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Fig. 1. A graphical represenfahon of acoustic impedance mafch and mis-mafch
condifions when ulfrasound fravels from an aclive honsducer inio media of varying
acousfic impedances. .

In order to dlleviate the problern of impedance matching as well as fo make a ‘good’ contact of
ihe fransducer to the test material surface without sacrificing the amount of Uitrasonic energy
fransfer Into the material, a new interfacial maierial had to be developed and implanted on the
pleroelectric element, - After several years of "frial-and-error.” in 1982 we developed a polymer
inour laboratory that meT all Burcriteria tor DIRECTard-BRY COUPLING CTONTACT. This maten al,
known as the solid compliant fransitional layer,” acts as a “built-in® couplon’f inside the fransducer

device. Fig. 2 grapRicaly hstaies The mechanism of 4 dry-wu&hﬁg ai cer concept. The
~plicblE TonEonar ayet s rsiatively acoustically frarsparent over A wWide lange © requenaes and

resilient enough to make good confact with the test material surface.
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Fig. 2. A graphical explanation of the principle of Dry Coupling ulfrasonics. Transducers
based upon this design have been oplimized for O Cincidence longifudinal and shear
waove propugation from <I100KHz to >25MH:z.

A PUBLICATION OF ULTRAN LABORATORIES, INC., Series on NDC., EPN-101b = Julv 128/,




DRY COUPLING, LAMBDA, AND GEOMEIRICAL ACOUSTIC TRANSDUCERS - THREE JEWELS FOR ULTRASONIC NDC -
M.C. Bhardwai, Ultran laboralories, ing., PA USA

Brunk (1985, 86, & 87)234 has favorably compdred dry coupling fransducers and their
conventfional wet-coupled counterparts in several thickness measurement applications. In several
instances he has shown that dry coupling technigue is more dependable.

Following the success in lengitudingl wave dry coupling fransducers, we have successfully applied
this technigue even for the propagation of 0° shear waves in solid media.  Longitudinal and shear
wave fransducers for straight and delayed contact have been perfected in frequencies ranging
from <100KHz to >25MHz. Here we present performance and applications of dry coupling
ulfrasonic fechnique. "

Comparison of ulirasonic energy transter by dry and wet coupling techniques

Fig. 3 shows dual cscilloscope fraces of rf A-scans obtained by the direct reflection method from
10MHz wet and dry coupled ulfrasonic transducers on a 99.3% dense and impervicus AlzCO3
sample, Observe the similarify in the strength of reflected signals in both cases, proving that
ulirasonic energy transfer by dry coupling is adequate for macking accurate fime-of-flight
meagsurements. For example., the measured fimes-of-flight in both technigues on this sample is
exactly the same, i.e., 1.88us.

R

Fig. 3. Realfime rf A-scan fraces generafed by using WET (top) and DRY (bofforr)
coupling ulirasonic fransducers on a 99.3% dense and IMPERVIOUS Al,O3 sample 10.3mm
thick. In both caseds 10MHz and émm acfive area diamefer fransducers were used fo
demonstrate “excellent’ comparison befween wei and dry coupling techniques while
examining Impervious malerials.

Observe the similarity in the amplitudes of signals represenfing fop (leff hand signal) and
bottom (right hand signal) surfaces of the test material.

Unreliability of wet coupling for porous material andlysis

CASE 1, Instantanecus absorplion of liguid, Fig. 4 is dual oscilloscope traces of f A-scans
obtained by the direct reflection technique from a 10MHz wet coupled fransducer on o 64.8%
dense Al2O3 saomple characterized by open porosify. The fop frace was obtained as soen as the
liquid couplant (in this case glycerene) was applied to the sample surface. The bottom frace was
taken two to three seconds affer the application of liquid couplant. The effect of couplant on
ulifrasonic observations is dramatic. As scon as it is poured on this material, the couplant is
instantaneocusty absorbed by the material porosity, making a reliable observation virfually
impossible and frustrating.  On the other hand, application of a dry coupling fransducer on this




DRY COUPLING, LAMBDA, AND GEOMETRICAL ACOUSTIC TRANSDUCERS - THREE JEWELS FOR ULTRASONIC NBC - 4
M.C. Bhardwai. Ulfran Lot foties. | PA_USA

material at different infervals of fime shows neither any vorioﬁoné in ultrasonic observaiions nor in the
strength of ultrasonic signals, Fig. 5.

Fig. 4. RF A-scans produced by using WET Fig. 5. Same condifions as in Ffig. 4, excepf,
coupling fechnque on a 64.8% dense POROUS  here DRY coupling fechnique was applied on
sample of AloQ3. POROUS mafterial.

Top frace was photographed "as soon as” The fime difference befween phofographing
the couplant (glycerene) drop was applied top and boHom kaces is several hours. These
on the sample suiface, while the boftom frace - observafions clearly prove the reliability of
was faken "a couple of seconds” affer the dry coupling for the investigafion of porous
couplant application. Comparison of fhese materials.

observafions clearly prove the unreliability of
wel coupling for porcus media.

CASE Il Emroneocus conclusions by wel coupling, A direct bonded fused silica refractory
sample of 20% open porosity and approximately 50um particle size was analyzed in ifs dry and
wet conditions by & dry coupling fransducer in order to observe the effects of partial saturation (of
this sample) with water, In its "true” dry state, the round-frip time-of-flight of ultrasound propagation is
8.9us. The same sample was submerged In water for approximately 15 minutes, and subsequently
subjected to a similar ultrasonic examination by the same dry coupling fransducer. The round-irip
fime-of-flight measured for this condition Is 8.6us. The thickness of the sample investigated is 19mm.
Therefore, If the velocities were determined from this experiment, the following conclusions would
have been drawr:

L. Measured velocity by dry coupling. represeniative of the TRUE
state of material Is 4270m/s.

2  Measured velocity by wet coupling. representative of the ALTERED state of
material is 4420rm/s. Since velocity of a material is directly related fo ifs
micro-structure and elastic properties, any conclusions drawn from wef
coupling (particulary on relatively porous materials) would be wrong. In this
case, pores that were once filled with air in the material’s frue state are
aciually now filled with water, producing the higher velocity with wet
coupling. The velocify of water (1480m/s) is higher than that of air (343m/s).
thus water-filed material gives a higher velocity. In fact, the examination of
porous materials by the wet coupling fechnique actually gives information
about something other than” the real material,
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We have successfully used dry coupling fechnique for the measurement of longitudinal and shear
wave velocities and other characteristics of green and sinfered as cast. as fired. and machined
ceramics and powder metals, and ofther materials. However, if the surfaces of test materials are
granuiated, corrugated . or otherwise very reugh, then dry coupling technique may not be
applicable. There are other methods for the ultrasonic characterization of such materials; their
description here is beyond the scope of this paper. Table | provides acoustic and elastic
properties of selected materials determined by dry coupling fechnique.

Table 1. Acoustic and elastic properties characterization of selected materials derived
from dry coupling ullrasonic technique.

ULTRASONIC sicd Si04P Float® BeOd AZS®
PARAMETERS & DENSE SLIP-CAST GLASS DENSE REFRACTORY
PROPERTIES REFRACTORY

Longitudinal Velecity 11,820 4,140 5816 12,190 6880
{m/s)

Shear Velocity 7500 2,740 34460 7.360 4210
m/s)

Acoustic Impedance 378 74 14.6 36.6 25.4
(g/em?2x 109

Poisson's Ratio (o) 0.17 G.11 023 021 0.20
Young's Modulus 397 30 72 396 158
(GPa)

Shear Modulus (GPa) 180 13 30 162 65
Sample Size (Mmy) 9.5 19 6 107 82.6
Frequency Longitudinal 10 1 o 10 ] 20 1
Wave (MHz) - _— )
Frequency Shear 10 1 10 10. 1
Wave (MHz)

A50HIO Engineered Materials, Prhermo Maferials Corp., *PPG Indusfries Inc., dBrush
Wellman, Inc., €Monofrax Division, SOHIO Engineered Mafterials.

Styles of DRY COUPLING hransducers
Dry coupling devices for both longitudinal and shear wave propagation have been satisfactorily

developed in direct and delayed coniact styles. Even novel surface wave devices have been
generated by utilizing the dry coupling mechanism!

Drv coupling ulfrgsenic fechnigue is recommended when;
1. Use of liguid couplants is a nuisance.

2 Hquid couplants are expected to damage and/or alfer the
characteristics of the fest matericls,

3. Accurate measurements of porous materials js desired.
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4 Complex-shaped components are involved.

2. LAMBDA (UNIPOLAR IMPULSE) TRANSDUCERS

One of the most crifical requirement in NDC is the ability of ultrasonic wave to provide the "utmost®
in the resolution of two clesely lying planes as well as in detecting the defects/reflectors. lying
‘close* to the test material surface. Bragg's law of diffraction provides sufficient conditions for the
resolufion of two planes, separated by a distance. d. L.e.,

nh = 2dsing )

where, n is the order of reflection, A, the wavelength of the interrogating beam. and 8 the angle of

diffraction. This angle is 90° at normal incidence of the beam (common condition in ultrasonic
testing by direct reflection fechngue). When ihe order of reflectionis 1, then.

A= 2d,or @

Imin = M2, (3)

dmin being the minimum resolvable distance in a given medium of ulirasound propagation. "In
order to achieve this condition the width of the pulse, i.e., the fime domain of the inferrogating

wave must correspond to 2. In time domain measurements. it is desirable to have an ultrasenic
wave that wouid “occupy” time corresponding o half the wavslength of the fransducer impulse.
For example, the pulse width of one wavelength of a 10MHz wave = 100ns. and that of its half
wavelength counterpart, itis = 50ns.

If we were to examine dense BeO substrate. a 100ns pulse ultrasound (by direct reflection
technique) would resalve to a maximum of 0.4mm, while a 50ns would increase resolution to
0.3mm, (assuming the velocity of ulirasound for BeO fo be12,000m/s). The advantage of a short
pulse width is obvious. However, due o the strong dependency of resolution on the wavelangth,
high resclution in lhigher velocity materials Is generally more difficult to achieve as this demands
reduction of the transducer or Uitrasonic systemn's puise width, Reduction of transducer pulse width
can be accomplished by the following mechanisms:

I Increasing the incident frequency.
2  Minimizing the fransducer resonance.

3. Simultaneously increasing the frequency and minimizing the
resonance,

4, Through compilicated electronic systems, or mathernatical treafment of an
othenwise broad pulse,

While the transducer frequency must be increcsed to some level in order to achieve the desired
resolution. it should be noted that Increased frequency does not necessarily guarantee reduced
pulse width. High frequency fransducers (with the exception of PVDF-based devices). generally
20MHz and above, are usually characterized by 2 to 6 wavelength pulse widths, and therefore
may not necessarily sult a specific resolution goal, Furthermore, those familiar with VHF ulfrasound
know that indiscriminate increase of fransducer frequency causes more problems rather than
achieving the desired resolution objectives. These problems are related to excessive atftenuation
of VHF, fragility of transducers and systems limitations, Bhardwaj (1986)°,

However, it is possible o confral the resonance of fransducers up fo certain higher frequencies in
such a manner that the pulse widih corresponds to half or one wavelength of certain frequency.
Nearly 10 years ago we conceived a fransducer design that appeared to show the promise of
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greafly reduced pulse width. Accordingly, a fransducer was first made in 1979 in our laboratory with
nominal TMHz frequency. Acousiic analysis of this device showed a dramatically reduced pulse
widih, corresponding to hailf the wavelength of TMHz! Since then, LAMBDA transcducers varying in
frequency from <S00KHz to nearly 30MHz have been perfected in our laboratory.

The following observations prove that A-serles transducers are typleally characterized by 0.5 to 1.0
wavelength pulse widih and bandwidths ranging from 100 to 300% of their center frequencies, With
the development of such devices, It is possible o achieve near theoretical resolution and "“very"
near surface defect characterization. Further details on A Transducers are given elsewhere, Ullran

(1982)°.

Acoustical comparison of conventional "broadband” and A fransducers

CASE |, Planar or unfocused fransducers. Fg. 6 shows the combined redaltime and frequency

domain analysis of a conventional 10MHz, émm active area diameter, "broad bandwidth"
tfransducer, This data was obtained by exciting the fransducer with a commercial "broad
bandwidth® puiser-receiver. The reflecling targef is an optically flat, polished and clear fused
quartz surface in water, The center frequency of this fransducer is 10.0MHz, bandwidth 6.0MHz or
60% of the cenfer frequency, and pulse width 220ns.

Now compare a similar response. Fig. 7. from a A fransducer of nominal 1CMHz frequency dnd
émm active area diameter. ls measured center frequency is 12.0MHz, bandwidih at-6dB is 14.0 or
116% of the center frequency, and pulse width 85ns.

Fig. 8 shows the acoustic analysis of a conventfional *broad
bandwidth® transducer of a nominal 10MHz frequency, émm active area diameter, and 1¢mm
point focus in water, The distance from the fransducer to the reflecting surface corresponds to
19mm. the focal length of the fransducer. The measured center frequency of this device Is 9.5MHz,
bandwidth 9.0MHz or 95% of the cenfer frequency, and pulse width 100ns. For most practical

pursoses, this is an excellent device: however, an equivalent A fransducer is even superior

Fig. 6. Time and frequency demain analysis of Fig. 7. Same as Fig. 6, excepf for o 2

a convenfional "broadband” fransducer - fransducer.

nominally 10MHz and émm aclive area bect = 11.5MHz

diamefer - PLANAR. Bandwidth = 14MHz or 122%
bef (bandwidih cenfer frequency) = 10MHz Pulse widfh = 85ns.

Bandwidih at -6dB = 6MHz or 0%

Pufse width = 220ns. -
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Fig. 9 shows the acoustic characteristics of a A fransducer of nominal 10MHz frequency, émm
active areda diameter. and 19mm peint focus in water. The measured center frequency of this
device - although somewhat meaningless due to a "flat® frequency response - is 19.5MHz,
bandwidth at -6d8 Is from 3 to 36MHz (33MHz or 170% of the center frequency 19.5MH2), and the
pulse width is 50rs. Compare these characterisfics with the conventional comparable transcucer in

Fig. 8.

Fig. 8. Time and frequency domain analysis of Fig. 9. Same as Fig. é, except for g A

o convenfional "broadband” transducer - ifransducer.

nominally 10MHz and émm acfive area bef = 19MHz - practically ‘flat responsel”
diameter, 19mm FOCUSED. Bandwidth = 33MHz or 175%

bcf = 9.5MHz Pulse width = 50ns!

Bandwidth ot -6dB = $MHz or 95%
Pulse width = 100ns.

Table 1l shows a one-to-one comparison of the acoustic data of planar and focused 10MHz
conventional "broad bandwidi' and a A fransducers.

Table Il. Acouslic compqrisoh of conventional "broad bandwidth” and A transducers. For
further details, see Figures 6, 7, 8, and 9.

ACOUSTICAL ' TRANSDUCERS
AND PHYSICAL CONVENTIONAL LAMBDA
PARAMETERS PLANAR FQCUSED PLANAR FOCUSED
Active Element (mm) 6.0 6.0 60 4.0
Center Frequency (MHz) 10.0 @5 120 flat (39.5)
Bandwidth at -6¢iB (MHz) 60 Q.0 14.0 330

. Bandwidth (%Cf) ' &0 95 116 170
Pulse Wicith {ns} 220 100 85 50
Focal Length - 12 -— 19

Performance comparison of conventional “broadband” and A transducers

CASE | Time/distance/thickness resofution: A 1.07mm thick sample of dense BeO subsirate
was investigated by using planar beam conventional and A transducers with direct reflecticn
technique. Resulis of this experiment are shown in Fig. 10. The top trace corresponds to a
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conventional 10MHz transducer; the bottom one to @ 10MHz A itransducer. Observe ‘near
complete submergence” of the first reflection from the bottom surface of BeO in the pulse width
(the fransducer-top material surface interface). It can be observed that this fransducer "poorly”
resolves a 1.07mm of dense BeO, and yet multiple reflections from the thickness of this material are
distinguishable,

Fig. 10. Comparison of resclution capabilities of convenfiongl "broadband® and A
fransducers, each 10MHz and émm aclive area diamefer.

TOP TRACE: Resulfs from convenfional lransducer - poorly resclving fop and bolftem
surfaces of a 1.07mm BeQO piafe.

BOTTOM TRACE: Resulls from a A transducer - completfe resolufion of fop and botlom
surfaces of 1.07mm BeO plate. :

The bottorn frace in Fig. 10 shows the observafions from a 10MHz A transducer. [t is obvious that the
bottom surface of BeO Is clearly resolved from the top material surface. In fact, we predict that this
particular device would resolve down to 0.5mm in dense BeO. The wavelength of ultrasound in
BeO at 10MHz is 1.2mm, thus allowing maximum /2 resolution of 0.6mm. By using the direct
reflection fechnique actually measured time of flight is twice the thickness . thus the resolution

capabillity is increased by another 100%! Therefore, if the transducer pulse width istruly A/2, the
actual resolution of two closely lving surfaces will be A/4] Such observations can be noted with
focused A transducers.

CASE |l Shallow sub-surfagce defect defeciion, In order to exhibit performance comparison
of the performance between conventional and L fransducers, a 1mm simulated defect, located
at 0.4mm  in aluminum was analyzed. In order o resoclve this defect, 19mm focused and 10MHz
fransducers of conventional and A designs were used. Fig. 11 shows the resulis of this experiment.
The top surface realtiime trace was obtained by the conventional focused transducer. The first
reflection from the simulated defect is barely resolved by this fransducer as it is "'nearly lost” within
the pulse width of the fransducer. The multiple reflections from this defect are so closely spaced
that the identification and interpretation of this defect are quite difficult,

The bottom trace In Fig. 11 was generated by using a A fransducer, 10MHz, émm diameter and
19mm point focused. on the same specimen as used with the conventional tfransducer. Because
the spacing between the interface (fop material surface) and first reflection from the hole is
considerably large. we estimate that this parficular A fransducer wouid reselve even if this defect
was located at approximately 0.2mm in aluminurmi

-

A PUBUCATION QF ULTRAN LABQORATCRIES. INC.. Series on NDC. EPN-101h - July 1987,




DRY COUPL!NG LAMEDA, AND GEOMETRICAL ACQUSTIC TRANSDUCERS - THREE JEWELS FOR ULTRASONIC NDC -
M.C. Bhardwgi, Ulttan Laboratories, Inc. PA USA

Fig. 11. Comparison of sub-surface defect defecfion by convenfional and A focused
fransducer. Target is a Imm diameter flal boftom hole in aluminum locafed at ~0. 4mm
from the fest surface.

TOP TRACE: Conventional transducer - poor. fo no resoluf:on of the targef from. lest
surface.

BOTIOM TRACE: 1 fransducer - complefe resolufion of the fargef from fesf surface. In
fact, the same device in aluminum is capable of providing resolufion beffer than 0.2mm.
Wideband ulfrasonic spectroscopy with A-seties transducers

With the exceptional bandwidih and purity of concenirafion of a large number of frequencies”ina
single A transducer, if is relatively easy to conduct ulfrascnic spectroscopy over a wide frequency

range, A fransducers represent a near ‘perfect source of white uftrasound,” thus highly suitable for
the analysis of frequency-dependence of ultrasound atfenuation. Detailed description of
ulfrasonic spectroscopy is beyond the scope of this paper. and will be freated separately.

Styles of LAMBDA transducers

Lambda fransducers have been successfully developed for their uses as direct high impedance
contact, delay line contact, and dry coupling contact types, besides the immersion styles, as
shown here.

Llombda transducers are recommended for fthe following malerials characterization
applicalions:

L. Extremnely high resoiufion,

2. Phase fransformation sfudies.

3. Uhrasonic microscopy.

4 Inthose studies where collimation of ultrasound is desired.
5  When accurate fransit firmes need fo be measured,

6 Minute and shallow surface defect detection.

7. Surface-breaking defects defection.
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8. Frequency dependence of ulfrasonic affenuation/absorption.
12 in those sfudies where near field effects must be minimized, and

10. When accurate thickness/thinness measurements are required.

3. GEOMETRICAL-ACOUSTICS TRANSDUCERS

Detection of surface and very shallow sub-surface defects in materials s highly desired,
particularly in advanced ceramics and composites that are used for structural applications in
automotive, aircraft/aerospace, nuclear, and defense indusiries; elecironic materials such as
ceramic subsirates, capacitors, resisters, etc.; and biological compenents as replacement
mcterials for bones and teeth. Ultrasonic analysis of critical surface characterization requires
special attenafion.

In the previous secticn we showed the sensifivity of A fransducers for the detection of sub-surface
defects. With further modifications, these devices can be used to detect minuie surface defects.
However, for even more confident and reliable detection and guantification of both surface and
very shallow subsurface defects, o fransducer must be designed in such a manner that it exhibits
‘perfaction”in acoustics and geomeiry simultanecusly.

Geometrical acoustics tfransducers - exhibifting near perfect geometrical-acoustics were first
made in our laboratory in 1982 in frequencies <SMHz. However, in 1986 these devices were
fabricated in frequencies ranging from 15 to >75MHz. Gilmere., et. al.. (1986)7. also reported the
use of similar fransducer principles and concepts in the development of their acoustic microscope
at the R & D laboratery of the General Eleciric Company.

Gecmetrical-Acoustics, or GA tramsducers are characterized simultanecusly by controlled
numerical apertures and "crisp " acoustics. |n the following sections we offer a brief infroduction fo
the geometry and acousiics of this fransducer design.

Geomeiry of GA transducers and its relevance in materials characterization

Analysis of surface wave (Rayleigh wave) propagation can provide significant information about
test material surfaces, including the detection of surface defects. In order to generate surface
waves in a material. the entry angle of ullrasound with respect to the surface of the material should
be well within the proximity of the second crifical angle of incldence in the material:

v = sn"T MV &)

where v Is the second crifical angle of incidence, V] the velocity of longitudinal wave in the
incident medium, and Vi Is the velocity of fransverse wave In the medium of refraction. Bhardwaj
(1986)5, At this angle there is total reflection of the refracted transverse wave, thus propagating
only the surface waves in the material. For example. v in dense BeO substrate is 11.5°. assuming
the longitudinal wave velocity of the incident or carrier medium water being 1480m/s, and the
veiocify of frcnsverse wave In BeO belng 7360m/s. The depth of penefrafion af the second crifical
angle is assumed ¢s cne weveieng'rh of the surface wave in the refracting medium. Bergmann
approximation (19548,

If the angle of incidence Is equal to or "slighfly” more than the second critical angle, then ihe
oropagation of the longitudinal wave In the refracting medium Is eliminated, thus facilifating the
generation of cnly surface waves in the material. In experimental terms, exactly how the angle of
Incidence is related to the depth of the surface wave penetration is not clearly defined. Treaiment
of this subjectis beyond the scope of this paper.
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In the GA fransducars, the angle of incidence is confrolled by the numerical aperture (na) of the
transducer. Analogous to propagation of light in an optical lens. na for @A transducers can be
described s,

na = 2usin o {for anopficallens) .and (8
na = 2sinoa (for a GA-series fransducer) (6)

where, u is the index of refraction of an optical lens, « Is half the angular aperture, or half the cone
angle of the converging light or ultrasound from their respective lenses. If a geometrical acoustics
design is based upon super-imposing an acousfic lens on a planar piezoelectric element, then the
sacoustic Index of refraction® of the lens material will have to be considered. For brevity sake. we
shall simply conclude that “superimposed-lens” focused ultrasonic fransducers mathematically
cannot achieve the numerical apertures corresponding o those of the GA fransducers. GA
transducers are characterized by ‘frue” focusing mechanism, thus they are also free from
"aeoustic aberrations,’ present in “super-imposed-lens” designs.

Path of
GA TRANSDUCER
longitudinal )

wave
propagation

E

~ Pathof
surface wave
propagation

WATER

' FIELD OF SURFACE
WAVE

T
urface wave
est material

Fig. 12. Mechanism of surfuce wave generalion by a GA fransducr and explanafion of
wave propagation in carrier medium waler into a test maferial. Boftom portion of ihis
figure shows an idealized time domain represenling the indicaticns of Jongitudinal wave

in wafer and surface wave in fthe test maferial.
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Mechanism of surface wave genergtion: Fig. 12 shows the path of ulfrasound propagation
from a “spherically focused” GA franscucer through carrier medium, water, info a solid matertial,
generafing surface waves in it. Explanation of varlous terms are:

d = radius of the active fransducer (not half of the arc)
Dy, = center line distance from fransducer to material surface in water
tw = time-cf-flight of longitudinal wave in water, comresponding fo D -

D; = distance fraveled by surface waves, corresponding to the diameter of the “sliced’ cone of
uttrasound emanating from the fransducer.

tg = time-of-flight of surface wave, corresponding o D

R = radius of curvature of the active fransducer, diso its focal length, fl,

o = incident or enfry angle of ultrasound into the material, also half the "angular aperture’ of the
fransducer. For surface wave generation into the test medium, this angle must be equdl to or > the

second crifical angle. v, in the test material.

Important relaticnships derived from Fig. 12 are:

na = 2sin o = bl o/ (FJ—) @
Relative aperture, ra = fl/2d ()]
Tw. (round frip fime of fiight) = 2Dy /Vi 4]
ts=2RDWtana/ Vs, ao
Ds = 2 ((R-Dy) tan ) an

In these relationships, Vi and Vs, are respectively, longitudinal velocity in water and surface wave
velocity in test material. Surface wave time-of-flight, 5 . can be directly measured from the
recltime rf frace, bottom portion of Fig. .12, Ds, besides its calculation from eq. 11, can also be
estimated from the known geometry of GA transducer and ifs distance Dy, in water. These
rmeasurements can be used 1o determine the surface wave velocities.

Acouslics of GA transducers

Figures 13 and 14, respectively show ihe redlliime rf frace and Fourier spectrum of a GA-series
fransducer characterized by nominal 25MHz frequency., émm active area diameter, and
numerical aperfure of 1. From these observations, the measured center frequency of this
fransducer is 28MHz, bandwidth af -6dB is 110% of the center frequency (or ranging from 12MHz to
44AMH2), and pulse width at the focal point is 38ns. This data clearly lndICOTeS the near "perfect”
acoustics of this device,

Applications of GA hansducers

Generdfion of suffgace wayes; In order to exhibit the formation of surface waves in a material, a

GA transducer with nominal 25MHz frequency. émm active area diameter. and 1.0na was
separated in water from a glass plate by 3.5mm. This distance corresponds to 58% of the focal
length of this fransducer. Fig. 15 shows the real time rf frace of this condition. The signal at extreme
left is the inifial pulse; the one on the left hand side of the central (highlighted) region is the
appearance of the lengitudinal wave - directly reflected from the central point of the fransducer
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from the surface of glass plate. The right hand side of the highlighted region is the appearance of
the surface wave from the glass plate. Fig. 16 is the amplified version of the central highlighted

region of Fig. 15.

Fig. 13. Time domain analysis of a @A fransducer, Fig. 14. Freq:iency domain of frace in Fig. 12
nominally 25MHz, aclive area diameter émm, Betf = 28MHz
and na, 1. Bandwidth = 110% or usable from 12 fo 44MHz.

Measured pulse width = 35ns

ion:_ Figures 17 and 18, respectively, show the indicatfions of finely
scribed Indentations on the surfaces of glass plate and a dense BeO subsirate. 1 should be
mentioned here that in order to appreciate the observations of surface irregularities by the
utilization of surface wave device, this phenomencn is best visualized while the fransducer is
seanned on the defects, such as by surface acoustic microscopy or other similar mechanisms. For
example, the surface crack in Be© subsirate identified in Fig. 18 Is clearly shown byan image

generated by advanced C-scanning. Fig. 19. The crack is estimated to be Sum deep in BeO.

Fig. 15. Enfire reaffime rf frace of a 25MHz, é6mm, Fig. 16. Same as Fig. 14, except the cenfral

1 na GA fransducer on a glass plafe. HIGHLIGHTED region has been amplified
Ceniral HIGHLIGHTED region: Isf reflection, from lus/d to 100ns/d.

lengitudinal wave direcily reflected from LEFT: longifudinal wave

glass surface in wafer. - RIGHT: Surface wave.

2nd reflection, surface wave in glass plate.
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Fig. 17. Indicafion of surface-breaking crack on
a glass plate. _

LEFT: Appearance of the surface crack, ~50um.
MIDDLE: longitudinal wave

RIGHT: Surface wave in glass.

Fig. 18. Indication of surface-breaking crack
on a BeO substrate.
LEFT: lengitudinal wave

MIDDLE: Surface crack, ~5um.
RIGHT: Surface wave in BeO.

U.2.5 (C) 1968

Fig. 19. An ulfrasonic image of ~5um surface crac

K in dense BeO produced by scanning

a 25MHz, 1.0na GA Iransducer on the sample in wafer. Top and right hand crass-
seclional profiles indicate lhe intensily of ultrasound as a funclion of transducer location
on and around the cracked region. This informalion can be applied fo esfimate the
severify of damage relative to the malerial composition and microsiruciure.
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Styles of GEOMETRICAL ACOUSTICS frnasuders

Although we have only described ’rhe applications of immersion type GA fransducers, similar
devices for thelr dnrecf con’rocT opplicahons have also been produced In our laboratory.

CONCLUSIONS

In this paper we have presented significant developments into critical transducer technology from
our laboratory. Novel, yet simple fransducer designs described here facilitate a variety of NDC
applications. which would have been otherwise impossible.” Value of these advancements in
ulirasonics will undoubtedly enhance the cause of mcfenots qudiity and reliability through
nondestructive chorccfenzc:ﬁon '

ACKNOWLEDGEMENTS

The work presented in this publicafion has been supported by the on-going ulfrasonic projects -
targetted at establishing new standards of NDC for the advancement of materials quality and
reliability,

REFERENCES

1. Bhardwaj, M.C.. "Uitrasoric NDC - A Historleal Perspective and Practical Concepts.” a publication of
Utran Laboratories, Inc.. Series on NDC, EPN-10Tq, July 1987,

2. Brunk, J.. *“Applications of Dry Contact Ulirasonic Transducers.” Proceedings, 11th World Conference,
NDT, ASNT, v. 2 (1985),

3 grunk, J.. *An investigation of Cry Confact Ultrasonic Gauging.” a reporr prepared for US DOE, Contract #
De-AC04-746-DP0O0613, avai. NTIS {1986).

4. Brunk, J.. "Performance Comparison of Dry Coupling Contact Ultrasonic Transducers, 0.5 to 20MHz.”
proceedings, NDE Symp.. $WRI, San Antonio. TX. (1987).

5. Bhardwaj. M.C., "Imporfance and Use of Very High Frequency Ultrasound in Nondestructive
Characterization of Mafericls ' Cer. Bull..v. 65, no. 11, (1986).

&, Utran Laboratories, InG.. 'Lombdo Transducers: Their Featuwres and Applications in Nondestructive
Characterization of Materlals," a publication of Ultran Labeoratories, Inc., Serles on NDC, EPN-104, (1982).

7. Gimore, R., Tam, K.C., and Howard, D.R., "Acoustic Microscope from 10 fo 100MHz for Industricd
Applications,” GE Corporate R&D Tech. Report: B6RDCO1E (1986).

8 Bergmann, L., *Der Utraschall und seine Annendung in Wissenschaft und Tecknik,” Ultrasonics and Their
Applications in Science and Technology, S. Hiral Verag. Zurich (1954),

—_  APUBUCATION OF ULTRAN LABORATORIES INC, Series on NPC. EPN-101b - July 1987

16



