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Abstract

Ultrasonic NDE measurement systems are complex systems with many electrical, electromechanical, and acoustic components.
Thus, modeling has always played an important role in ultrasonicsin order to characterize and understand the measurement process. It
will be shown how models can simulate al the elements of the measurement process, including the pulser/receiver, cabling, transducer(s),
and the acoustic/elastic waves fields, and be combined to form what is called the electroacoustic measurement model . It will be
demonstrated how this electroacoustic measurement model can be used to conduct a number of parametric transducer and system studies
and how the model can form the basis for experimentally characterizing all the elements of the ultrasonic measurement system, using

purely electrical measurements.

I.INTRODUCTION

A typical ultrasonic NDE immersion inspection
systemisshownin Fig. 1. It consists of apulser/receiver,
cabling, transducer(s), and a particular acoustic
propagation/scattering configuration. For the case shown in
Fig. 1 the acoustic configuration includes afluid, an
immersed component, and the flaw that is being examined.

The electrical and electromechanical components of this
system (pulser/receiver, cabling, transducers) have
traditionally been modeled as 1-D equivalent circuits
consisting of "lumped" elements such as electrical sources,
impedances, etc. The Mason and KLM transducer models,
for example, are well-known models of this type®.
However, for transducer design studies the transducer
transfer matrix model of Sittig® is often more convenient
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Figure 1. An ultrasonic immersion flaw inspection system

to use, aswe will show later in our discussion of the
influence of bonding layers on transducer response. At
ultrasonic frequencies, cabling plays an important role in
the measurement process and so must be modeled explicitly.
A transmission line model characterized by a2x2 transfer

matrix will be used here®®. We should point out that in
acoustic systems, which often operate at much lower
frequencies, cabling effects are essentially non-existent, and
are not included when performing calibration measurements,
etc. Cabling effects cannot be ignored when adopting



acoustic calibration methods to ultrasonic NDE systems, as
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will be discussed below.
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Figure2. The ultrasound generation process components

The acoustic wave propagation and scattering
fields present in an ultrasonic inspection are inherently
3-D in nature and it is not immediately obvious how to link
those fields to 1-D electrical and electromechanical models
of the type discussed above. The reciprocity-based relation
developed by Auld ® provides a general way to make that
connection, and the measurement modeling approach of
Thompson and Gray ®, which is based on Auld's general
relation, provides the meansfor modeling the 3-D acoustic
fields asaproduct of 1-D models which characterize
acoustic effects such as beam diffraction (on transmission
and reception), material attenuation, and flaw scattering.
Unfortunately, to date the 1-D dectrical and
electromechanical models have not been interfaced to their
equivalent 1-D acoustic counterparts in a completely
consistent and straightforward fashion. The recently
devel oped electroacoustic measurement model that we
have developed © does make that connection, and thus can
lead to acompletely 1-D model of the entire measurement

process that can be used, as we will show, for anumber of
important design studies.

When modeling systems with commercial electrical
and electromechanical components, such as the transducers,
pulser/receiver etc., it is not feasible to treat the components
in terms of detailed models since many of the design
features of those components are not known. Thus, itis
important to be able to experimentally characterize all the
system components in terms of as few parameters as
possible. By using the el ectroacoustic measurement model,
we will demonstrate that it is practical to formulate the
system response in terms of a set of parametersthat can all
be obtained through purely electrical measurementsin
standard calibration setups. We will aso show that with
such acompletely characterized system it is possible to
combine the measured parameters and predict the directly
measured system output.
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Figure 3. Model of apulser voltage output



II. THE GENERATION PROCESS MODEL
Pulser

In the process of generating the acoustic fields
used for inspection, the typical componentsinvolved are the
pulser, the cabling connecting the pulser to an ultrasonic
transducer, the transducer itself, which isusually contains a
piezoelectric crystal, and the fluid into which the sound is
radiated, as shownin Fig. 1. In the electroacoustic
measurement (EAM) model, the circuitry of the pulser,
which is often rather complex, isreplaced by a Thevenin
equivalent voltage source and internal impedance whose
frequency domain values (for exp (- iw t) time dependency)
aregiven by Vi) and Z°(w), respectively, as shownin
Fig. 2. Many modeling studiesin the literature omit the
internal impedance and model the voltage source alone as a
given time domain input. Since many commercial pulsers
generate short, spike-like negative pulses, an appropriate
time domain model of the pulser voltage output, Vi (t), is
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so that the output voltage is given in terms of four
parameters Vp,a1,a2,t. An analytical expression for Vi (w)
then follows by taking the Fourier transform of Vi (t). The
explicit V; (W) form will not be given here. Figure 3 shows a
typical pulse generated with Eq. (1).

Cabling
The cabling is modeled in the EAM model asa

transmission line®® whose properties can be described by a
2x2 transfer matrix, [T], where the components
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relate the voltages (V4 \5 ) and currents (11, 1,) shown in
Fig. 2 through therelation
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where K isthe wave number of signals propagating in the
cable, |.; isthe length of the cable, and Z§ =4/m/e, and
where m and e are the permeability and permittivity of the
cable, respectively.

Transducer

A piezoelectric ultrasonic transducer is arelatively
complex component to model since it involves electrical,
electromechanical, and acoustic elements. As mentioned
previously, three port models such as the Mason and KLM
models” are often used as transducer models. The three
portsin these models are the electrical port, acoustic
backing port at the back face of the piezoelectric crystal, and
the acoustic output port at the front face of the crystal.
When the type of backing is specified, both the Mason and
KLM models reduce to two port models which relate the
voltage and current, (V2, I 2) at the electrical port to the force

and normal velocity, (E , vt) at the output port through a 2x2
transfer matrix, [TA], i.e
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Sittig @ has given amodel of thistransfer matrix for a
compressional wave transducer as a product of simple 2x2

matricesin theform [TA]: [TeAITaA] where
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The many parameters appearing in this model are asfollows.
The parameter k isthe wave number for the piezoelectric
plate, i.e. kK =w/ vy where vq isthe wave speed of

compressional wavesin the piezoelectric plate given by
D . .
Vo = Cs3/ I p intermsof the elastic constant of the plate,

03Dg, at constant electric flux density, and r p, the density of



the plate. The constant n = h33Cy appears in the Mason
model asaturnsratio of an ideal transformer. Itisgivenin
termsof N33, apiezoelectric stiffness constant for the plate,
and Cy, the clamped capacitance of the plate, which is given
by Co =S/ b3, where Sisthe area of the piezoelectric
plate, bgsg isthe dielectric impermeability of the plate at
constant strain, and d is the plate thickness. The quantity
ZS‘ =1 p\pSisthe plane wave acoustic impedance of the
piezoelectric plate, while Z'(w) is the corresponding
acoustic impedance of the backing (which can be afunction
of frequency if the backing consists of one or more layers).
The Sittig model separates out the electrical parts
of the transducer ( Eq. (6)) from the acoustic parts ( Eq. (7)).
It isavery convenient model to use when acoustic facing
layers exist on the acoustic output port of the crystal, as
they normally do for commercial transducers. A facing layer

can be modeled as a 2x2 transfer matrix, [T|A], that is

identical in form to the transmission line cabling model
where the electrical impedance of the cable, f(} ,isreplaced
by the plane wave acoustic impedance, Z, of the acoustic
layer, and k. and | . are taken as the wave number and
thickness, respectively, of the acoustic layer. Adding a
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facing layer to the Sittig model is accomplished by merely
incorporating the layer transfer matrix into the product of
matrices already present. For asingle facing layer, for

example, the transducer matrix, [TA], isgiven by

1B T T 0
Radiation Impedance

The transmitting transducer A in an immersion
setup radiates an acoustic wave into the surrounding fluid
medium. Most 1-D transducer models account for this
radiation by relating the output force and normal velocity
(Ft , vt) through a acoustic radiation impedance, i.e.

k= ZrA ;avt , where the radiation impedance is taken as the

specific plane wave impedance for the fluid multiplied by the
area, S, of thetransducer, namely

ZM =1 ¢S €)

State (2)
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Figure 4. (a): State (1) where transducer A isfiring and the flaw is present,
(b): State (2) where transducer B isfiring and the flaw is absent

where r ¢,c; are the density and wave speed, respectively,

of thefluid. However, atransducer does not generate purely
plane waves and in general it is necessary to obtain the
radiation impedance by solving aboundary value problem
for the specific transducer being considered. Greenspan @,
for example, has obtained the acoustic radiation impedance
for acircular piston transducer of radiusaintheform

ZM(w)=r f(;fS_T%l- é[\ll(kf a)- Hl(kfa)E (20

where k¢ isthe wave number for compressional wavesin

the fluid and J; and Hy arefirst order Bessel and Struve
functions, respectively. For most ultrasonic NDE
applications, the transducers used satisfy ka>>1, in which
case Eq.(10) does reduce to the frequency independent
value of Eqg. (9). Notethat thisis not necessarily true,



though, for non-piston like transducer behavior, where
using the plane wave impedance value may lead to errors.

Generation transfer function

If one combines the cabling transfer matrix, [T],
with the transducer matrix, [TA] toform up a"global"

transfer matrix,

1= 1 @

then it can easily be shown from Fig. 2 that the ratio of the
output force, F (W), to the Thevenin equivalent driving
voltage, Vi (W), is given explicitly by the generation transfer
function, tg(W) , where
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This transfer function completely characterizes the entire
generation process in terms of the components appearing in
Fig. 2.

I11. ACOUSTIC WAVE PROPAGATION AND
SCATTERING MODELS

The waves generated by the transmitting
transducer travel as abeam of ultrasound into the part being
inspected, scatter from any flaws present, and are received
by areceiving transducer, as shown in Fig. 4a. This process
isavery complex 3-D acoustic propagation and scattering
problem and it appearsthat it difficult to combine these
wave phenomenawith the 1-D generation process model.
However, Auld“ has used reciprocity principles to make
the connection between the acoustic fields and changes in
traveling wave transmission coefficients. Auld's
transmission coefficients are not directly the quantities
appearing in our generation process model. But, Dang ® has
used Auld's basic approach to define the acoustic fields
surrounding the flaw in terms of an acoustic transfer
function, ta(w), asaratio of aquantity called the blocked
force, Fs(W ), at the receiver to the output force, F (W),
appearing in Eq. (12). Theresult is

F 1
ta =2 of @ -t @ as as
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where t i(jl) , vl(l) are the stresses and velocities generated in

state (1) which isshown in Fig. 4a. There, the piston

transducer A isfiring with anormal velocity, Vﬁ\l) ,onits

face, and the flaw is present, where the flaw surfaceis S¢

and the components of its outward unit normal (into the
incident waves

>< \ transducer face

catteredwaves  Plocked
surrounding solid) are n; . The termst i(jz),vl(z) appearing

Figure 5. Incident and scattered waves on areceiving
transducer when theface of the transducer is blocked.

in Eq. (13) are the stresses and velocity components,
respectively, for state (2) that is shown in Fig. 4b. In state (2)
the receiving transducer B (also assumed to be acting as a
piston transducer) isfiring with anormal velocity, V(BZ) ,on
its face and the flaw is absent. Thus, the stresses and

velocities computed on the surface S¢ are just the incident

waves from transducer B in state (2) whilein state (1) the
stresses and velocity on S; are due to both the incident
waves from transducer A and the waves scattered from the
flaw.

Equation (13) givesthe acoustic transfer function,
ta(w), invery general terms. If we assume that the flaw is
sufficiently small so that the wavesincident on it are quasi-
plane waves, however, thistransfer function reducesto a
product of explicit terms given by
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where V&,V ® are normalized vel ocitiesincident on the
flaw for states (1) and (2), respectively (including effects of
beam diffraction, material attenuation, and transmission
through interfaces). The quantity A(w) is the plane wave
far field scattering amplitude for the flaw in state (1), r »is
the density of the solid surrounding the flaw, and ¢y, k> are
the wave speed and wave number for the waves incident on
surface S; in state (2). An expression similar to Eq. (14) was



first obtained by Thompson and Gray  in 1983 using an
asymptotic analysis. Schmerr ® |ater gave aless restrictive
derivation of asimilar result that was then used by Dang
to obtain Eq. (14) explicitly.

Thevalue of Eq. (14) isthat it explicitly separates
out the beam propagation effects, contained in the v ,V(
terms, from the flaw response, A(w ). This feature has
allowed the use of deconvolution procedures to extract the
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Figure 6. Modeling the incident and scattered waves as
plane waves, where Fg = Fne + Refit = 2Fne

flaw response from the total measured response and
rationally perform flaw classification and sizing (see Schrrerr
19 for some examples).

The blocked force, Fg, requires some further
discussion. Thisforce isthe force present on the receiving
transducer when the surface of the receiver is held fixed, as
shown in Fig. 5. The blocked forceisthe integral over the

face of the transducer of the pressure, p'™, dueto the

incident waves, and the pressure, p**", due to the waves

scattered from the blocked (motionless) receiving
transducer, as shownin Fig. 5. Many authors assume that
incident waves are approximately plane waves incident on
the receiver and the scattered waves can be treated as
purely reflected plane waves (diffraction effects neglected)
at the receiver, as shown in Fig. 6. In this case, the blocked
forceisjust twicetheforce, Fr , intheincident waves, i.e.

Fs = 2I:inc - Zpincs (15)

where S isthe areaof the receiver.

In many simple setupsthe acoustic transfer
function, ta(w), can be obtained explicitly. Oneimportant
setup that is often used for calibration purposesis shownin
Fig. 7 wheretwo transducers of the sameradius, a, are
aligned along their axes and separated by adistance, D, in a
fluid. In this case, assuming the transducers act as pistons
and that the received blocked force isjust twice the force of
the waves incident on the receiver, the transfer function can
be expressed in theform 9
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where Kk is the wave number and a (W) the attenuation for
thefluid.

Figure 7. A reference calibration setup

IV. THE RECEIVING PROCESS

Figure 8 shows amodel of the receiving process
which issimilar in form to the one we considered in Fig. 2 for
the generation process. Again, thereceiving transducer B
and the cabling can be represented by their 2x2 transfer

matrices, [TB], and [R], respectively, and these transfer
matrices can be combined into asingle "global" 2x2
receiving matrix, [RG ] where

F1-0°Tr) o

It can be shown that the driving "source" for the receiving
transducer in Fig. 8 isjust the blocked force, Fg, at the
receiver, and the impedance between this source and the
transducer is equal to the acoustic radiation impedance of
transducer B , Z,B;a(w), when it is acting as a transmitter.
Thus, if transducer B is modeled as a piston transducer and
the high frequency limit is assumed, we have

z%(w)=r (S (18



with S the areaof thereceiver. In an ultrasonic NDE test,
the output of the receiving transducer is normally connected
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Figure 8. The ultrasound reception process components

to the receiving section of apulser/receiver. In Fig. 7, this
receiver is modeled by an equivalent electrical impedance,
Z5(W), and again factor, K(w).

With all the elements as shownin Fig. 8, areceiving
transfer function, tr(w), can be defined as the ratio of the
frequency components of the received voltage, Ve(W ), to
the blocked force "input”, Fs(w), and expressed explicitly
as

V, eK
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V. THE ELECTROACOUSTIC MEASUREMENT
MODEL

We can now combine all of our results and obtain a
model of the entire ultrasonic measurement processin terms
of the previously defined transfer functions as

VR Fs F
TG W0
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Equation (20) represents our el ectroacoustic measurement
model sinceit containstermsfor all the electrical,
electromechanical, and acoustical system elements. We
should note that this EAM model isthe realization of a"total
system model" (see Silk et. al. ™) more general than the one
implemented in the 80's at Harwell ® | primarily for
transducer design purposes. The EAM model can also be
used for transducer design, as shown in the next section,

but it also has much broader applicability in terms of system
characterization and calibration.

Transducer Design with the EAM M odéd

Papadakis ¥ has used amodel similar to the EAM model to
conduct transducer parametric studies where the impedance
of the backing material, the electromechanical coupling
factor, and the input pulse length were varied. Another
important parameter that can be examined is the thickness of
the bond layer between the crystal and the front surface
facing plate. To study the bond thickness we will model a
transducer as a combination of the piezoel ectric plate,
backing, bond layer, and facing plate. Although the crystal
isnormally plated with athin layer of conducting material on
both its faces, in this study the effects of the plating will be
ignored. The backing is often made of a mixture of epoxy and
tungsten powder and is cast directly onto the plated crystal
so that we do not model abonding layer at the backing. We
also model the backing itself as a semi-infinite layer so that
no reflected waves are present in the backing. However, a
thin bonding layer of epoxy is often present at the front face
of thecrystal to fix thefacing to the crystal. It isthe
thickness of this bonding layer that will be varied in this
parametric study.

In the EAM model we consider two identical
transducers aligned along their axesin afluid in apitch-
catch setup. The distance between the transducersis taken
to be very small so that diffraction effects are negligible (see
Eq. (16)). The material parameters were taken to be those
given by Papadakis ™ as case number 69A2. The nominal



frequency of these transducers was 5 MHz andthe input
electrical pulse was modeled as arectangular pulse with unit
amplitude by adjusting the parameters of Eq. (1)
appropriately, with the width of the pul se taken as one half
the period of the fundamental free crystal response. The
internal impedance of the pulser and the receiver impedance
were made identical and equal to the impedance of the

clamped capacitance, ZS, where

1
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Z 2010Co (21)
with Cq the clamped capacitance and fy the free crystal
resonant frequency. The thickness of the epoxy bond line
between the crystal and the facing plate was varied from 0.0
to 0.2 mm. In general, as the thickness increased the output
voltage, which started asa single cycle waveform at zero
thickness developed a higher frequency "ringing” at later
times, which eventually dominated the entire response. In
the frequency domain, the magnitude of the received
spectrum started at zero bond thickness as a single peak at a
frequency, Fn, near the nominal transducer center

frequency. At abond thickness of about 0.05 mm a second
peak in the spectrum appeared at a higher frequency, K,
growing in sizerelative to the first peak until it eventually
dominated the entire response at the largest bond thickness
considered. These results are tabulated in Table 1 where
column one lists the maximum and minimum valuesin the
time domain waveform, column 2 lists the location of the
nominal center frequency peak , Fn, and column 3 liststhe
location of asecond, higher frequency peak, k., (if any). In
summary, from Table 1 and other data we observe the
following behavior:

a. For avery thin bonding layer the peak frequency located
near the nominal center frequency dominates. A high
frequency peak is not measurable.

b. Asthe bond thicknessincreases, the amplitude of the
received waveforms drops rapidly. For example, asthe
thickness changes from 0 to 0.1 mm the peak amplitude
changes from 0.05 V to 0.007 V.

Table 1. Effects of bond thickness on transducer response.

Thickness Amplitude (V) Fn (MH2) K (MHz)
(mm) (positive/negative)

0 0.05/-0.07 5.46 -
0.000001 0.05/-0.07 5.46 -
0.000005 0.05/-0.07 5.46 -
0.00001 0.05/-0.07 5.46 -
0.00005 0.05/-0.07 5.46 -
0.001 0.05/-0.07 5.85 -
0.005 0.05/-0.08 6.25 -
0.01 0.04/-0.06 5.46 -
0.02 0.03-0.04 4.29 -
0.03 0.02/-0.02 3.90 -
0.04 0.01/-0.02 351 -
0.05 0.01/-0.01 312 -
0.06 0.009/-0.009 2.73 -
0.07 0.007/-0.007 2.73 -
0.08 0.007/-0.006 2.73 16.01
0.09 0.007/-0.006 2.34 14.25
0.10 0.007/-0.007 2.34 13.08
011 0.007/-0.007 234 11.91
0.12 0.007/-0.008 2.35 11.13
0.13 0.007/-0.008 2.34 10.15
0.14 0.007/-0.008 234 9.57
0.15 0.008/-0.009 2.34 8.78
0.16 0.009/-0.009 2.34 8.39
0.17 0.009/-0.009 2.34 7.81
0.19 0.010/-0.009 - 7.03
0.20 0.010/-0.010 - 6.64




c. Asthe bond thicknessincreases, the peak frequency also
decreases but the bandwidth does not change much.

d. When the bond thicknessis larger than 0.05 mm a higher
frequency peak beginsto appear. At larger thickness, a " bi-
modal" frequency spectrum with two peaks exists for arange
of thickness, but the higher frequency peak eventually
dominates the measured response as the thickness
continuesto increase. Asthe higher frequency peak grows,
the corresponding time-domain waveform develops alarge
amount of "ringing".

In conclusion, the transducer behavior isindeed
very sensitive to the thickness of the bond layer between
the piezoelectric crystal and the facing plate. The existence
of the bonding reduces not only the waveform amplitude but
also the frequency of the crystal, similar to the way the
backing material "shifts down" the resonant frequency of
the crystal. In the example considered a bond thickness of
greater than 0.05 mm begins to have detrimental effects on
the received waveform in terms of both amplitude and
ringing. Thus, the bonding of the facing plate to the crystal
needs to be kept very small to prevent it from affecting the
output response.

VI.COMPLETE CHARACTERIZATION OF AN
ULTRASONIC SYSTEM

Indesign studies of the kind just discussed, one
can use explicit models of each of the EAM model
components to simulate the total system response. To
characterize acommercial ultrasonic system, however, many
of the components need to be experimentally determined
since the underlying parameters are not known. For the
transducers, for example, crystal material properties, backing,
etc. are often not available. In the EAM model as currently
described, the components that must be measured are:

Pulser: Thevenin equivalent voltage source, V(W ), and
internal electrical impedance, Z°(w)

Cabling: Transfer matrix components (Tll, T12,T21,T22)
(for both sending and receiving cables)

Transducers: Transfer matrix components (T 1T1,T1£, Tle, T2T2)
(for both transmitter and receiver)

Receiver: Electrical impedance, Z5(w), and gain, K(w)

We will assume that the radiation impedances of the
transmitting and receiving transducers are known val ues as
given by their high frequency values for piston behavior
(see Egs. (9) and (18) ) and that the acoustic transfer
function can be explicitly modeled, using the Thompsor+
Gray approach (Eq. (14) ) for aflaw measurement setup, or
through an explicitly modeled calibration setup as givenin
Eq. (16).

The properties of the electrical components listed
above can al be obtained by purely electrical calibration
measurements. Characterizing the transfer matrix of a
transducer, however, is another matter sinceitisan
electromechanical device. Obtaining experimentally all four
elements of the transducer transfer matrix has been called
"complete transducer characterization" by Sachse **.

To date, to our knowledge no one has developed a
procedure for such acomplete transducer characterization.
Fortunately, all four elements of the transducer transfer
matrix are not needed to model the transducer effects
appearing in the generation and reception processes. In his
thesis, Dang © has shown that it is sufficient to obtain only
1) the transducer radiation impedance (already assumed
known, as mentioned above), 2) the transducer electrical
input impedance, and 3) aquantity called the transducer
open-circuit, blocked force receiving sensitivity.
Furthermore, Dang showed that these transducer impedance
and sensitivity parameters could be obtained through purely
electrical measurements. The transducer electrical input
impedance, Zn®(w), and the open-circuit, blocked force

receiving sensitivity, M\IF: (w), were shown by Dang to be

given in terms of the transducer transfer matrix, [TT ] by
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B4 RS
v o1
VR, ZrT;aTle +-|-2T2

(2)

and that in terms of these parametersthe transfer functions
can be written as
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where now the only transfer matrix components appearing and receiving transducer (B). Dang found the input
are those for the transmitting cabling, [T], and thereceiving  impedance simply by measuring the voltage and current

cabling, [R]. To make Eq. (23) useful for obtaining these inputs to the transducer when it was being used as a
transmitter. For the measurement of sensitivity, Dang used a
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transfer functions, one needsto be able to measure theinput  modification of athree-transducer reciprocity -based
impedances and sensitivities of the sending transducer (A)

Figure 9. Three transducer calibration setups for characterizing the receiving sensitivity of transducer A,
using two uncalibrated transducers B and C and reciprocity principles. The measured quantities are
indicated with "m" superscripts.

calibration procedure borrowed from acoustics*®. The whichis defined astheratio of the open-circuit output
three-transducer setup that must be used in ultrasonicsis  voltageof A, vA¥ | divided by the blocked force, i.e.
shownin Fig. 9 where the sensitivity of transducer A isto

be determined with the help of two other uncalibrated Ay VA¥

transducers B and C. Sincein animmersion setup it is VR = s (24)
often impractical to measure voltages directly at the
receiving transducer (whichisin the fluid), voltages must
instead be measured at the end of areceiving cable
terminated under some known resistance loading, F{ .As vy
shown in Fig. 9, three output voltage measurements M\/AF': = Mﬂ;\—/BA B,la (25)
(Vcn,l, VC’E,VQL) and one input current measurement (I B ) Vesls 2t

However, at ultrasonic frequencies, cabling effects cannot
beignored and even if one takes open-circuit conditions
at the end of the receiving cables, the voltages measured
there are not the open-circuit voltages at the transducer
terminals. Thus, Dang ® defined a generalized transducer

can be found from the relationship

aremadein setupsl, 11, and 111, where the same pul ser
settings, cabling, and acoustic configuration are used for
al three setups. In acoustics, where the frequencies are
much lower, the effects of the cables are negligible and if

e _ . .
one takes .RL =¥ (open-ci reuit conditions), one can receiving sensitivity (under ageneral impedance loading
measure directly the open-circuit output voltages Z8 at the transducer electrical port), M VAFB , given by
(VC¥A, VC¥B,V§A) and thecurrent, g, at the transducersin A VARY, 1
— CA "BA
these three setups. It can then be shown that the open- Mvr, _JVC | (L+ z8e /23‘) ZBa, (26)
B'B in

circuit, blocked force receiving sensitivity of transducer A,



Furthermore, he showed that the terms appearing in Eq.
(26) could be related to the actual measured voltages and
currentsin Fig. 9 through the relations

whereV and V™ can be any of the voltages appearing in
Fig. 9 and the components of the cabling transfer matrices
([T], [R]) are assumed to have been measured

V= BPR + Rlzbvm independently along with the electrical input impedance,
ET R @ Z®. Once the generalized sensitivity of the transducer is
found from Eq. (26), Dang showed that the open-circuit
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Figure 10. The Thevenin equivalent voltage sourceand internal impedance measured for the 5052PR pul ser/receiver

under external loads of 50, 82, and 220 ohms.
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Figure 11. Thetransfer matrix components measured for the receiving cable

sensitivity, which isin the transfer function expressions, can
be obtained from
. & ZAhe0
My =My ol+—8—. 28
VR VFBg Zoe & ( )

where the receiving load, Z5, isgiven in terms of the
receiving cabling and termination resistance as

e RR Ry 29
% RER; + Ry G

VII.EXPERIMENTAL RESULTS

From the results of the previous section, it follows
that the output voltage frequency components, V(W ),
given by Eg. (20) as

Vr(w) = tr(w X aw)ts W)V (w) (30)

can be explicitly found by measuring/modeling the following
terms:

Pulser: Thevenin equivalent voltage source, Vi (W), and
internal electrical impedance, Z°(w)

Cabling: Transfer matrix components (Tll, T12,T21,T22)
(for both sending and receiving cabl es)

Transducers: Transducer input impedance, ZJ®(w), open-
circuit, blocked force receiving sensitivity, M\I,é: (w), and
acoustic radiation impedance, Z'"(w) (for both transmitter
and receiver)

Receiver: Electrical impedance, Z5(w), and gain, Kw)
Acoustic transfer function: ta(w)

Many of the details of the measurement procedures required
to obtain these terms will not be given here, but we will
illustrate some typical results of those measurements for an
acoustic configuration where two nominally identical
commercial transducers are aligned along their axesin a
water tank, separated by adistanceD = 0.444m. A
commercial pulser/receiver (Panametrics 5052 PR) was used

and 50 ohm cabling and immersion tank test fixturing existed
on the transmission and receiving ends.

Pulser

The Thevenin equivalent voltage source and
impedance obtained by measuring the pulser output voltage
and current at a particular energy and damping setting of the
pulser/receiver are shown in Fig. 10 (both magnitude and
phase shown). Theoretically, these parameters should be
independent of the impedance loading at the pul ser output
terminals, but we did find some dependency of theinternal
impedance values obtained on the load.

Cabling

By making voltage and current measurements of
the cabling at different termination conditions, it is possible
to determine al the transfer matrix componentsof the cable.
Figure 11 shows those components (both magnitude and
phase) for the receiving cable. Similar measurements were
also carried out for the cabling on the generation side of the
system. As can be seen from Fig. 11, these components do
exhibit sine and cosine behavior similar to the theoretical
model predictions (Eqg. (3))

Transducer sensitivity

Thethree-transducer reciprocity technique
described previously was used to obtain the sensitivities of
both the sending and receiving transducers. Figure 12
shows three sensitivity curves (for both magnitude and
phase) obtained for one of the commercial transducers used
in the two -transducer acoustic pitch-catch setup described
previously. The dashed linein Fig. 12 shows the generalized
sensitivity that would be obtained if the measured voltages
and currents were used directly in the sensitivity expression
(Eq. (26)) without compensating for the cabling. The solid
line givesthe generalized sensitivity found when cabling
effectswereincluded. Finaly, the dash-dot line gives the
open-circuit sensitivity calculated from the generalized
sensitivity according to Eqg. (28). It isthis open-circuit
sensitivity that goes into the generation and reception
transfer functions. Fig. 12 shows that ignoring cabling
effects at these ultrasonic frequencies can lead to large
errors in obtaining the open-circuit sensitivity.

Transducer input impedance



We also measured the transducer input impedance, current with the transducer immersed in water. In the second
as shown in Fig. 13, using three different methods. Inthe method, we made a series of voltage measurements
first method, we simply measured both the input voltage and
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Figure 13. Transducer electrical input impedance measurements made with three different experimental
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suggested to us by the transducer manufacturer. Finaly, in
the third method we used an impedance analyzer. When
measuring 2.5 MHz and 5 MHz transducers al three methods
gave reasonably close agreement in both the magnitude and
phase of the impedance versus frequency. But for 10 MHz
probes the impedance analyzer showed a phase shift at
higher frequencies that was not present in the results of the
other two methods, as shownin Fig. 13. We believe that this
phase shift was an artifact of the fixture used to connect the
impedance analyzer to the transducer, and was not
characteristic of the transducer itself. From Fig. 13 we can
seethat thistransducer has an impedance curve very similar
to that of a capacitor. Thisisnot surprising since to first
order aplated piezoelectric crystal does act like a capacitor.
However, if electrical "tuning" circuits are also presentin a
transducer (which they apparently were not in this case), we
cannot expect to see this capacitor-like behavior.

Receiver gain and impedance

Thereceiver was set to again setting of 20dB, and
voltage measurements made at both the receiver input and
output for the measurement configuration described
previously. Theoretically, such a gain setting should
produce an amplification factor of 10 for all frequenciesif the
amplifier in the receiver was perfect. Figure 14 showsthe
actual gain varied from about 9 to 10 over the bandwidth of

the transducers (which in this case were 2.25 MHz
transducers). Similarly, by making both voltage and current
measurements at the receiver we obtained thereceiver
electrical impedance, as shown in Fig. 15. As can be seen
from that figure, the impedance varied from about 400 to 600
ohms over the bandwidth of the transducers, with very little
structure in the phase.

Acoustic transfer function

Unlikethe other transfer functions, we used an
explicit model (Eq. (16)) to directly obtain the acoustic
transfer function, t,(w). We took the fluid as water (wave
speed =1480 m/sec) with afrequency dependent attenuation
coefficient, a (w), which isgiven in Schmerr @@ . The radius
of the transducer istaken asa = 3.175 mm, and the distance
D = 444 mm, as mentioned previously. For these parameters,
the magnitude and phase of ta(w) are plotted versus
frequency in Fig. 16. From that figure, we see that t o (W) acts
like afilter with a peak response occurring in this case at a
frequency of about 6.8 MHz. This behavior is expected since
beam diffraction effects at low frequencies force this
function to zero while the material attenuation drivesthe
responseto zero at high frequencies.

System output simulation



Having measured or modeled all the elements that
define the transfer functions appearing in the
electroacoustic measurement model , these functions
together with the Thevenin equivalent pul ser voltage source
can be used to obtain the frequency components of the
output voltage of the entire measurement system, Vr(w), as
shown in Eq. (20). Takingtheinverse FFT of Vg(w) then
givesthe output voltage time domain waveform which can
be compared with the actual measured output waveform. In
Fig. 17 we show such a comparison where the voltage was
not fed through the receiver but instead was measured
directly (under open-circuit conditions) at the end of the
receiving cable for the calibration setup of Fig. 7. From Fig.
17 we seethat there is very good agreement with the EAM
model predictions and the measured results. To our
knowledge, thisisthe first demonstration of completely
characterizing all the components of an ultrasonic system
and then assembling those components in an explicit
fashion (through the EAM model) to predict the total system
response.

VIIl. CONCLUSIONS AND DI SCUSSION

We have described the el ectroacoustic
measurement model and haveillustrated itsuse in

transducer design and system characterization applications.
Thetitle of the paper indicates that the EAM model gives us
acomplete model of an ultrasonic NDE measurement system.
To alarge extent that istrue, as seen from the examples we
have discussed. There are, however, a number of
phenomena that the EAM model does not currently address.
For example, the EAM model is anoise-free model sinceit
does not explicitly consider sources of either electronic
noise or material noise. Oakley " has discussed a method
for adding thermal and amplifier noise to the system, and
Margetan et. al. *® describe a methodology for predicting
grain noise distributions that could be combined with the
EAM model. Also, the EAM mode as currently implemented
treats all the electrical and electromechanical components as
ideal (lossless) elements. However, it is not difficult to add
small loss terms to the various 1-D component models

The EAM model provides a powerful tool for
analyzing virtually any element in the measurement process.
The examples discussed here only provide avery limited
demonstration of the capabilities of the EAM model. Future
applications planned include avariety of system
characterization and calibration studies that will help to make
ultrasonic NDE measurements more quantitative and
reproducible..
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Figurel6. The magnitude and phase of the acoustic transfer function
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