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ABSTRACT

In this report, the characterization of a dynamic surface displacement trans-
ducer (IQI Model 501) by a non-contact method is presented. The transducer is
designed for ultrasonic as well as acoustic emission measurements and, according
to the manufacturer, its characteristic features include: a flat frequency response
range which is from 50kHz to 1000kH z and a quality factor Q of less than unity.
The characterization is based on the behavior of the transducer as a receiver and
involves exciting the transducer directly by transient pulse input stress signals of
quasi-electrostatic origin and observing its response in a digital storage oscilloscope.
Theoretical models for studying the response of the transducer to pulse input stress
signals and for generating pulse stress signals are presented. The characteristic fea-
tures of the transducer which include the central frequency fo, quality factor Q,
and flat frequency response range are obtained by this non-contact characterization
technique and they compare favorably with those obtained by a tone burst method

which are also presented.




INTRODUCTION

In acoustic emission (AE) studies and ultrasonic testing (UT) of materials, a
transducer may be defined as the element by which ultrasonic waves and pulses
are introduced into or detected in materials. Its operation may be based on piezo-
electric, piezomagnetic, thermal, electromagnetic or electrodynamic principles. Ir-
respective of the principle of operation, each transducer may be designated for one
or more specific applications. It is often of interest to examine the behavior of the
transducer so as to determine whether or not if meets its specifications.

This report examines the behavior of a novel transducer (IQI Model 501).
The transducer is a product of Industrial Quality Incorporated (IQI) located in
Gaithersburg, M D, U.S.A. It is designed for the detection of acoustic and ultrasonic
- waves. One characteristic feature of the transducer lies in its ability to detect
short ultrasonic pulses, an ability which makes it useful for broadband ultrasonic

measurements. The transducer is principally made of two components:

(1) a conically shaped piezoelement fabricated from lead zirconate-titanate (type:
PZT — 54) and

(2) a cylindrically shaped backing fabricated from brass.

The operational principle of the transducer is based on piezoelectricity. Piezo-
electricity is a property of certain materials that manifests itself by the onset of
electrical polarization (generation of bound charges of opposite polarity) when the
material is subjected to mechanical stress and by the onset of mechanical defor-
mation when it is subjected to an electrical field. In the first case, this behavior
is called the direct piezoelectric effect and in the second, it is called the inverse
piezoelectric effect.

Receiving transducers which are often referred to as receivers operate on the
principle of the direct piezoelectric effect while transmitting transducers or trans-

mitters operate on the inverse piezoelectric effect. Because many transducers are
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designed to function as both receiver and transmitter, such transducers operate on
both principles interchangeably. Transducer IQI Model 501 is designated to be a

receiver and so its characteristic behavior is based on the direct piezoelectric effect.

Transducer characterization is a procedure which involves generating a known
input signal and measuring the output signal of the transducer. The procedure
sometimes involves mathematical modelling and analysis of the transducer, and a

verification of the analytical model by experimental techniques.

The fundamental equations describing the piezoelectric effect were first doc-
umented about 50 years ago. A significant contribution to to the field was made
by Mason (1] with the discovery that electromechanical behavior of piezoelectric
crystals could be described by an equivalent electric circuit, with one electrical con-
nection and two mechanical connections corresponding to the pair of electrodes on
the two faces of the crystal. Several authors including Ryne (2], Smith and Awojobi
(3], Kassof [4], and Sitting [5] have since employed Mason’s model for studying many
transducef phenomena. There have been several attempts by other authors [6-9] to
develop electrical models to facilitate transducer analysis. Despite these attempts,
the value of an equivalent circuit in understanding mechanical phenomena is quite
limited.

Among the most significant work in predicting the electromechanical behavior
of transducer system in that of Redwood (10, 11]. Some recent work including those
of Williams and Doll [12] and Lee and Williams {13} have been based on Redwood’s

electromechanical model. Redwood’s approach is adopted in this report.

A good literature review of experimental techniques for the characterization
of transducers is presented by Sachse and Hsu {14]. The experimental methods
of characterizing and/or calibrating a transducer involve the generation of step-
function input signals to the face of the transducer and recording the response of the

transducer in a storage oscilloscope. An ideal situation would be to generate a delta
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function input to the transducer so that an impulse response of the transducer could
be obtained directly; or to use sweeping continuous sine waves of varying frequencies
to excite the transducer and to measure both the ratio of the magnitude and the
difference of the phase angles of the input and output.

Conventionally, the generation of impulse function input signals can be achieved

by one of several methods:

(1) breaking of glass capillary tube [15];

(2) breaking of pencil lead [16};

(3) dropping of steel ball impact [17];

(4) fracturing of silicon carbide particle [18];
(5) helium gas jet impact {19}; and

(6) laser pulse heating [20].

With each of these methods, the impulse-function input signal is transmitted
to the transducer. The input signal is either applied directly on the face of the
transducer by mechanical contact or through a propagation medium to which both
the transmitting source and the transducer are coupled. In cases where the con-
tact between the transducer and input signal is established through a medium, the
true characteristics of the transducer are not easily determined unless the transfer
function of the medium is known. By the transfer function of the medium is meant
the exact response of the medium to the input signal. Therefore, the drawback of
this method of coupling the input source to the transducer rests on the difficulties
of determining the exact transfer function of the coupling medium. For this reason
such methods as the breaking of a glass capillary tube and the fracturing of a pencil
on the face of the transducer are favored in calibration of transducers because the
impulse function time dependency is well defined and the absolute force can be
measured independently with a static load cell.

While these techniques have the advantage of being simple and each produces
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the characteristics of the transducer, they all suffer the disadvantage that the re-
sponse signal obtained corresponds to a transducer coupled to load in air or another

transducer which has a different mechanical impedance from the transducer itself.

The simplest medium would be no medium at all. This means that the input
signal needs to be introduced directly onto the surface of the transducer and the
transducer response be determined accordingly. Also an ideal impulse source needs
to be obtained by electronic means which have the advantage of being very coﬁ-
trollable and reproducible, rather than manually. Certainly, the repetition rate of
electronically produced input signals is much faster than mechanical impacts which

result from the breaking of a capillary tube or the fracturing of a pencil lead.

In this report, a non-contact technique is used to couple the transmitting source
to the transducer. Pulse input stress signals of quasi-electrostatic origin are used
for the excitation of the transducer. The pulse input stress signals are generated
by quasi-electrostatic forces which are essentially the forces of attraction between
a charged electric conductor and the surface of the piezoelement which is located
at a specified distance from the electric conductor and carring electric charges of
opposite polarity to those of the conductor. The electric charges on the conductor
result from a transient electric current passing through the conductor while the
charges on the surface of the piezoelement of the transducer are produced by quasi-
electrostatic induction. So, the transducer, acting as a receiver and situated at a
specified distance from the conductor, is excited by the transient stress signals. The
detection of the transient stress signals is manifested by the voltage signal response
of the transducer which is recorded in a digital storage oscilloscope. A duration of
approximately 500 nanoseconds for the pulse input signals is chosen such that an

approximate impulse response of the transducer is obtained.

Among other factors, the amplitude of the output voltage signals of the trans-

ducer may be affected by the conical shape of the piezoelement. Krautkramer and
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Krautkramer [21] noted that the output voltage signals of any transducer are influ-
enced by both the size and the geometry of the piezoelement. Detailed studies of
the effect of the conical shape of the piezoelement on the output voltage signal of
the transducer have been conducted theoretically in [22] and experimentally in {23].

As a check on the results obtained from the non-contact characterization tech-
nique, the results are compared wth those obtained from the tone burst method
which is a common characterization technique. The results from the two techniques

compare favorably. The tone burst results are appended to this report.




DESCRIPTION OF DYNAMIC SURFACE DISPLACEMENT TRANSDUCER
(IQI MODEL 501)
The dynamic surface displacement transducer is a product of Industrial Quality
Incorporated which is located in Gaithersburg, M D, U.S.A. The transducer is
designated as IQI Model 501 and is described by the manufacturer as having the

following characteristic features:

(a) flat frequency response sensitivity range is from 50 kHz to 1000 kHz, which
represents broadband characteristics;
(b) displacement sensitivity k is equal to 2 x 108 volt/m; and

(c) mounted quality factor Q is less than 1.
The complete unit of the transducer is made of two major parts, namely,

(a) the transducer unit which is shielded circumferentially by plastic, and

(b) the electronic unit.

Schematics of the transducer without and with the plastic (plexiglass) shield,
are shown in Figs. 1 and 2, respectively. The transducer unit consists of two

components:

(a) aconically shaped piezoelement which is fabricated from lead zirconate-titanate
(type PZT — 5A); and
(b) a cylindrically shaped backing fabricated from brass.
The truncated end of the piezoelement has a diameter (contact size) of about
59 x 10”2 in (1.5 mm), a thickness (length) of about 98 x 103 in (2.50 mm),
and a base diameter of about 177 x 10~3 (4.50 mm). The included angle of the
piezoelement is 80°. It is attached by heat-cured epoxy resin to the backing of 0.75
in (19.50 mm) in diameter and 1.0 in (25.40 mm) in length. On the two opposite
faces of the piezoelement there are evaporated silver films which form the electrodes

of the transducer.




During use, one electrode of the piezoelement is electrically connected to the
electronic unit through an electric lead which is connected through the backing
while the other is placed on a metallic medium which completes the electric circuit.
Electrically, the backing acts as the non-grounded electrode for signal detection.
The lower smaller electrode becomes the grounded mounting surface. Any stress
signal incident on the piezoelement tip excites the transducer and the resulting
voltage signal of the transducer is the potential difference between the backing and
the tip of the piezoelement.

The electronic unit consists of an émpliﬁer (gain: 1 dB) which is mounted on
the inside face of a hollow cylinder fabricated from aluminum and a 9-volt battery
which is mounted beside the amplifier. A schematic of the electropic circuit is
shown in Fig. 3. Through a BN C jack attached on the outside face of the hollow
cylinder (container), the electronic circuit is hooked up to other electronic units
such as oscilloscope and amplifiers. The container is covered by cap that is similarly
fabricated from aluminum.

Figs. 4a and 4b show schematics of the cap and the container, respectively.

Advantages of the Design of the Transducer

Unlike conventional pulse/echo piezoelectric transducers which are made of a shoe,
piezoelement, backing, casing and connector as shown in Fig. 5, design of transducer
IQI is simple because the transducer unit consists of only a piezoelement and the
backing. One other drawback of the conventional design is that the transducer
unit together with the case, connector and lead form a complex structure which
is subject to multiple resonances. Also, interference effects associated with various
dimensions such as the shoe thickness can cause variations in transducer response.
In the present design, the large radial and axial size of the backing eliminates
any such thickness resonance and interference effects. Also, the weight (2.83N) of
‘the transducer unit provides a coupling pressure of approximately 4.00x 103 N/m?
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(58 psi) which exceeds the saturation pressure of 2.5x105N/m? (36psi) which is
defined as the minimum transducer-specimen interface pressure which results in the
maximum amplitude of the output signal, all other parameters being held constant
[24]. No intermediate liquid suchas AET SC—6 is needed to couple the transducer
to media whose ultrasonic or acoustic emission measurements are being sought.
By virtue of the conical shape of the piezolement of the transducer, the surface
area of thg transducer is kept small, a feature which makes the transducer an ap-
proximation to a point receiver. Specifically, the 1.5mm (smaller) diameter of the
piezoelement of the transducer is small compare with the wavelengths which vary
from 4.35mm to 87.00mm over the transducer’s frequency response range which
is from 50kHz to 1000kHz. This small transducer area provides a high sensitiv-
ity. Also, its broadband characteristics make it very useful for AE measurements

because AF signals are complex signals which represent broadband energy sources.

Applications of the Transducer
Accordingly to the manufacturer, the transducer can be used for the following

applications:

(a) AE monitoring of structural components;

(b) comparison calibration (as secondary standard) for AE or ultrasonic transduc-
ers;

(c) calibration of complete AE measurement system;

(d) high fidelity ultrasonic detection in solids; and

(e) calibration of complete ultrasonic spectroscopy systems.




ANALYSIS OF TRANSDUCER RESPONSE TO
PULSE INPUT SIGNALS

Here, the behavior of the transducer when subjected to a pulse input stress
is analyzed. The mechanism by which the pulse input stress is detected by the

transducer is also presented.

A good starting point is to derive and solve the equation of motion of the
piezoelement when it is subjected to longitudinal stress. This involves the ex-
amination of one dimensional plane wave propagation in the piezoelement. Fig.
6 illustrates the conically shaped piezoelement supportihg one dimensional wave
propagation. The derivation of the equation of motion of the piezoelement was
presented in [22] and the equation can be reproduced as
(o) Bt o

oz oz p ot?

where A(z) [in?] is the variable cross sectional area, ¢, [in/sec| is the longitudinal
wave speed in the piezoelement, and u(z,t) [in] is the displacement which is a
function of both space = and time ¢.

With the use of the WK BJ ( Wentzel-Kramers-Brillouin-Jeffreys) approximate
solution technique, the effect of the variable cross section of the piezoelement on
the amplitude of the longitudinal wave as it propagates from one location of the
piezoelement to another was examined in detail in [22]. Specifically, it was shown
that the ratio of the amplitudes of the propagating wave at the locations z =0 an:i

z = L are related to the ratio of the radii of the piezoelement at those respective

locations by

a(zr) _ r(zo)
a(zo)  r(zz)

(2)

where a(zo) and a(zL) represent the amplitudes of the wave and r(zo) and r(zL)

represent the radii at z = 0 and z = L, respectively.
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Since the variable cross section of the piezoelement does not affect the time-
behavior of the wave, it seems appropriate to set aside its effect on the propagating
wave, to solve the wave equation and to include the effects of the variable cross
section later. In other words, for the time being assume that A(z) is constant.
Also, in solving the wave equation, the effect of piezoelectricity in the rod which is
neglected at first is included later.

If A(z) is assumed to be constant, then eqn.(1) becomes

d*u(z,t) _ 1 d*u(z,t) 3)
322 o o7

where the argument “(z,t)” of u will be dropped subsequently.

Because transient performance of the transducer is of interest here, an opera-
tional calculus technique or the so called Laplace transform may be utilized to solve
eqn.(3). Redwood [10] used this method for presenting a solution of eqn (3). The

Laplace transform is defined as [25]

L1 =10) = [ espl-m)si)ae (@)
where £ is the symbol for Laplace transform, f’'(p) is the Laplace transform of fhe
function f(t), and p is the Laplace transform variable.

Throughout this analysis, the Laplace transform of quantities will be referred
to by the names of the quantities themselves: for instance, u’ will be referred to as
a displacement. It will be understood from the superscript ’ that it is actually the
Laplace transform of the variable that is being considered, rather than the variable
itself.

If the value of the function f(t) is zero at ¢ = 0, it may be shown that [25]
df (¢ _
(L2 <o) )

and consequently that

{"Z’;ﬁ" } =p’f'(p) , (6)
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if also the value of df(t)/dt is zero at t = 0.

Applying the Laplace transform operation to eqn.(3) yields the transformed

one dimensional plane wave equation

2
P, (7)

9%y’
3.2
oz P

(2]

where u’ is the Laplace transform of u(t).
Eqn.(7) in a linear second-order partial differential equation with constant co-

efficients and its solution can be written as the sum of two exponentials

u' = Aezp (—I—’E> + Bezp <££) . (8)
p Cp

The first term of eqn.(8) represents a wave propagating in the positive z-
direction and the second term represents a wave propagating in the negative z-
direction. A and B are amplitude factors that are determined from the boundary
conditions.

The relationship between stress and displacement in a nonpiezoelectric material
is given by Hooke’s Law as

ou’

I _ —
a—Eaz - (9)

where o is the stress in z-direction and E is the modulus of elasticity.

Substituting for the quantity du’/dz from eqn.(8) into eqn.(9) gives

o =EL —Aezp = + Bezp L . (10)
Cp Cp €p

Recall that E is related to the product of the density and the square of the longi-
tudinal wave speed by

E =pc,® . (11)

Then eqn.(10) may be rewritten as
o' = pepp [—A ezp (-E) + Bezp (E)] . (12)
Cp Cp
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The quantity pe, is the ratio of the stress to the particle velocity in the material,

and it is known as the characterstic impedance and is denoted here by Z,. Thus,

Zy,=pcp, (13)

and eqn.(12) becomes

o' =2Zyp [—A exp (— E) + Bezp (E)} . (14)
p Cp.

This is the equation for stress in the z-direction of a nonpiezoelectric material which
satisfies the one dimensional plane longitudinal wave equation.
In order to incorporate the effects of piezoeléctricity into the solution of the

wave equation, recall that Hooke’s Law for piezoelectric materials requires that

!’
a'=EZ—uz—hD : (15)

This equation shows that the presence of an electric flux D [coul/in?] in the z-
direction produces a so called “piezoelectric stress” hD [Ib/in?], where h [volt/in]
is the piezoelectric constant of the material.

To obtain a relationship between stress and electric flux in the piezoelement,
substitute eqn.(14) into the Laplace transform of eqn.(15)

o' +hD=Z,p [—A exp (—E) + Bezp (Eﬂ . (16)
Cp Cp

The flux density D in the transducer is a constant function of z as shown in [22].
The presence of the stress produces an electric charge of quantity Q' and the flux
density is related to this charge b); Gauss’s Law. Thus,

_¢

D 4,

, (17)

where A, is the surface area of the piezoelement (see Fig. 7).
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Substituting eqn.(17) into eqn.(16) gives the following general equation for

stress in the piezoelement:
hQ@’ z
o + he” = Zpp [—A erp (_p_) + Bezp (E)] . (18)
Ap Cp Cp

To determine the voltage across the piezoelement, the following equation must

be used [10]:

8¢’ (z, p) 8u' D
=h =
oz oz + e

(19)
where ¢'(z,p) is the local potential in-the piezoelement and e [farads/in] is the
absolute permittivity of the piezoelectric material.

To solve for V'’ the total voltage across the piezoelement, eqn.(19) must be

integrated along the z-axis from O to L (see Fig. 7).

==L DL
= . (20)
z=0 (4

L ’
V! = / M’f’_p)dz = —hu'
o or

The third term in eqn.(20) can be simplified by realizing that Gauss’s Law can

again be used to determine the capacitance Cy of the unstressed piezoelement as

€Ap
Co= T . (21)

Substituting eqns.(21) and (17) into eqn.(20) gives the transducer voltage in terms

of charge

z=L !
.

VI —_ —h [
v z=0 Co

(22)

This is the equation relating the quantities of displacement, voltage and charge in
a piezoelectric transducer.

In order to relate the electric response of the transducer to the pulse input
stress, consider the incident pulse input stress on the piezoelement shown in Fig. 7.
A, is the displacement associated with the incident wave in air, and By and A are the

amplitudes of the reflected and transmitted displacement waves, respectively, which
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are produced when wave A, strikes the air-piezoelement interface. The boundary

conditions at the interface at £=0 are

(23)

and

0'1 =0

z=0

(24)

z=0
where the quantities without subscripts refer to the piezoelement and those sub-
scripted w-ith 1 refer to the air.
Substituting eqn.(8) into eqn.(23), and eqn.(18) into eqn.(24), the boundary
conditions become
Ai+B,=A+B . : (25)

hQ’

pZq(— A1+ By) = pZ,(—A+ B) — A
p

(26)

If the analysis is restricted to values of times less than that required for wave A
to reach the piezoelement-backing interface, wave B may be ignored. So, eqns.(25)
and (26) become

Ai+B;=A (27)

and

rQ'
pZa,(Al + Bl) = —prA - T (28)
44

Solving eqn.(27) for B; and substituting this value into eqn.(28) give

Eqn.(29) relates the mechanical quantities A; and A to the charge Q' on the
piezoelement. If a resistance R is connected across the piezoelement, the voltage
V' may be expressed as

V'=I'R=-pQ'R , (30)
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where I’ represents the current in amperes through the resistance R in ohms, Q' is
the charge on the piezoelement in coulombs, and p is the Laplace transform variable.

Substituting eqn.(30) into eqn.(29) and collecting terms yield

!

hV
Ap(Z. + Z,) = A, +24A,PZ, , (31)
and solving for A yields
hV! -
A= (pRAp + 2pZaA1) (p(Za + 2Zp)]7" . (32)

This equation relates the amplitude of the displacement wave A and the voltage V"’
produced in the piezoelement to the amplitude of the incident displacement A;.

Eqn.(22), reproduced here as

z=L !
L@

V' = hu'
v z=0 Co

(33)

gives the voltage across the piezoelement in terms of the displacement.
Substituting eqn.(8) into the first term of eqn.(33), and eqn.(30) into the second
term of eqn.(33) gives

' = Ly ) - X
V—h[Aezp( o 1>] pRCo (34)

Note that Ly/e¢p is the time required for a wave to pass from the air-piezoelement

interface to the piezoelement-backing interface. Denoting this time by ¢, , eqn.(34)

becomes
1 V'
V' = —hAlezp(—pty) — 1] — pRCo (35)
and substituting for A from eqn.(32) yields
h hV! |4
V' - . +2ZA]e:c-—t -1 - — 36
ﬂ%+4dw4 pZiAs | lezp(~ptp) ~ 1] = TRc (36)
Solving for V' gives
2(1 — exp(—pt
V' =2h4; (Z ?Z ) 2 p_£ e:’pf-i:)—]pt ) (37)
o T/ \P*'t+ Rey — TRA,(Z.7Z,)
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The quantity V' is the voltage [volt| generated across the piezoelement when a
displacement wave of amplitude A; impinges upon it from an adjacent medium of
impedance Z, [Ib/in-sec]. The quantity h [volt/in] is the deformation constant of
the piezoelement, R [ohms| and Cj [farads] are the resistance and capacitance of
the piezoelement, respectively, and A, [in?] and Z, {Ib/in-sec| are the surface size
area and the impedance of the piezoelement, respectively.

In order to relate the voltage to the incident stress, eqn.(37) needs to be cast
in terms of the stress. If o; is the amplitude of the incident pulse input stress, its
Laplace transform can be expresed as [25]

(o4

o' = L(o(t)) = p"[l—ezp('—pta)l , (38)

where the time-domain function of the stress is given by
o; = constant for 0 <t <ty
oft) = , (39)

0 for t<0,tg<t
where t4 is the duration of the pulse (see Fig. 8). Note that the pulse function o(t)
may be considered as a step function of height o; which begins at ¢ = 0 and which is

superimposed by a negative step function of height o; beginning at t = ¢4, namely,
o(t) = oi(t) — oilt — ta) . (40)

At £ = 0, the Laplace transform of the incident stress is equal to the left-hand
side of eqn.(28). Thus,
o' =-pZ,A , (41)
when the initial displacement condition u(x,0) is zero. Combining eqns.(38) and
(41) gives

o A
;'— (1 - ezp(—ptd)] = pZaA1 . (42)
Solving for A; in terms of o; gives

£

=y

(1 —ezp(pta)) . (43)
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Substituting this value for A; into éqn.(37) results in

vt — _2hoi[l — ezp(—ptq)] 1- erfa(—Ptp) : (44)
1—ezp(—p !
Za + 2y P+ i - _RA,,(Z’;+Zv§

which gives V' in terms of the amplitude o; of a pulse function of stress.

Examination of eqn.(44) shows that the factor exp(—pt,) appears twice. This
factor represents a time delay [11] equal to tp, so that the terms by which it is
multiplied do not show up at the same time as the rest of the terms in eqn.(44).
Restricting the analysis to values of time less than the time t,, these delay terms
must then be struck from the equation. So, taking only those terms which show up

immediately, the expression for V'’ becomes

V' =

2% 1) eap(—pta)] |p? + B — h - (45)
Z. + 2, PCmPP T RCo T RAL(Za + 2,) '

The denominator of eqn.(45) is quadratic in p and may be written as the product

(p + r1)(p + m2), where

1 1 \? h? 2
™72 = ~oRCo * [(2RCO) * (RAP(ZG + ZP))] . (#6)

Also, the term “exp(—pts)” can be expressed as [25]

t tq)?
pta  (pta)® _

e:z:p(—ptd) =1- 1! 21

. (47)

Substituting eqn.(47) into eqn.(45) and neglecting higher order terms in p give

2ho; tyg D
V= - ! [ ] ) 48
Zet Z, |Grr)p ) (48)

The inverse Laplace transform of eqn.(48) in terms of the time constants 7,

and 72 can be written as [11]

___2hoity [ (r2)ezp(—tra) — (r1)ezp(—tn1)
V(t)""(z,,+z,,)[ 2 — ]

(49)

This equation gives the time-dependent output voltage which is produced across the
piezoelement by a pulse input stress of amplitude o;. The time ¢4 is the duration

of the pulse.
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DETECTION MECHANISM OF INPUT STRESS PULSE

Understanding the detection mechanism of the input stress pulse is important
in analyzing the response of the transducer. In order to facilitate the analysis,
consider an input stress pulse signal incident on the transducer. A schematic of the
input stress pulse signal is shown in Fig. 9a while the transducer is schematically
shown in Fig. 9b as a two-layer material of lengths L, and L; representing the
piezoelement and the backing, respectively. The quantities Z, and ¢, and Zy and
cp in Fig. 9b represent the acoustic parameters of the piezoelement and the backing,
respectively. The acoustic parameters Z, and ¢, of air are also indicated in F‘ig.
9b. Also, consider the schematic of the transducer’s response as represented in Fig.
9¢c.

When the stress pulse becomes incident on the piezoelement, there results an
average strain ¢ in the piezoelement and a steady potential difference across the
piezoelement.The average strain ¢ is given by

. AL,
€= I (50)

where AL, is the average change in length of the piezoelement and L, is the length
of the piezoelement. The potentiél difference across the piezoelement or the voltage
signal produced can be detected if a resistor is connected across the piezoelement
when the stress is removed. The voltage signal is proportional to the average strain
and it is also the first voltage signal of the transducer with an amplitude say unity.
After a time

tp = — ' (51)
where ¢, is the wave speed in the piezoelement, the stress signal reaches the opposite
face of the piezoelement. When the stress signal arrives on this face a second voltage

signal across the piezoelement is produced and it can be detected in this manner as

the first,
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It is important to mention that when the stress signal becomes incident on the
air-piezoelement interface, a part of the stress signal is reflected and the other part

is transmittted. The amplitude of the reflected signal is given by
Oor = Roo; (52)

where Ry is the reflection coefficient at the air-piezoelement interface which is de-

fined by
- Zp - Za

Ro= 770

(53)

where Z, and Z, are the characteristic impedances of the piezoelement and the air,
respectively. The quantity o; is the amplitude of the incident stress wave signal..

Also, the part of the stress which is transmitted into the piezoelement is given by

or = Too; (54)
where
27
Ty = ——E_ 55
°" Z, + Z, (55)

is the transmission coefficient at the air-piezoelement interface.

At the location z = L, , the reflection and transmission coefficients are given

by
and
27
T= gorr (57)

where Zj is the characteristic impedance of the backing.

The reflected stress signal returns to z = 0, where it is reflected with the
reflection coefficient Ry. This stress signal produces the third voltage signal at
t = 2Ly /cp. Other electrical signals may be produced by later reflections as shown

in Fig. 9¢. Since Ry and R, may have values between +1 and -1, many combinations
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of polarities may be found in the reflections. It should be noted that if the duration
of the stress pulse is longer than L,/c,, then overlapping of electrical signals may
occur. It should also be noted that L; is assumed sufficiently large so that during
the period of observation the stress signals transmitted through the piezoelement-
backing interface do not return to the interface. Therefore, the observed output
electrical signals from the transducer exclude the contributions from such signals.
If the impedance of the piezoelement is in excellent match with that of the backing
then only the first two voltage signals are produced.

So far, the discussion of the detection mechanism excluded the effect of the
variable cross section of the piezoelement on the amplitude of the stress signal as it
travels from one face of the piezoelement to the other; and hence on the amplitude
of the electrical signal produced by the transducer. The effect of the variable cross
section can be included by using the W K BJ approxmation [22] on the amplitude
of the output voltage if eqn.(49) is modified as

_ 2hostq r(z1) [(r2)ezp(—tr2) — (r1)ezp(—try)
Zy+ 2y, r(z2) T2 —T1

V() = (58)

where r(z;) and r(z2) are the cross sectional radii of the truncated end and the
base of the piezoelement, respectively.

Eqn. (58) suggests that the effect of the tapering of the piezoelement is to
reduce the voltage amplitude. Also, in the experimental study of wave propagation
in conically shaped isotropic rods (23], the authors noted that the average deviation
due geometrical spreading of a propagating wave through the piezoelement is 25%
when the transducer is operated within a frequency range of 200k Hz to 1000kHz.

Before concluding this discussion, it is important to mention that in practice the
voltage signals are recorded on an oscilloscope which is electrically connected to the
transducer through two electrodes deposited on the two faces of the piezoelement.
So, by modelling the piezoelement and backing as two capacitors connected in series,

one can say that the voltage signal observed on the oscilloscope is the potential
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difference across the two elements. A schematic of the electrical circuit representing
this model is shown in Fig. 10. The upper capacitor, denoted by C} represents the
backing and lower capacitor C}, represents the piezoelement.

The potential difference V), across Cp is given by

V,= 2 | 5
p CP ( 9)
and that across C} is given by
' | _ @
Vb = Cb (60)

where @, is the quantity of charge produced by the piezoelement due to the stress
signal and Qp is the quantity of charge induced on the backing. But the potential
difference across the two serially connected capacitors is the sum of these potential
differences. Therefore, the potential difference across the two elements is

_9p @
V“cp+cb : (61)

If the piezoelement is electrically matched, then Cp is equal to Cp and Q, is

equal to Q. In that case the total potential difference becomes

_ 20
V= o (62)

Also, if the oscilloscope is electrically matched to the transducer, then the voltage
signal observed on the oscilloscope is exactly that predicted by eqn.(62). This is

usually the goal in practice.
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GENERATION OF INPUT STRESS PULSE SIGNALS BY
QUASI-ELECTROSTATIC FORCES

Here the method for generating input stress pulse signals to the transducer
is presented. The source for generating the input stress signals to the transducer
is modelled as a recta.ngularv electric conductor C which is supporting an electric
current I. The surface area of the piezoelement of the transducer is modelled as a
conical surface which is located at a perpendicular distance z from the conductor.

A schematic of this arrangement is shown in Fig. 11.

When electric current passes through the conductor, electric charges quantity
of say —q are produced on the surface of the conductor. At the same instant
electric charges of opposite polarity of quantity +g are produced on the surface
of the piezoelement due to quasi-electrostatic induction. Due to the existence of
these electric charges of opposite polarity on the surfaces of the conductor and
the piezoelement, there exists a quasi-electrosatic force of attraction between them.
The magnitude of the quasi-electrostatic force acfing on the piezoelement can be
calculated if the magnitude of the electric field at surface of the.piezoelement is

known.

For simplicity, assume that the total charge on the piezoelement is concentrated
at its center P. So, the magnitude of the electric field at this point determines the

total electric field on the entire surface of the piezoelement.

In order to calculate magnitude of the electric field, consider that the point
P is located at a distance z along the z-axis from a rectangular electric conductor
of dimensions !/, and I, supporting an electric current of magnitude I. The zyz-
coordinate system lies at its center. A schematic of the conductor and the geometric
parameters of the point are shown in Fig. 12. The presence of of the electric current
in the conductor produces an electric field E. For clarity, the electric field E is

sketched separately in Fig. 12c.
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The electric field dE at a point P set up by a charge element vdz dy located

at point A on the zy plane can be written from Gauss’s Law as [26]
;
dE = ks—z'y dzdy , (64)
where § {in] is the unit vector pointing from A to P. The point P lies at a distance

s=+/z? +y? + 22 (65)

from the charge element at A. The quantity 4 [coul/m?] is the surface charge
density of the conducting plate, and k [N-m/coul?] is the coulomb constant which

is defined as
_ 1
- 4reo

, (66)

where €¢ is the permittivity of free space. Note that all letters in boldface are vector
quantities. The location of the charge element is known as the source point, while
the location at which the electric field is observed is known as the field point.
The resultant electric field E at P is the vector sum of the contributions of
electric fields from all the charge elements. Therefore,
+is/2 +1y,/2 8
E= da:/ dy kv . (67)
—1:/2 ~ly/2 s
By symmetry arguments, the z- and y-components are zero because of the following
reason. For every charge element v dz dy at location (z,y) , there is a corresponding
charge element at location (—z, —y) . The components dE, and dE, set up by one
of these charge elements are equal in magnitude but opposite in sign to those set
up by the corresponding charge element and therefore, they cancel each other. So,
the only nonzero component of the electric field E is E, .

The z-component of the electric field can be written from eqn.(67) as

1./2 +1,/2 a2
E=EFE,= 4kz'7/ d:z:/ dy (:z:2 +y? 4+ 22) . (68)
0 0
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The factor 4 in eqn.(68) results from the fact that f°_[°, =4 [> [>.

(a)

(b)

Integration of eq.(68) can be obtained in two major steps:

The y-integration: Integration with respect to y requires the following substi-
tutions:

y=vVz2+2z2tanu , (69a)
dy = Vz? + 22sec’ u (69b)

where u is the new variable. The new limits of integration u; and u, are

determined as follows:

y=0=>u; =0 , (69¢)
and
y=1,/2=>u =tan—‘——i”'_{3_ (69d)
Therefore,
/2 -3/2 Y3 -3/2
/ dy (2% + y* + 2%) = / du (\/ z2 + z’) [(z? + 2%) sec? u]
) 0
(69e)
Integrating the right-hand side of eqn.(69e) results in
Wil - 1 Iy/2
dy (22 +y2 +22) "% = y . (69
/0 y (2% +y* +2%) 22 + 22\ [22 + (I,/2)? + 22 (691)

The z-integration: Integration of eqn.(69f) with respect to z requires the fol-

lowing substitutions:

1 1 1 1
—_— - 70
(z2+22) 122 (a:+iz n:—iz) (70a)
vi=z+1tz , (700)
vp=z—12 . (70c)

The limits of integration are

z=0=>v1 =%z and vy = —tz |, (70d)
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and

z=1/2=>v;=(;/2) +12z and vy =(Iz/2) -1z , (70e)

Therefore, the integral of the right-hand side of eqn.(69f) becomes
l./2 . (1:/2)+sz
/ . 1,/2 i [/ dog L 1,/2
0 s

P+t e+ (/2?22 | i v1 /(o1 = i2)% + 27 + (Iy/2)?
(1:/2)—iz
+/ dv; 1 . ty/2
—iz v2 \/(v2 +12)2 + 22 + (I, /2)2
(70f)

Integrating the right-hand side of eqn.(67f) results in
/2 1 l,/2 1{n 2z 2l
v b () (4
/o ‘2t J@ 2t (1,2 2 [2 co\R) T\

where

A=2 [zﬁ +(1,/2)% + %”\/z’ +(12/2)? + (zy/z)z] . (T0h)

Combining eqns.(70g) and (68) gives

- 2,n-1 (22 2 201 (2=
E—2k7r'7[1 ﬂ_tan‘ (l,) 7rtan (A)} . (71)

Notice that as z tends to zero, £ approaches 2k7~, which is the electric field due
to an infinite plane conductor.

By definition, 4 is given by

v= (72)

2
A’
where ¢ is the total quantity of electric charge on the surface of the conductor and

A, is the surface area of the conductor. So, combining eqns. (71) and (72) gives

—okr L [1— Zian—t (22 _ Zpgnt (22
E—2k7rAc [1 ﬂ_tan (lz) ﬂ_tan "N . (73)

The magnitude of the quasi-electrostatic force F' and hence the force of attrac-

tion between the conductor and the piezoelement is given by [26]

F=—E (74)
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where ¢ is the magnitude of the total quantity of the electric charge on the surface
of the piezoelement and negative sign indicates attraction. The quantity ¢ is related

to the electric current by [26]

g=1It (75)

where I is the magnitude of the electric current and t is the time it takes to switch
on electric current to the conductor.

If the electric current is transient, then the electric charge is also transient and
so are the electric field and quasi-electrostatic force. Therefore, eqn. (74) can be

rewritten as

F(t) = —q(t)E(t) (76)

As a result of the quasi-elecrostatic force transient stress signal is generated
on the surface of the piezoelement of the transducer. The magnitude of the stress
signal which is denoted by oy(t) is the ratio of the quasi-electrostatic force and the

surface area of the piezoelement. Thus,

F(t)
i(t) = = 7
a(t) = 75 (77)
where A, is the surface area of the piezoelement of the transducer.

Combining eqns. (73) through (77) gives

2knI%(t) t? 2 _,(2z 2. _, (2
Gg(t) = —-TCAP—— [1 - ;tan (Z) - ;r-tan (7)] (78)

Eqn.(73) gives the final expression of the transient stress signal due to quasi-
electrostatic force.

Also, there is another quasi-electrostatic stress which results from electromag-
netic radiation when a transient electric current is allowed to pass through the
condutor. The contribution from electromagnetic radiation can be calculated if the

magnetic field at point P is known.
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The magnetic field dB at P set up by a current element K dzdy located at

point A can be written from the Biot-Savart Law as [26]

-

_ Bo¥ X8
dB—47r o Kdzdy (79)

where po [N/amperes] is the permeability constant in free space and K [amps/m]
is the surface current density. The unit vector ¥ points in the positive y-direction.
A schematic of the magnetic field is shown in Fig. 12d.

By symmetry, only the z-component of the magnetic field survives for field

points on the z-axis. So,

/2 ph/2 ; |
B=B,=4m;}:z/ da:/ dy (2% +y* +2%)/? (80)
0 0

Note that the integrals in eqn.(80) are identical to those of eqn.(67). After simpli-

fication, eqn.(80) becomes

_Kuo [, 2, (2) 2, (2
B = 2 [1 Wtan (l,) 7l_tan (A . (81)

Eqns.(72) and (81) represent the resultant electric and magnetic fields, respectively,

at a point P on the z-axis due to the electric current present in the conductor.

If the electric current is time-dependent, then both ﬁelds are produced; when
this happens, each field induces the other in space and as a result of their inter-
actions, electromagnetic disturbances are produced. The appropriate descriptive
term for such a disturbance is an electromagnetic wave. The electomagnetic waves

propagate with a velocity which is determined by
c== , (82)

where in air, ¢ has a value of 3 x 10® m/sec, which is the speed of light. Assuming
that the electrons composing the electric current travel through the conductor at

the speed ¢, then
' I
K=—=~c , (83)
I
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and so the electric field in eqn.(73) and the magnetic field in eqn.(81) satisfy
eqn.(82).

Since E = E, and B = B;, an electromagnetic wave propagates in the y-
direction, which is also the direction in which the electric current flows. These
electromagnetic waves are radiated everywhere in the air. The radiation pressure
due to this electromagnetic radiation is related to the magnitudes of the electric
and the magnetic fields by [26]

1 B2 €oE2
Pr-E(%'*‘ 2 ) , (84)

where F and B are the amplitudes of the electric and magnetic fields, respectively.
The factor of 1/2 in eqn.(84) is due to time-averaging. Substituting for £ and B

from eqns.(71) and (81), respectively, into eqn.(84) gives

. r 2. _,(22\ 2. _,[2:\]?
P,.—yoiz—z[l—;r—tan (l_;)_wtan (A . (85)

In time-dependent form, eqn.(85) can be written as

2 2
P, (t) = po II (;) [1 - %tcm"1 (-?E) - —f;tan’l (%)J . (86)

So by allowing transient electric currents to pass through the conductor, tran-
sient pressure (stress) can also be produced. The piezoelement of the transducer
which is assumed to be located at the field point P can also be excited by the
electromagnetic radiation.

Assigning the values of 100m A, 50ns and 6.35x10~4m to I(t), t and 2, respec-
tively, the quasi-electrostatic stress and electromagnetic pressure were computed to
be 54.2N/m? and 7.6x10"8N/m2, respectively. Therefore, it is expected that the.
quasi-electrostatic stress would dominate the excitation of the transducer. It should
be noted that the values of I(t), t, and z are typical values which will be used later

in experimental studies.
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EXPERIMENTAL EQUIPMENT

The equipment used for the generation of the input stress pulse signals and the
subsequent recording and processing of the transducer’s signals is shown schemati-
cally in Fig. 13". The equipment consists of a conducting plate (conductor) cut from
brass which is shown in Fig. 14 and the transducer (IQI Model 501) mounted on
the conductor through a non-conducting holder which is fabricated from plexiglass.
The holder allowed the spacing between the piezoelement and the conductor to be
varied from zero to about 1 in (25.4 mm), and it is shown in Fig. 15. Through
its electronic unit, the transducer is connected to a variable frequency (1 kHz to
1 MH?z) preamplifier (Parametrics Ultrasonic Preamp) of 40 dB gain with 80%
accuracy ( the 80% accuracy of the preamplifier was determined in the laboratory)
and connected to a variable frequency filter (AP-220-5). The output terminal of
the filter is connected to a digital oscilloscope (Nicolet 40944).

Pulse input signals to the transducer are generated by a variable (0 to 24 volts, 0
to 2 amps) direct current (d.c.) supply (Hewlett Packard 6284 A) through an astable
multivibrator. The electric circuit of the multivibrator is shown in Fig. 16. The
circuit consists of a timer (LM 555), two variable resistors, R4 and Rp connected
in series, an internal capacitor C; and an external capacitor C2. The output of the
multivibrator is connected in series to a load resistor R , which limited the output
current to a maximum value of 200 mA. 200 mA is the maximum electric current
which the internal circuit of the LM 555 can support. The load resistor is serially
connected to the conductor of negligible resistance (84 x 10~ (1), represented by
R,, in the circuit.

When powered, the circuit triggers itself and runs freely as a multivibrator. The
external capacitor charges through R4 + Rp and discharges through Rp. Thus, the
duty cycle of the circuit is precisely set by the ratio of the two resistors. During this

mode of operation, the external capacitor charges and discharges between 1/3V,

30




and 2/3V, where V, is the voltage of the electrical power source.

The charge time t; is given by [27]
t, = 0.693(R4 + Rp)C; (87)
and the discharge time ¢ is given by [27]
t; = 0.693(R5)C; . (88)
Thus, the total period T is given by the sum of ¢; and t2, that is,
T = 0.693(R4 +2RB)C2 . (89)

A schematic of the output waveforms from the multivibrator is shown in Fig.
17 . The output consists of pulse voltage signals. Each pulse has a width that is
equal to t; and is reproduced after zero time interval of ¢; . The amplitude of each

pulse-function is equal to 2/3V,.
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EXPERIMENTAL PROCEDURE

The values of the two resistors of the astable multivibrator were adjusted such
that the recharge, the charge and the discharge times were set at 23 us, 0.050 us and
0.45 us , respectively. Because the pulse input signals to the transducer consisted of
transient stress signals of both electromagnetic and quasi-electrosatic origins, the
lower part of the backing was shielded by covering it with aluminum foil. The shield-
ing was done in such a way as to expose only the surface area of the piezoelement
to the input signals.

At first, the transducer was mounted as shown in Fig. 11 at a spacing r = 0.025
in (0.635 mm) from the conductor. The pulse input signals that were generated and
the output (response) of the transducer were captured in the oscilloscope, which
was set at a sampling frequency of 50 M Hz (one sample per 20 ns) and recorded on
a data diskette. The output signals of the transducer were amplified 80 times a.nd
highpass filtered from 10 kHz prior to sampling in the oscilloscope. The highpass
cut-off frequency of 10 kHz was chosen to eliminate any low frequency noise that
existed. In order to ground the transducer, a single wire filament was taped onto the
lower face of the backing and stuck out from the holder such that when the electronic
unit was covered, the wire made contact with the cover and hence grounded the
transducer.

At each incremented spacing of 0.025 in, new measurements of the output

signals of the transducer were recorded.
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RESULTS AND DISCUSSIONS

Time and frequency domain representations of the outuput voltage signals of
the transducer in response to pulse input stress signals of quasi-electrostatic origin
are discussed here. Also, the changes in the voltage amplitudes of the output signals
in response to changes in the electric current input signals to the conductor as well
as to changes in the conductor-piezoelement gap spacing between the conductor
and the transducer are discussed. It should be noted that all voltage amplitudes of
the output signals are post-amplified signals.

One part of the discussion focuses on the time-domain output signals measured
at a spacing of 0.025 in (0.635 mm) between the conductor and the transducer.
The time-domain input and output signals are shown in Fig. 18a. The upper trace
represents the input signal, while the lower trace represents the impulse response
signal of the transducer. In both traces, the voltage amplitudes are represented on
the vertical axis, and time is repfesented on the horizontal axis. From Fig. 18a it
can be noticed that for each pulse input signal, there is a corresponding response
of the transducer.

For clarity, the expanded form of one step input signal and the transducer’s
response signal are shown in Fig. 185. From Fig. 18b, it can be observed that the
duration of the pulse input signal is approximaterly 500 ns. This short duration of
the input signals is desirable because it is less than the time t, = 572 ns, which is
the time required for the input signal to reach the opposite face of the piezoelement.
Also, notice that the highest peak-to-peak voltage amplitude of the response signal
occurs after time ¢, which is the time required for the stress signal to reach the
piezoelement-backing interface.

The negligible time-shift of 2.5 ns between the input and output signals is an in-
dication that the quasi-electrostatic forces act on the piezoelement within this time

frame. The transducer responds almost instantly to the resulting quasi-electrostatic
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stress that is generated by the transient electric current passing through the con-
ductor. During this time, transient electromagnetic waves are also produced and
the resulting electromagnetic pressure are radiated to the piezoelement. However,
it has been pointed out earlier in this report that the magnitude of the electromag-
netic pressure is much smaller than the quasi-electrostatic stresse. Therefore, the
excitation of the transducer is dominated by the quasi-electrostatic stresses. It is
important to mention that if acoustic and mechanical waves were generated during
the electrical interaction between the piezoelement and the conductor, the times re-
quired for the acoustic wave to transverse the conductor-piezoelement gap spacing
of 0.635 mm is 1800 ns while a mechanical wave produced at one end of the con-
ductor requires approximately 1022 ns to arrive at tip of the piezoelement. These
times were computed using an acoustic wave velocity of 344 m/s and a surface wave
velocity of 2175 m/s in brass. The fact that there are no response signals of the
transducer at these time-shifts is an indication that such waves are not responsible

for the excitation of the transducer.

Notice that the shape of the input signals is not a perfect rectangle, and hence
the response of the transducer is further complicated. The shape of the pulse
input signals may have been affected by the time constants of the load resistor Ry,

connected in series with the output of the excitation circuit R,, (refer to Fig. 16).

The other part of this discussion is devoted to the frequency domain of the
output voltage signals. Two typical spectra of one input signal and one output signal
are shown in Fig. 18¢. The spectra were obtained by a Fast Fourier Transform
(FFT) software program. The vertical axis of each spectrum represents the root-
mean-square (rms) of the voltage amplitudes, while the horizontal axis represents
the frequency in kHz. It can be observed from the plot that the dominant voltage
amplitudes of the output spectrum were obtained in a range of frequency between

200 kHz and 2000 kHz. Duke et al. [29] made similar observations when the
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same type of transducer was used for the ultrasonic characterization of composite
materials, in which they reported that the received amplitudes were dominant in a
frequency that ranged from 200 kHz to 2000 kHz.

Other characteristics of the transducer can be deduced from the output spec-

trum. These include the following:

(a) the characteristic or central frequency, which is often denoted by fo and defined
in [21] as the frequency at which the piezoelement oscillates freely with or
without damping.

(b) the quality factor @, which may be defined as a measure of the sharpness of
the resonance of the transducer within its flat sensitivity frequency response

range.

The central frequency can be deduced from the output spectrum (see Fig. 18¢c

(b)) to be approximately 600 kHz. The quality factor Q can be expressed as [14]

_fa—h
Q= N (90)

where fp is the central frequency, and f; and f; are the frequencies corresponding

to the two points of intersection of the line
V =0.707V, (91)

to the spectral curve, where V, is the voltage amplitude at the central frequency.
Based on the central frequency of 600 kHz, Q was found to be approximately,
0.625. This result is in good agreement with the claim by the manufacturer that
Q is less than unity.
The next characteristic feature of the transducer that can be obtained from
the output spectrum is the flat amplitude response range, or the sensitivity range.
In order to obtain this information, the voltage amplitude has to be converted from

its present units [volts] to decibels [dB]. In this report, the conversion was done
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by an FFT-LOG software program. The FFT-LOG program simply converts the
voltage amplitudes of the FFT plot to decibels by using the formula

1dB = 20log <;) , (82)
0]

where V represents the voltage amplitude in the FFT-plot, V, is a reference am-
plitude, which is assigned the value of 1 volt in the FFT-LOG program, and log
represents the logarithm to the base 10.

The FFT-LOG plot of the output spectrum is shown in Fig. 18d. The flat
amplitude response range is determined by the points of intersection of the line
defined by [14]

G=G.+3dB |, (93)

where G is the gain at the central frequency on the FFT-LOG curve. The line
defined in eqn.(83) intersects the FFT-LOG curve at two points corresponding to
frequencies of 200 kH zand 1280 kHz. Thus, the sensitivity range of the transducer
lies between 200 kHz and 1280 kHz. The manufacturer’s claim is that this range
is between 50 kHz and 1000 kHz.

One can also define the sensitivity of the transducer relative to the pulse input

voltage as [28]

(94)

R, = 20log ( voltageamplitudeof FFTplot )

pulse input voltageto conductor

where R, denotes relative sensititvity. Eqn.(94) was used to generate the curve in
Fig. 19, which relates R, to frequency in the region where the dominant voltage
amplitudes were received.

The results of the characteristic features of the transducer that are presented
here were found to be in good agreement with those obtained from the tone burst
characterization technique presented in Appendix A. Note that the tone burst tech-

nique is one of the standard characterization methods of ultrasonic transducers.
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As an illustration of the similarities in the results obtained from the two meth-
ods, consider the output spectra for frequencies between 0 kHz and 3000 kHz
obtained from the non-contact and the tone burst techniques, as shown in Figs. 20
and 21, respectively. It is important to note that the similarities of the two spectra
lie in their characteristic features over the frequency range and not in the values of
the voltage amplitude ratio, which are clearly much higher in the tone burst case
than in the non-contact case. This is because the stress input signal of the former
is about 400 K N/m? while in latter is only 54.2 N/m?. It is also worth mention-
ing that the frequency range between 0 kH2z and 3000 kHz, which is selected for
the comparison, includes the frequency range (200-2000 kHz) where the dominant
voltage amplitudes occur.

Based on the output spectrum (see Fig. 21) from the tone burst method, the

following results were obtained as the characteristic features of the transducer:

(a) fo was found to be approximately 580 kHz, which is about 4% less than that
measured by the non-contact method.

(b) @ was found to be approximately 0.85, which is about 36% higher than the
value obtained by the non-contact method.

(c) The flat amplitude response ranged from about 200 kHz to 1200 kH z, which
compares well with the range of 200 kHz to 1280 kHz that was recorded in
the non-contact method case. Therefore, it is justifiable to conclude that the
results obtained from the two methods compare favorably.

Having discussed the characteristic features of the transducer, it seems appro-
priate to extend the discussion to variations of the output voltage amplitude of the

transducer with respect to

(a) increases in the pulse input signal (the electric current I), and
(b) changes in conductor-piezoelement gap spacing. To do so requires knowledge

of the relationship between the stress o(t) exerted by the quasi-electrostatic
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forces on the transducer and the two parameters I and z. The expression for

o(t) [N/m?], given in eqn.(75), is

where k is the coulomb constant, which is given by
k=9x10°N -m?/C? . (96)

I is the electric current [amperes], z is the spacing [m], and A is given by

A= |2+ 020+ 22+ (/22 + (,/2)?] (97)
2

The output voltage amplitude was also shown to be related to o; (see eqn.(49))

according to

_ 20(t) hta [(r2) ezp(—trz) — (1) exp(—tr1)
V( ) - Za, + Z: [ 12'2 —T1 ] ’ (98)
where N
1 1 h2 2
TI’T2=—2RCoi[(2RCO)+RAP(Z¢;+ZP)] . (99)

The quantity 7 has unit of 1/s, the time ¢ and the duration t4 of the pulse signal
have units of seconds. The quantity h [volts/m]| is the piezoelectric deformation
constant, A, [m?| is the surface area of the piezoelement tip, and R [ohms] and
Co [farads] are the resistance and the capacitance of the piezoelement, respectively.
The characteristic impedances of the propagation medium and of the piezoelement
are‘ given by Z, and Z,, respectively. The propagation medium .is air and its
characteristic impedance Z, is approximately equal to zero [21]. All other constant
parameters of the tra.nsduc;.er entering eqn.(98) are listed in Table 1.

Eqn.(98) can be written as

V(t) = Colt) , (100)
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where C is the global constant which can be defined as

oo _2hts [(rz) ezp(—trz) — (r1) ezp(—trl)]

Zy To— 11 (101)

Combining eqns.(96) and (100) gives

V(t)=C'T? [1 - %tan_l <f—:> ~ 2ian (%)] . (102)

where C' is a constant of proportionality that is given by

2kn

c'=cC
A A,

(103)

Eqn.(102) shows that the output voltage amplitude of the transducer is proportion-
ally related to the square of the input electric current in the conductor and the
output voltage amplitude is related to the spacing of the conductor-piezoelement
gap through an inverse tangent function.

By choosing the value of ¢t equal to ¢, and by keeping z constant, plots of
theoretical and experiniental curves of V versus I were generated, as shown in Figs.
22 and 23, respectively. In Fig. 23, V is the measured peak-to-peak amplitude of
the output voltage signal of the transducer.

Similarly, by keeping I constant and ¢ equal to t,, plots of theoretical and
experimental curves of V' versus z were generated in the time domain as shown
in Figs. 24 and 25, respectively. In the frequency domain, the experimental plot
of V versus z is shown in Fig. 24. In the frequency domain, the output voltage
amplitudes were measured at the central frequency of the output spectra obtained
at the different spacings of the transducer from the conductor.

Notice that from Fig. 23, even though the square law which relates V to I is
not quite generated, there are similarities between this experimental curve and the
predicted curve in Fig. 22. The experimental curve is approximately linear. From

Figs. 24 and 25, it can be observed that the similarities between the theoretical and
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experimental curves are much closer. The drop in the voltage amplitude between
zero and one inch spacings is about 30% higher in the experimental curve than it is
in the theoretical curve. This implies that the piezoelement of the transducer may
not have been completely isolated from external interferences.

It is interesting to notice that the observed voltage amplitudes were the same
order of magnitude as those predicted by eqn.(98). For example, at a spacing of
r=0.025 in, the predicted value for V(¢) is about 6.350 mV while that measured
experimentally is about 5.625 mV. Therefore, the observed voltage amplitudes are

within 10% of the theoretically predicted voltage amplitudes.
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CONCLUSIONS AND RECOMMENDATIONS

A dynamic surface displacement transducer (IQI Model 501) has been char-
acterized by a new non-contact characterization technique. The technique involved
exciting the transducer by pulse stresls signals of quasi-electrostatic origin.

A theoretical model was presented which sought to predict the behavior of
piezoelectric transducers when they are subjected to transient pulse stress signals.
Also, the physical principle for generating the stress signals of quasi-electrostatic
origin was presented.

Experimentally, the quasi-electrostatic forces were generated by transient elec-
tric currents that were allowed to pass through a brass plate which was located at
specified distances from the transducer. The impulse response (output) signals of
the transducer were monitored using a digital oscilloscope from which they were
later studied in both the time and the frequency domains.

In the time domain, the highest peak-to-peak output voltage amplitude was
observed to occur approxima.tely after a time t = t, (t, = Lp/cp,, where L, and
cp are the thickness of the piezoelement and the wave speed in the piezoelement,
respectively). This is true for all the pulse input signals. The absence of any signif-
icant signals after this period for any input is an indication that the piezoelement
and the backing are in excellent impedance match. This observation supports the
reports in the literature that the acoustic impedances of the piezoelement (PZT-5A4)
and the backing (brass) differ by approximately only 1.7%.

In the frequency domain, the results derived from the spectrum of the output

signal of the transducer showed that

(a) the central frequency fo of the transducer was approximately 600 kHz;
(b) the quality factor Q was approximately 0.625;

(c) the flat amplitude response range was from 200 kHz to 1280 kHz; and
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(d) the dominant output voltage amplitudes were received for frequencies that

ranged from 200 kHz to 2000 kHz.

All the results compare favorably to those obtained additionally by the tone
burst method which is one of the conventional methods for characterizing ultrasonic
and acoustic emission transducers. This method is presented in Appendix A of this
report.

With the exception of the flat amplitude response range, which according to
the manufacturer is from 50 kHz to 1000 kHz, all other characteristic features of
the transducer are in good agreement with those claimed by the manufacturer.

Other advantages of the non-contact method include:

(a) the fact the experimentally measured voltage amplitudes obtained were found
to be about 10% less than the theoretically predicted values;

(b) the simple experimental setup which is both controllable and reproducible and
with fast repetition rate; and

(c) the low cost of the excitation circuit whose estimated cost together with the
power supply is less than 100 U.S. dollars. These advantages of this new char-
acterization technique of ultrasonic and acoustic emission transducers indicate
that the technique is reliable and has potential applications in sensor calibra-
tions.

In concluding this report, a recommendation concerning the design of the elec-
tronic unit of the transducer is necessary. The present design is very delicate and,
therefore, it is very easily disturbed or damaged. For instance, most of the electrical
contacts are exposed. It would have been better if the transducer were built as a

secure and sturdy black box.
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Table 1

Some Constant Parameters of Piezoelement ( PZT-5A ).

Quantity Name Units Value

h Piezoelectric deformation constant V/m 2.15x109

g Piezoelectric voltage constant Vm/N 24.8x 1073

d Piezoelectric strain constant C/N 374x10~12

Y Volume resistivity Qm 101

R* Resistance Q 100

Cg Capacitance pF 10.63

s* Surface contact area m? 7.00x10-6

€ Relative dielectric constant - 1700

g Mass density Kg/m3 | 7.75x103

Zp Characteristic impedance Kg/m?sec | 36.5x106

cp Wave speed ‘m/s 4350

Tc Curie temperature °C 365

* Calculated parameters from the geometry of the piezoelement.
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two parallel-plate capacitors connected in series to oscilloscope.
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Fig. 18 (a) Pulse input signals and impulse responses of transducer; and

(b) Expanded form of one pulse input signal and corresponding impulse

response of transducer.
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APPENDIX A
CHARACTERISTICS OF TRANSDUCER (IQI Model 501) BY TONE
BURST TECHNIQUE

One of the standard methods for characterization of ultrasonic transducers,
namely, the tone burst technique, is used here for studying the characteristic fea-
tures of a dynamic surface displacement transducer (/QI Model 501). The tech-
nique involves the use of sweeping time-limited sine waves of varying frequencies to
measure the ratio of the output signals from the transducer to the input signals. In
sgveral studies, including a recent study on piezoelectric transducers by Williams
and Doll [12], the use of the technique is presented in greater detail than will be

presented here. A summary of such detail can also be found in [14].
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Al TEST SPECIMEN, EXPERIMENTAL
EQUIPMENT AND PROCEDURES

Test Specimen

The specimen was transducer JQI Model 501.
Experimental -Equipment

A schematic of the experimental system is shown in Fig. A1. The system con-
sisted of a pulsed generator (Arenberg model PG — 652C) for generating the input
sinusoidal waves; a low frequency amplifier (Arenberg LF A 550); a transmitting
transducer (Acoustic Emission Technology, V112 longitudinal type); a transducer-
specimen interface couplant (AET SC — 6); a 10 inch-square aluminum (6061-76)
plate 1/8 in in thickness; a digital oscilloscope (Nicolet model X F44).

| One attenuator set at 10 dB reduced the input signal to 100 volts (peak-to-
peak) into the transmitting transducer. A second attenuator set at 20 d B, reduced
the 100 voltage amplitude of the input signal to 10 volts at the oscilloscope only.
The amplitude of the output signal from the receiving transducer was reduced by
a series of other factors including the geometry of the aluminum plate. The two
transducers were mounted face-to-face across the aluminum plate as shown in Fig.
. Al. The transmitting transducer was simply taped onto the plate with a scotch
tape while the receiver was placed on the opposite side of the plate. The weight
of the transducer IQI of 2.83 N acting on its piezoelemeﬁt tip area of 7x10~8 m?
provided a coupling pressure of 4.00x 105 N/m? which exceeds a saturation pressure
Of 2.5x10°N/m? which is defined as the minimum transducer-specimen interface
pressure which result;s in the maximum amplitude of the output signal, all other
parameters being constant [24]. Also, the combined weight of the aluminum plate
and the transducer of 9.5 N acting on the surface area 41x10~®m? of the trans-
mitting transducer provided it with a coupling pressure of 2.3x105N /m? which is

close to the saturation pressure.
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Experimental Procedure

The pulsed generator was set at a frquency of 200 kH z and subsequently incre-
mented in steps of 200 kHz up to about 3000 kHz. At each frequency increment a
sihgle 100 volt peak-to-peak tone burst was input into the transmitting transducer
and the resulting output signal from the receiving transducer was recorded on data
diskettes. The duration of the sinusoidal input signals was chosen such that output

due to to multiple reflections did not overlap.
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A2 RESULTS AND DISCUSSIONS

A typical stress wave sinusoidal signal transmitted into the aluminum plate
and the resulting received output signal as measured by the receiving transducer
are shown in Fig. A2. Spectral characteristics of the transducer can be obtained by
computing the ratio Ry of the received (output) signal to the input signal measured
at various frequencies and plotting the values of Ry versus frequency.

The ratio Ry can therefore be expressed as

Ry = (Z—:)f ; (A1)

where v; and v, are the input and output voltage amplitudes, respectively. The
subscript f denotes the frequency at which each measurement is performed.
Based on eqn.(A1), a plot of Ry versus frequency was obtained as shown in

Fig. A3. Some of the characteristic features of the transducer such as

(a) the central frequency which is usually denoted by fo,

(b) the quality factor denoted by Q, and

(c) the flat amplitude response range were deduced from the plot. The central
frequency fo was found to be 580 kHz while Q was calculated to be approxi-

mately 0.85. The flat amplitude response ranged from about 200 kHz to 1200

kHz.

Next, the phase angles between the input and the output signals were computed
and plotted versus frequency from 200 kHz to 2000 kH=z. This frequency range
was selected so as to correspond to the frequency range where dominant voltage
amplitudes were received by the transducer.

In order to calculate the phase angle between the input and output signals,
consider schematics of the input and output sinusoidal waves as shown in Fig. A4.
Assuming that the input wave has no phase shift, then the expression for the input
wave can be written as

vy =ay stnwt (A2)
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where a, is the amplitude of the input wave. Also, assuming that the phase angle
between the input and output waves is ¢, then the expression for the output signal

can be witten as

vz = az stn (wt — @) (A3)

where a; is the amplitude of output wave. For point B on the output wave the

expression for vz can be expressed as
va(o— + At) = a (A4)
2055 = az

where At is the time difference between the output and input waves or between

points A and B as shown in Fig. A4. Eqn. (A4) can be rewritten as
) T
az sin (w(% + At) - ¢) = ap (A5)
So, from eqn.(AS5), it can deduced that
T/2+wAt—¢=7/2 ‘ (As6)

Finally, the phase angle ¢(w) between the input and output signals can be expressed

as

d(w) =wty ,At =ty (A7)

where t2 [sec] is the time at which the output wave commences which is equal to
the time-shift between the two waves At, w [rad/sec] is the circular frequency of
the two waves and ¢(w) [radians] is the phase angle between the input and output
signals.

In the actual experimental measurements a phase angle between the input
and output occurs first of all because of the time required for the stress waves to
travel from the transmitting transducer through the aluminum plate to the receiving
transducer. Subtracting the first effect requires that t; be shifted backwards with
a time ¢, which is given by

te=ta—ts , . (A8)
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where t, is the transmit time through the aluminum plate.
With this in mind and based on eqn.(A7), a curve which relates ¢(w) to the
various frequencies was generated and is shown Fig. A5. Three observations can

be made from the plot:

(2) Within the flat amplitude response range of the transducer, that is, between
200 kH z and 1200 kHz, the phase angle varies between approximately +1 and
-1 radians.

(b) A phase change occurs at about 580 kHz which is within 80 kH z of the central
frequency.

(c) Above 1200 kHz, the phase angle varies between -1 and -3.5 radians. The
behavior of the transducer based on the above observations compares favorably
with that recorded for a standard conical transducer with flat sensitivity range
between 100 kHz to 1000 kH z as presented in a paper by Proctor {30].

An ideal transducer would have contant amplitude and constant phase within
its flat frequency response range. This is not the case in practice as is illustrated
in this study. The departure of the phase from this ideal value represents one
imperfection of the transducer and this is also reflected in the accuracy of the

transducer on measurements.
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Fig. A2 Input and output signals measured at 600 kHz center frequency.
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Fig. A3
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Fig. A4 Schematics of input and output sinusoidal waves propagating at
same frequency but with phase angle difference.
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