation are addressed by E.H. 
Brown and S.F. Clifford". In the ulhasonic frequency region, 
above 20 kHz and below 1 m sound absorption 
information, as a function of frequency, relative humidity,  and 
pressure, can be obtained hy using published  expression^'^^". 
The use of the published expressions is probably justified up 
to 10 MHz, and even higher, frequenciesu. 

The potential advantages and limitations of using air-coupling 
in nondestructive material inspections have been recognized 
for a long time". In particular, air coupling was  found 
desirable in applications involving the inspection of materials 
that could not be immersed  in water or that would be damaged 

materials include propellantsa, certain wood and paper 
by physical contact with an ultrasonic transducer. Such 

pr~ducts""~, foams, art and many advanced 
composite materials used by the aerospace i n d u e .  
Measurement of tension in a paper web has also been 
reported". 

Initially, practical applications were confined to the 25-250 
kHz frequency region". Later, improvements in piezoelectric 
transducer-design technologies and electronics have made it 
feasible to operate in the 0.5-1.0 MHz frequency regi~n"~~'. 
Recently, the possibility of using gas-coupled systems to carry 
out in-line inspections of natural-gas pipelines has been 

microscope, operating in a pulse-echo, c-scan mode, using 
investigated5'. Also, the feasibility of a gas-coupled acoustic 

argon  at elevated pressure (30 atm  and higher), has been 
demonstrated". Such devices must operate at frequencies of 5 
MHz,  and higher, to compete with  water-coupled systems. 
Previously, a gas-coupled system, operating at 45 MHz and 
30 atm, was  reported".  However, this system was intended 
primarily to study the topographic features of surfaces. 

111. FUNDAMENTAL OBSTACLES TO AIR-COUPLED 
NDE 

It is widely believed that atmospheric absorption is the major 
obstacle to  the  use of air-coupled ultrasonic inspection 
systems. This is not so. It can be readily shown that, in the 
frequency region of interest, the limitations are due to the  very 
large specific acoustic impedance differences between typical 
solids and gases. In a system that uses air-coupled transducers 
for both generation and detection, the received signal 
amplitude is principally determined by the transmission losses 
at the four airisolid interfaces, as shown in  Fig. I. Additional, 

difiaction, loss of phase-front coherence, and finite- 
but significantly smaller, losses can also be expected due to 

amplitude saturation effects, which are sometimes 
experienced at very  high drive levels. 

Fig. 1 Air to solid interfaces 1, 2, 3, 4. 

The signal-twnoise performance of an air-coupled system can 
be estimated using: 

Pa D 
s/N = -.~ _________.._..____ ~ ) (1) 

4kTAf  NF*CL*AL*AB'DL*EL 

where  Pa  is the available transmitter power, k is the 
Boltzmann's constant, T is the absolute temperature in 
'Kelvin, and Af is the effective bandwidth of the receiver 
electmnics, and NF is a "noise  factor". In practice, NF ranges 
from 1 to 10  and depends on the effectiveness of the 
procedure used to increase the electrical input resistance of 
the receiver transducer to the resistance level corresponding 
to the equivalent noise resistance of  the preamplifier. NF can 

by taking advantage of the self-resonance of  the transducer, or 
be reduced by using an impedance-matching transformer, or 

both. D is the bulk transmission D=TI*T2, where TI and T2 
are the interface transmission coefficients. CL further 
accounts for the two-way transducer conversion loss; AL for 
sound absorption in the air; AB for the absorption in the 
specimen; DL for diffraction losses; and  EL for "excess" 
propagation losses due to finite-amplitude saturation effects 
and partial loss of phase-front coherence due to specimen- 
surface topography and internal elastic inhomogeneity and air 
turbulence effects. In most applications, difiaction and 
"excess" pmpagation losses can be neglected (DL=EL=I). 

698 - 1995 lEEE ULTRASONICS SYMPOSIUM 
Authorized licensed use limited to: Colleen Brick. Downloaded on April 01,2024 at 15:53:44 UTC from IEEE Xplore.  Restrictions apply. 



The available transmitter power is given by: 

Pa = V214R (2) 

where V is the peak-to-peak  voltage and R is the output- 
loading resistance ofthe pulser or  amplifier. Currently, typical 

resistance as low as 4 ohms is attainable. Consequently, 
voltages are in the 400-volt  range  while output-loading 

available powers in the range  of 10 kW can be achieved using 
commercially available power transistors. Assuming (very 
optimistically) a  receiver-elecmnics  bandwidth  of 100 kHz 
and NF = 1, the electrical-noise power  at the receiver input is 

t-noise  is  nearly  188 dB. Of course, this level of performance 
approximately l .66 AV. Consequently, the available signal- 

can  be achieved only hy using very efficient electrical 
impedance and noise matching networks at  the transmitter and 
preamplifier, respectively. 

Assuming  that the specimen is thick compared to the 

can be estimated from: 
wavelength  and nonresonant, the transmission term D in Eq. 1 

D =4 ZIZ2 I ( 2 ,  + Z,)' (3) 

where Z, is the specific acoustic impedance of air and 2, is 
the specific acoustic impedance of the specimen.  In practice 
we  read amplitude ratios AI/A2,  which are given in decibel 
readings according to dB=2010g(A,/A2), as are all the 
following estimates. Since the  specific awustic impedance of 
air is 0.0004 Mrayl  and that of  typical solids is in the range I 
to 50 Mrayls, D can be expected to be in the range 56 to 90 
dB. 

transducer wnversion loss term,  CL. Since the specific 
Equation 3 can also be used to estimate the two-way 

acoustic impedance of  a high-power piezoelectric material, 
such as PZT-SA,  is approximately 35 Mrayl,  the transducer 
conversion losses  can be as high as 87 dB. 

Finally, the air-absorption losses, AL, can be estimated using 

American National Standard'*,  Figure 2 shows the behavior 
formulae  published by Bass  et Following the 

the frequency region. 10 Hz to 1 M H z .  
of the absorption coefficient for air at atmospheric pressure in 

It is seen  that in the practically  important  frequency  region, 

range of 10 to 100 &/m. Thus, at  a typical working distance 
100 kHz to I MHz, the absorption coefficient is in the range - 

of 50 mm, the two-way absorption losses, AL, should not be 

K. Consequently, sound absorption in air is not a serious issue 
in excess of 10 dB at  l MHz, atmospheric pressure, and 300" 

in practice. 

From the above, it is evident thai, at 1 MHz, the transmission 
losses as contributed by D, CL,  and AL, can range from 153 
dB, for foam-type materials (1 Mrayl), to 189 dB,  for 
materials such as steel (48 Mrayls). At bess a signal-to-noise 
factor of 33 dB can be achieved in the case of a very light 
material, such as foam or balsa  wood.  However, such 
materials also exhibit high attenuation. On the other hand, in 
the case of steel,  a signal-to-noise deficit of 1  dB can be 

expected. Of course, signal-averaging procedures can, in 
principle, be employed  to increase the signal-to-noise 
performance of an air-coupled inspection system.  However, 
we do not consider this a viable option, because  of the 
economic realities that  ultimately  determine the commercial 
success of a nondestructive testing procedure. We believe, 
strongly, that practical ultrasonic systems  must he capable of 
operating in  real  time. 

FREQUENCY, fin Hz 

F i g 2  Absorption per  unit  wavelength  for acoustic waves in 
airat293.l5K(2OaC), 101.325kPaand70%relative 

humidity (afler ANSI).  Here,  is the vibrational relaxation 
frequency for nitrogen; f,,o is the vibrational relaxation 
frequency for oxygen  (copyright Acoustic Society of 

America) 

Obviously, useful signal-to-noise performance cannot be 

transducers or, by some means, enhancing the transmission D 
achieved without decreasing the conversion losses, CL, of the 

that proper electrical-design and construction rules must also 
associated with the specimen material. It goes without  saying 

be followed to realize very efficient electrical impedance and 
noise matching  networks at the transmitter and receiver 
preamplifier. In this paper, we show  how this can  be done by 
improving the efficiency ofthe transducers by bener matching 
of the transducer mechanical impedance to the net-reaction 
impedance of the air or another coupling gas, taking 
advantage of the physical features of the specimen material, 
and increasing the ambient pressure of the air or gas. 

[v. PRACTICAL TRANSDUCERS FOR  AIR-COUPLED 
ULTRASONIC NDE 

Transducers for the generation and reception of sound  are 
without  doubt the most critical components of an air-coupled 
ultrasonic NDE system. Six types of electro-acoustic air 
transducer types are potentially of interest: electrostatic, 
variable reluctance, moving coil, piezoelectric, 

the frequency  regions that can be covered  using different 
electrostrictive, and magnetostrictive. Figure 3 summarizes 

practical mechanizations. 
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Fig. 3.  Frequency range of various air transducers 

It  is interesting to note that the piezoelectric and electrostatic 
transducers are- represented by several implementations. For 
example, the class of electrostatic transducers includes the 
condenser microphone, the solid-dieleclnc microphone, and 
the new  wide-band, capacitive transducer, which is made 
using silicon-micrc-machining techniques. There are also 
several different piezoelectric transducers, including the low- 
frequency "bender" types as well as the thickness-mode, 
conventional and composite piezoelectrics. 

Fig. 4. Frequency range of complementary non-contact 
transducers 

For completeness, Figure 3 also includes a carbon 

practical NDE applications has not  been reported in  the 
microphone and whistle; although use of these devices for 

literature, to the authors' knowledge, at the present time.. 
Figure 4 specifies the frequency regions of other transduction 
methods, which do not employ the air as a coupling medium, 
such as EMAT and laser-based transducers, and  which may 
be used in practical applications in conjunction with air 
transducers. To address current commercial applications, we 

rely  mainly on the thickness-mode, piezoelectric transducer 
types. We use both focused and flat transducers (Fig S), 
depending on application. On occasion, particularly when 

combination of flat and focused transducers. The through- 
inspecting thick inhomogenous materials,  we also use a 

transmission and pitch-catch configurations are widely  used 
for a variety of applications. At the present time, the pulse- 
echo configurations cannot be realized a1 atmospheric 
pressures. However, it has been successfilly demonstrated at 
elevated pressures, typically above 30 atmospheres. 
Potentially, this configuration may have important practical 
applications, including in-line inspection of natural-gas 
pipelines and gas-coupled, acoustic microscopy of electronic- 
packaging materials. 

a) Spherically shaped  element 
(nanw band) 

. ,~ Fows 

' PMMA lens 

b) Lens  focused  transducer 
(narrow  band) 

. .  
,, 

Fows 

c) Shaped refledive  optics d) Composite piezoelectric -- (nanow  band) element (nanow band) 

l I I  I 
e) Flat transducsr r) Flat Imnsducer 

(nafmw band) (W- or medium band) 

Fig. 5 .  Thickness-mode piezoelectric air transducers 

The operation of a piezoelectric transducer designed for 
operation in air is best explained using the flat transducer as 
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an example. Typically, such transducers are constructed using 
a circular disk of an efficient piezoelectric ceramic  material, 
such as PZT-SA. Frequently, we also employ a thin layer  of a 
porous  material with  low specific acoustic impedance to 
improve the generation and  reception efficiencies. However, 

the high mechanicalquality  factor Q of the piezoelectric disk. 
we do not use a backing layer. We do so to take advantage of 

As a consequence, such transducers can be operated in the 
resonant-mode, resulting in much higher sensitivities. 
Typically,  mechanical Q's as high as IO can be achieved  at 
S00 kHz using a 25-mm-diameter  PZT-SA  disk. The 
construction of  a typical  flat air transducer is  shown in Figs. 
5e and Sf. 

The transducer shown in Fig.  Sa is  best suited for o p t i o n  in 
the tone-burst mode,  which is frequently used  in through- 
transmission and pitch-catch testing of aerospace laminates. 
In this case, the center  frequency  of the driving electrical 
signal is chosen to correspond exactly  to the thickness-mode 
resonance of the transducer. As a consequence, the transmit 
and receive sensitivities can he increased by as much as 20 
dB.  However, such transducers are necessarily narrow-band 
and  can  be operated only at  one frequency. On the other hand, 
the signal-to-noise performance of systems using the resonant 
piezoelectric transducers frequently exceeds 40 dB. Such 
systems  can be operated in real  time,  without the need for 
signal averaging. Also, such systems  can  be aligned hy 
relatively inexperienced operators, a distinct benefit in the 
commercial-inspection environment. 

In the past, we have also successfully employed flat, hroad- 
band piezoelectric transducers. The construction of this type 
of transducer is shown in Fig. Sf In contrast to the resonant 
transducer, shown in Fig. Se, the broadband transducer does 
not utilize a front-face  layer for improving the impedance 
match  between the gas and piezoelectric material. The use of 
an  impedance-matching  layer  would significantly reduce the 
bandwidth of the transducer. Also, the transducer in Fig. Sf 
uses  an efficient hacking material that prevents multiple 
reverberations within the piezoelectric layer. In the past, we 
have successfully used  both piezoelectric ceramic and 
polymer materials to construct such transducers for pulse- 
echo operation at elevated pressures. It is important to add 
that pulse-echo operation cannot currently be achieved at 
atmospheric pressures using such transducers. 

At the present time, spherically-focused piezoelectric 
transducers appear to be  more  useful than flat transducers. 

in Figs. Sa - d.  The simplest method, shown in Fig. Sa, uses a 
Several methods  of constructing such transducen  are depicted 

spherically-shaped piezoelectric ceramic disk. Such disks are 
also used to construct conventional piezoelectric transducers 
for water-immersion  C-scan  systems.  Figure Sb shows a 
transducer that uses a flat piezoelectric disk  and a rehctive 

(PMMA). In  Fig.  Sc, the  same goal is achieved by using 
lens  made of a light material, such as polymethylmethacrylate 

suitably-shaped reflective opticss~. Finally, Fig. Sd shows  a 
spherically-focused transducer using a composite 
piezoelectric material. Spherically-focused transducers are of 
great interest, because  they  provide excellent signal-to-noise 

performance in the 100 kHz - I MHz frequency region, 
particularly when inspecting aerospace laminates with 
complicated internal geometries. When inspecting thin 
aerospace laminates, we frequently operate at signal-to-noise 
ratios in excess of 40 dB at 400 kHz. 

Metallized membrane 

Airgaps 

----st Pressure  adjustment  screk 

Backplate 

' ,  -----Body 

I *- l 

Fig. 6a. Solid dielectric condenser microphondtransmitter 
(Afler W. Kuhl et  al.") 

Metalized 

/thin fiim 

Fig. 6h. Schematic diagram ofa capacitance transducer 
generation and detection of ultrasound in air 

(AAer D.W. Schindel et a1.6*) 

the present time,  systems  using such transducers already 
Piezoelectric trmducer technology  is now  very mature. At 

operate at the physical limits of the piezoelectric materials, 
assuming the dielectric breakdown to be the  dominant damage 
mechanism,  and semiconductor switching devices. It is 
interesting to note that, assuming  a  2 VIP dielectric 
breakdown strength, a 25-mm-diameter  PZT-SA disk can 
handle approximately 15 kW of peak electrical power. In 
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practice, such power densities are not achievable since strains 

corresponding to 0.1 pm front-surface displacements at 
larger  than IO4 (ratio of displacement to total thichess), 

2 MHz, cannot be sustained for extended periods oftimeM. At 
the present time, IO kW is the maximum electrical power  that 

amplifiers. Because ofthe very inefficient acoustic-impedance 
can be delivered hy practical ultrasonic pulsers or  gated 

matching  at  the front face of the transducer, most of the 
available transmitter power  is  uselessly converted to  heat  in 
the transducer or returned to the transmitter. 

forces are principally due to the presence of  air pockets 
between the membrane  and  back  plate6'.%  Recently, there has 
been a resurgence of interest in this type  of transducer, 
principally as a result of advances in micro-machining 
techn~logies~'"~ Potentially, the new construction techniques 

characteristics that  can  be predicted. 
can result in betterdesigned transducers, with  performance 

The two-way insertion losses  of the solid-dielectric 
transducers can  also be estimated  using  Eq. 3, but by 
assuming that the  specific acoustic impedance  of the 
membrane  is  given by, 

Silim dimade posts i%$jaa 1 2vmhdes Nmemanbrane 

P + Silimn c1M)z 

Fig.  6c. Schematic diagram ofa  surface micromachined 

(Atter M.I. Haller and B.T. Khuri-Yakub6') 
elecbostatic ultrasonic air transducer 

Transduction efficiency can, in principle, be improved by 
using an impedance-matching layer, or reducing the specific 
acoustic impedance  of the transducer material. The former 
approach can  be  only  partially successful, because  practical 
impedance matching materials (cork, balsa wood, silicone 
rubber, etc.) exhibit very  low mechanical Q's". Using the 
piezoelectric-composite62 approach, as shown in Fig. 54 
results in a transducer with significantly reduced capacitance. 
In fact, this effect appears to directly offset any benefit of 
using a material  with  reduced acoustic impedance. 

characteristic impedance  of less than I Mrayl are currently 
Because acoustic-impedance matching materials having a 

inconsisten\ there is now considerable interest in developing 
other transducer types, principally those using the electrostatic 
transduction mechanism. Therefore, it is of interest to review 
the state-of-the-art and practical limits of this transducer 
technology. Three different transducer m, each  employing 
the electrostatic mechanism,  are  shown in  Fig. 6a-c. 

At  low frequencies, below 100 condenser microphones, 
as shown in Fig. 6% can be used to generate and receive 
ultrasonic signals in  ai^^^,^. In the condenser microphone,  the 
restoring force is  provided by the tension in the membrane, 

conventional transducers of the condenser type are  not 
which is typically made of high-strength steel. Unfortunately, 

of the  membrane is physically limited by material 
suitable for our applications, because  the  resonant frequency 

considerations. 

Figure 6b shows another type of an electrostatic transducer, 
the soliddielectric microphone, which  can operate at 
frequencies well above 1 0 0  kHz. This device does not  use 
applied tensile forces to restore the position of the membrane, 
but achieves a much better match to air than the various 
piezoelectric, thickness-mode transducers. The restoring 

ZI = j2nfpt (4) 

where j is the square root  of -I, f is the frequency, p is the 

material. (It  is interesting to note that  the  product pt is simply 
specific density, and t is the thickness of  the  membrane 

the  mass  per  unit m a  of the membrane.) 

Assuming  that  the  membrane is made  of  polyethylene 
terephthalete (PET; Mylarm), IO pm thick, the two-way 
insertion loss is approximately 67 dB  at S00 kHz, a 20-dB 
improvement relative to a piezoelectric (PZT-SA), thickness- 
mode transducer. However, we have found  the  commercially 
available transducers to be less sensitive than the state-of-the- 
art piezoelectric, thickness-mode transducers. 

Figure  6c  shows a new  micromachined capacitive air 
transducer that uses a much thinner membrane (0.5 pm vs. 
2.5-10 pm) than the current-generation solid-dielectric 
microphonesm. The new transducer appears to embody the 

microphones. In particular, it uses  the residual stresses in the 
most desirable features of condenser and solid-dielectric 

membrane to provide the restoring forces. Consequently, it 
can achieve a sensitivity and  dynamic range significantly 
higher than that of the solid-dielectric microphone. In the 
transmission mode, front-surface displacements as high as 0.3 
pm have been reportedly achieved at 2 MHz. The  front- 
surface displacements are higher than those now obtainable 
using PZT-SA, thickness-mode transducers. Fractional 
bandwidths reportedly range from 5 to 20%. Also, the new 
transducers are also more efficient and, therefore, do not 
require  the high-cost, high-power pulsing systems  needed to 
drive the piezoelectric, thickness-mode transducers. 
Furthermore, since the air gaps  behind  the  membrane have a 
depth  of only 1 pm or so, the new transducers exhibit  large 
input capacitances, resulting in efficient noise matching  to the 
receiver preamplifier. We hope  that the new transducers will 
soon become available to the designers of ultrasonic NDE 
systems since their impact on cost and performance of such 
systems may be very significant. 
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v. A PRACTICAL AIR-COUPLED  ULTRASONIC 
INSPECTION SYSTEM FOR AEROSPACE MATERIALS 

Figure 7 shows an aircoupled ultrasonic flaw detector which 
has been designed for a variety of NDE applications, 
primarily in the aerospace industry. A practical C-scan 

block  diagram ofthis system  is  shown in Fig. 9. 
inspection configuration is shown in Fig. 8, and a functional 

Fig.7. Commercial air-transducer inspection system. 

Past applications of the 
system include inspections 
of carbon-carbon compo- 
sites for  the presence of 
internal porosity, testing of 
foam-sandwich composites, 
evaluations of face-sheet 
bonding in solar-cell sup 
port  panels, and similar 
applications. Typically, the 
system  is operated either in 
a “through-transmission” 
mode, as shown in Fig. 8, or 
in a “pitch-catch” mode in 

Fig. 8. C - s a  inspection located on the same side of 
which both transducers are 

configuration with 
piezoelectric transducers spection. 

the part undergoing in- 

As  shown in Fig. 9, the system  typically operates in a tone- 
burst  mode at the center frequency of 400 kH& corresponding 
to an in-air wavelength of 0.85 mm,  and uses spherically 
focused, piezoelectric elements with 50 mm nominal  focal 

operate the system at 200 kHz and l m with  small 
length  and 25 mm diameter. However, it is also possible to 

adjustments to  accommodate transducer resonant-frequency 
variations. It is also possible to  use  other transducers. For 
example, the system can operate using conventional, 
piezoelectric contact and  water-immersion transducers, and 
special transducers, such as “roller probes” and other “dry- 
contact” types. 

To  improve impedance-matching to  the air, air transducers 
use a thin layer of a light  polymeric-matrix,  porous  material 

with a specific impedance of approximately 1 Mrayl. The 
system, as shown  in  Figs. 7 and 9, utilizes a 500 V peak-to- 
peak bipolar driver with a very  low output impedance,  which 

frequency, generated by an internal, computer-controlled 
is driven by a 15-cycle burst with l-kHz pulse-repetition 

tone-burst generator. Frequently,  an  impedance-matching 
network,  not  shown  in  Fig. 9, is  used to increase the output of 
the transmitting transducer. The detected signals are first 
preamplified using a wide-band  preamplifier circuit, with a 

transducer. The preamplified signals are then scaled using a 
3 2 4  gain,  which can be anached in-line  with  the receiver 

computer-controlled attenuator and  filtered using a narrow- 
band, tunable amplifier with a 45-kHz bandwidth  and 
amplified again using a variable-gain amplifier. At this point, 
the signals are digitized, using  an  S-bit  flash converter at a IO 
Msampleis  rate. Further processing is  then  accomplished by 
taking advantage of the internal, single-bard computer, 
which also controls the display and  permanent-recording 
functions. However, the @-detection function is 
accomplished using a dedicated 8-bit comparator. 

TonM--ms5lml*.bn 
................... ., ....................................................... 
-z=z ! 

: B  - p-:+::- 
R.hr 

....................... 

m- i l  - 
Fig. 9 Block  diagram /system architecture ofthe inspection 

system  of  Fig. 7. 
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Figures 10 and 11 show C-scans of two materials used  in 
aemspace applications: a fiber-reinforced epoxy panel and a 
honeycomb composite panel used to support solar cells. 

Fig. IO.  C-scan image from an uncured phenolicicarbon fiber 
lay-up sheet. Panel size: 20 x 20 inch x 0.1 inch  wall 

delaminations. Measurements were taken  with 400 kHz non- 
thickness. The dark areas outline the presence of 

contact tone-burst method. 

Fig. 11. C-scan image from a section of a solar honeycomb 

inserted and  bonded  with  foam adhesive into the surrounding 
panel. This panel contains a reinforcement area which is 

honeycomb core structure. Note the missing core cells 
adjacent to the insert. Measurements were  taken  with 400 kHz 

non-contact tonebunt method. 

m. A SYSTEM FOR DEMONSTRATING THE 
FEASIBILITY OF IN-LINE  INSPECTION OF NATURAL- 

GAS PIPELINES 

Ultrasonic inspection of large-diameter, natural-gas pipelines 
presents a great challenge to the gas-coupled transducer 
technology. Natural gas exhibits a very  low specific acoustic 
impedance (300 Rayls for methane at atmospheric pressure) 
compared to oil (1.5 Mrayls and higher). Consequently, even 
at working pressures (6.9 MPa or 1000 psi), the ultrasonic- 
signal reflections from the pipe-walligas  interfaces are 
significantly larger than the signals retuned from the outer 
surface of the pipe  wall.  To circumvent this obstacle, past 
exploratoly developments included  the  use of a liquid-filled 
wheel", electromagnetic-acoustic-transducer (EMAT)" , and 
liquid-slug technologies7* . While prototypes of high-speed, 

all exhibit serious operational shortcomings that prevent 
in-line inspection systems employing such principles do exist, 

widespread commercial exploitation. 

An alternative concept of an automated ultrasonic system for 
detecting thickness variations and crack-like flaws in the pipe 
wall  is  shown in Fig. 12. The concept shown in  Fig. 12 would 
use the natural gas as an ultrasonic couplant and  would be 
functionally similar to a liquid-coupled system, using similar 
electronics and transducers. As  shown  in Ref 55,  operation in 
the pulse-echo mode,  which is very desirable but  not currently 
possible at atmospheric pressures, can be achieved at 
pressures typical ofpipelines. 

l 

Fig. 12.Concept ofan automated ultrasonic system for pipe 
wall inspection. 

Figure 13 shows the functional block diagram of an 
experimental system developed at  NIST  to demonstrate the 
feasibility of the concept illustrated in Fig. 12. The 
experimental system uses a cylindrical pressure vessel, 305 
mm (12 in) in diameter and 610 mm (24 in) in  length.  The 
pressure vessel can accommodate a variety of gases at 
pressures up to 10 MPa (l500 psi) and has appropriate feed- 
throughs for sample and transducer-motion control, signal 
handling, and pressure and temperature monitoring. Inside the 
vessel, a flexible stage with multiple degrees of freedom 
manipulates both  the transducer and samples. Also, four 
position-adjustment motors are used  to manipulate the Z 
coordinate of the sample and the X, Y, and e coordinates of 
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the pulse-echo transducer. The coordinate 0 is  the angle in the 

normal to the plate-surface. 
sagittal plane between the transducer symmetry axis and the 

Diplexer 
T 

mm 

Amp#fm Pe-Amplira 

odcilb 
Ditd 

Fig. 13. Functional block diagramofexperimental system  for 
showing feasibility of inspecting gas pipelines. 

The experimental system  shown in  Fig. 13 uses a flat, wide- 
band, piezoelectric-ceramic transducer, 13 mm (0.5 in) in 
diameter to generate and receive the ultrasonic signals. The 
transducer, which  is constructed as shown in  Fig. Sf, exhibits 
a center frequency of 2.25 MHz when operated in water. To 
generate, detect, and condition the ultrasonic signals, we use a 
square-wave  pulser  with 8 kW available peak  power at 400 V, 
a special diplexer circuit, and a receiver amplifier of high- 
input impedance with 64 dB dynamic range and 60 MHz 
bandwidth.  Manually stepped anenUators mntrul the output- 
pulse  power  levels  and receiver-amplifier gains. We also use 
an %bit digital storage oscilloscope (DSO) sampling at 400 
MHz to record the s i p 1  waveforms. A dedicated computer 
controls the setup. As shown in Fig. 13, there is another 
transducer ooupled directly to the back surface of the flat- 
plate specimen. Specifically, a pin transducer, 1.4 mm (0.06 
in) in diameter provides ultrasonic-beam diagnostics and aid 
in initial alignment. 

In Figure 13, the specimens are two surface-ground flat steel 

and 13 mm (0.5 in) thick. The two plates are typically 
plates. Each  is 114 mm (4.5 in) long, 44 mm (1.75 in)  wide, 

mounted side by side and contain thin, surface-breaking 
notches made by standard electro-discharge machining 
(EDM) procedures. The notch depths are 20% and 40% of the 
nominal plate thickness, i .e. ,  2.5 mm (0.1 in) and 5.1 mm (0.2 

in). The notches  have  mouth  widths  of 0.3 mm (0.01-in) and 
are 44 mm (l .l5 in) long. 

In principle, the experimental arrangement  shown in Fig. 13 is 
useful  for  measuring the thickness of the plate, finding 
delaminations in  the  plane  of the plate, and detecting vertical 
cracks.  Wall thickness is  best  measured  using longitudinal- 
wave signals that propagate along the  plate-surface normal. 
Such signals result from  compressional-wave signals in the 

= Oo). On the other hand, vertical cracks are best  detected 
gas that propagate along the plate-surface  normal direction (0, 

with longitudinal- or shear-wave signals that  propagate  at an 
angle (0.) with respect to the plate-surface normal. To 
generate such signals, the  symmetry axis of the  pulse-echo 
transducer must rotate in the sagittal plane to satisfy Snell's 
law for both longitudinal- and shear-wave signals. 

Figure 14 shows an experimental configuration for detecting 
wall thickness variations. The ultrasonic signals are  shown in 
Fig. 15. The first signal in Fig. 15 is due to the direct 
reflection off the h n t  surface of the plate  specimen (a).  The 

(b and  c). Here, the transducer-plate separation distance is 38 
following signals are multiple reverberations within the plate 

mm (1.5 in)  and the pressure (nitrogen) is 6.9 MPa (1000 psi). 
The time-domain separation between the ultrasonic 
reverberations in the flat plate (b and c) is  approximately 4 p, 
consistent with the nominal  plate thickness of 12.7 mm (0.5 
in). 

NORMAL BEAM 

Fig. 14. Experimental configuration for detecting wall 
thickness variations 

Time (full scale = 20 PS) 

Fig. I 5 .  Ultrasonic signal from the configuration of Fig. l4  
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Figure 16 shows the experimental configuration for detecting 

shear-wave signals are useful in a pulse-echo configuration 
internal crack-like flaws. In principle, both longitudinal- and 

for detecting flaws. In watercoupled systems, longitudinal- 
wave signals are preferable. Although both longitudinal- and 
shear-wave flaw signals are observed experimentally, the 
latter clearly separate from the front-surface reflection signals. 
The A-scan  in Fig. 17 illustrates this effect. The longitudinal- 
wave flaw signal occurs at only 6 p after the first observable 

presence of the vertical notch (40% of wall thickness) by 
front-surface reflection. Although it is possible to detect the 

monitoring the behavior of the interferences between the two 
signals, the process is not reliable. On the other hand, the 
shear-wave reflections, arriving at approximately 11 p 
following the beginning of the front-surface reflection, are 
clearly discernible. 

~ ~ 

8.. '\ 
0, '. ..., '\ 

SIDdRsb 
'. .. ', - %-m1 N&h 

Fig.16. Experimental configuration for detecting internal, 
crack-like flaws 

I Time  (full  scale = 20 us) I 
Fig.  17.  A-scan of the experimental configuration of Fig. 16. 

The above experimental results clearly demonstrate that it 
may be feasible to use pressurized natural gas as the 

measure thickness in natural-@ pipclines. Because sound 
ultrasonic wuplant in a pulse-echo system to detect flaws and 

propagates much more slowly in a gas than in water, (300-500 
mis  vs. 1500 m ' s ) ,  the incidence angles of the ultrasonic 

to misalignment is expected to be greater for gas-coupled 
probes are correspondingly smaller. Furthermore, sensitivity 

systems than for liquid-coupled systems. Further 
developments in this area will be needed to show the 
practicality of the concept. In particular, additional studies 

~~ ~~ ~~ ~~ 

will be needed to explore the impact of surFdce roughness, 
pipe-wall curvature, and gas composition and temperature. 

WI. PULSE-ECHO ACOUSTIC  MICROSCOPY 

We have also used the system as shown in  Fig. 13 with a 
spherically focused instead of a flat transducer. More detailed 
information on this system can be found in Ref. 51. Both, 
polymer-piemlecmc and piezoelectric-ceramic transducers, 
can be used, depending on the frequency of operation. The 
support electronics is essentially identical to that used  in the 
experiment designed to demonstrate the feasibility of in-line 
inspection of natural-gas pipelines. Figure 18 shows a 

embedded in a PMMA plate. Argon,  at 30 atmospheres, is 
nominally 2.25.- pulse-echo C-scan of a 25-cent coin 

used as the coupling gas  and  the coin is located approximately 
7.5 mm below the front surface of the  PMMA  plate.  While 
the image shown in Fig. 18 demonstrates the feasibility of a 
gas-coupled microscope, much  work remains to be done in 
order to show practicality of the concept. Potential 
applications may include the inspection of electronic chips 
mounted on ceramic substrates". 

Fig. 18. C-scan of a 25-cent coin embedded in PMMA 

WII. FUTURE POSSIBILITIES 

In light of the recent advances in  air transducer technologies, 
it is interesting to compare the sensitivity limits of various 
ultrasonic transducers with  ideal  and  micromachined air 
transducers. Figure 19, which is obtained from a companion 
paper'4, shows the calculated sensitivity limits, in terms of a 
time-averaged, minimumdetectable displacement, in a I-Hz 
bandwidth, of optical interferometers, EMATs, direct-contact 
(piexelectric), and capacitive air transducers. The absolute 
limit, as calculated using the fluctuation-dissipation theorem 
as assuming an ideal (loss-less and mass-less) transducer, is 
also shown. 

706 - 1995 IEEE ULTRASONICS SYMPOSIUM 

Authorized licensed use limited to: Colleen Brick. Downloaded on April 01,2024 at 15:53:44 UTC from IEEE Xplore.  Restrictions apply. 



M.pli)Cmne”t 

L m /&I 
, p  ~ , -  - - - -. -. - - - - -. - - - - - -. . - . - - - - .~ ‘ Mm- M m x U I  O W L *  W+. 

,O” - ._ 
P W E M T M -  

c _ _  
1U“ - 

U TmMduu 

MW.mIntd-~IMmrSuru 

4 0 “  \ /. ..... 
”’; ..,.-.- 3 ____.... -.-.----.-.-----. 
.. . 

W,* +. ~, .- .- .-<- - , ” p ”  --mm- 
W l a s L U E U I T  

. ~ 

.i._ - - c  M.lrp&-. - ,  

...- I _ _ _ _ _  
,V” - mmvl ~~ lM.’> ; ........ ,.. ”_.L_ ----__. t---- ’.”’. . .... ..... ......... ... ... ,, ,,,,,, 

0 Q.6 I 1.6 
Fnqlwncy (MHz) 

2 

Fig. 19. Minimum detectable displacemenu 

It is interesting to note that, in the 0.5-1.5 MHz frequency 
region, the absolute limit, as determined using a fluctuation- 

dissipation argument, is approximately lO-”d&. This 
limit can be readily approached using piezoelectric, contact 
transducers, However, all of the practical non-contact 
transducers are significantly less sensitive. In particular, a 
100-mW laser interferometer can achieve only 

I O ~ ” m / & ,  while a practical EMAT can achieve only 

I O “ m I J J ? ; .  On the other hand, an  ideal air transducer, 
assuming perfect acoustic matching to the air, can achieve 

approximately 10-16m/&. ~n the case of a piezoelectric 
transducer, which exhibits one-way losses of approximately 

40 dB, the above limit would be 10-L4m/&. However, a 
much better performance can be expected of a capacitive 
transducer with a very thin membrane. In this case, the 
reduction in sensitivity can be estimated using the ratio of 
acoustic impedance of air and Eq. 4 to estimate the Bcoustic 
impedance of the membrane”. Thus, assuming a l-pm silicon 
membrane, the reduction in sensitivity is approximately 32 at 

transducers can be expected to be as sensitive as the best l a s e r  
1 MHz. Consequently, welldesigned capacitive air 

interferometers. As a result, such transducers can replace 

the receiver transducer to the specimen is not critical. Also, 
lasers as detectors in those applications where proximity of 

the new micromactined air transducen should be considered 
for use  in conventional and developmental air-coupled 
ultrasonic NDE systems, such as those described in this paper. 

x. SUMMARY 

This paper reviews the state of the art in air-coupled 
transduction in the context of ultrasonic NDE applications. 
The paper mainly focuses on the recent developments in the 
United States and, consequently, complements the paper 
presented by D.A. Hutchins at the 1994 IEEE Ulhasonic 
Symposium in Cannes, France. In particular the paper 
describes the capabilities of a commercially available air- 
coupled system and potential new applications, such as pulse- 

echo, in-line inspection of natural-gas pipelines and acoustic 
microscopy. Also, an argument is made for exploring the use 
of the newly developed micromachined capacitive transducers 
as a viable alternative to the currently used piezoelectric and 
previous-generation capacitive air transducers. 
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