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ABSTRACT

A nethod for modeling a transduóer used in the study of acoustic

enission from materials trnder tensile stress is described in this thesis.

The rnethod involves the measurement of the ínput impedance of the trans-

ducer over' a tvide range of frequencíes from which one cisr.íves the

electrical elenents of the model. The mo<lel is then used in the electrical

analysis of the systen. As an illustrative example, the p::esent technique

is applied to deterrnine the electrical model of an actual transducer

(Dr.negan Research Corporation, single-ended model) used in the study of

acoustic emission fron Fe 3eo si specimens. This mcdel together rvith

the rnodel for the preamplifier used in the actual system makes possible

the conputation of tlie impulse response which relates the output tvaveform

and the output statistical properties to the input waveform and the input

statistical ProPerties .
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CHAPTER I

INTRODUCTION

The study of acoustic emission frorn materials under tensile stress

requires the use of the system sholn in Fig. 1. Such a system consists

of a píezoelectric transducer, a preamplifier, a wide-band amplifier

and a tape recorder to store the signal.

A
I Tension

Coupling Fluid

Specimen ->
Tape
Recorder

I
Transducer

Tens ion

Fig. 1. system used in the study of acoustic enission from materials

under tensile stress.

In order to be able to analyze the system by electrical network theory,

the modeling of the piezoelectric transducer by lumped passive electrical

components is required. Such attempts have been proposed by researchers

in the field of dynamical analogies, namely Mason il] - lzJ, Beranek [3],

Kinsler and Frey [4]. To summarize, a piezoelectric transducer is just

an electromechanical transducer for converting electrical energy into

mechanical energy, and vice versa. Piezoelectricity has been discussed

t

Preamp 1i fier
Wide band

Ampli fier



)

by Cady 15]. An electromechanical transducer

by a four-terninal network with tlo electrical

E and current I) and two mechanical output

velocity V) as shown in Fig. 2.

can be represented I ]

input terninals (voltage

termínals (force F and

åEl

Fig. 2 Four terminal electromechanical

attached acoustic load Zr.

network of transducer with

According to Kinsler and Frey [4], the equivalent circuit of the piezo-

electric transducer is as shown in Fig. 3 where Ro is the dielectric

leakage resistance, L the electrical equivalent of the effective mass

in vibration, C the electrical equivalent of the effective mechanical

compliance, R the electrical equivalent.of the mechanical friction

and C^ the electrostatic capacitance between the two electricalo*
input terninals when the crystal is not vibrating.

Transducer

Fig.3. Equivalent circuit of piezoelectric transducer.
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The magnitudes of Ro, Co, L, C and R depend upon the way in

which the transducer is bui1t. For some cases, these calculations are

easily made from the properties of the transducer Ll]. Methods of neas-

uring these equivalent electrical parameters involving only the measure-

ment of the impedance have been. described by various papers 16] - lB].

Thus it is possible to replace the transducer by a linear tirne-

invariant electrical equivalent circuit. The present thesis offers a

nethod of nodeling rvhich involves the measurement of the impedance over

a wide range of frequencies. From the nodel, possible applications are

derived by considering the overall transfer function of the original

systen which can be found by additional rnodeling of the preamplifier.

In other words, we are able to analyze the system by using the tools of

linear system analysis. From the experimental curve, we will choose

some particular points which deterrnine the possible values of the

principal païameters of the equivalent circuit. Different theoretical

curves derived froni these possible sets of r¡alues v¡i11 be compared, either

analytically or visual1y, with the experimental curve. IVe next describe

certain criteria r'hich help to select an acceptable curve and hence the

acceptable values for the parameters.

The second chapter deals with the nethod of modeling the transducer

and an actual transducer (Dunegan Research Corpo::ation, single-ended

nodel) is girren as au. example of application of the method.

The third chapter rvill deal with thc conrputation of the impulse re-

sponse of the systen lvhich one nìay derive t"hen the nodel has beeu deler-

mined. This is the nain purposes for obtaining a nodel of the trans<lucer.

Once the inrpulse response of the entire systent has been found, the unknot"n

input lvaveforln and its statistical properties may bc obtained flom the

obsen¡ed output w¿rveform ancl íts statistical propcrties.
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CI]APTER I I

METHOD OF MODELING

Input Irnpedance of the ELectr"LcaL ModeL,

In general, the dielectric leakage resistance

the order of tOL2 ohms) that we may neglect it.

input impedance of the rentaining circuit shown

(in

the

by

Ro is so large

The expression for

in Fig. 4 is given

(1)

[6]:

Z(iu) =

,+ jr[ ä þjlþBq
jtr:T

roiQ

Fig. 4. Simplified electrical model of the transducer"

where:

tr.tt-Yr ro - -Lr\ûJ ûJ /
p

C
or-c

us=ZTf ,

^1r --t zn Jfd

= 2trf
s

(series

o =2nfpp

resonance frequency)
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f-
p

Q=

hre note that Z(ju)

z(ju) = lz(r) I

A typical plot of

/0(tt) =R(¡¡)+ jX(ut)

lz (r) I , /0(u) , |(t:) and x(r¡)

t/
2rv

r¡L
S

R

1

LC
(1 . þ (parallel resonance frequency)

(quality factor)

is a complex quantity which can be written as:

lz c'l I

R(o)

lz*l

I

l

I

I

I

I

I

I

I

I

I

I

l
I

I

is shown in Fig. 5.

lz crl I

I

I

mf frequency

x (o)

0fu¡

900

frequency

rlr
I

I

I

I

I
I

I

I

I

I

I

tl

tal
I

I

I

I

I

I

I

I

I

I

I

I

Fig. S. Typicat plot of lZ(r)1, /O(,¡), R(r¡) and X(t^r) versus frequency.



6.

The plot of lz (r) | shoi"s a minirnum

frequency f,n and a rnaximum value lrrrl at

f-- and f- at which the impedance is purely
]1a

(1) , we expect that f, lies bettreen f* and

between f and fan
From an experirnental view, it is rather difficult to neasur" f,

and f-. However, since fr, fr, f" and fn are easily deternined,
p

a technique is used to derive the parameters R, L, C and Co of

tlre electrical circuit from the knoivledge of fr, fr, f u, frr, lz*l

and lz l.'n'
At this point, we note that the ¡nethod is only valid for a trans-

ducer r^rith an impedance which exhibits the approximate behaviour of the

curves shor+n in Fig. 5; in particular, the plot of lZ(r) | should

exhibit one nrinirnurn and one maximum like the one shown in Fig. 5. Hence

a plot of the input irnpedance as a firnction of the frequency is necessary

to guarantee the applicability of the method.

B. Deteztnínation f the paz'øneters

o il- --å and Kr
of the impedance,

(2)

value lz I at the

f . There are t\co frequencies
n

resistive. From equation

f and f liesT'p

Putting QI =

the absolute value

O^RQ

= +- in Eq. (1) and taking

we get

.aî
lr¡ t¡l
l___-P_l
lo t,ll
[p )

and

lz r'l I
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1')
LL

ûJ ûJ

-a 
s - 222

úJ(¡
S

t22\
aî lï.\-, t

l% 
(¡ 

I

zlzçull' ,o-' 
I 

o'
)

t.)

I zì f z 4 4l
- l^' þ! n2 Q2 . 1r^') - ; lR2 Q4 =

[ 'J I r r rl

x2
2

ûJ

lzç^712 =

K2*^ zez x2

f+

)) ) ) ?

z K-Q- ,! r- Q-

-2 *- z -
UJ û)

S (3)

(4)

lzr^l12 4^2
z' ql 

2

^' . 7). ,í q] - ,,' a?,

p

By nultiplying through by the denoltinator of the ríght hand side

and by using and
,r¡ R0

S.
r = K, we have after

2 .2ûJ l(
p

factoring:

f ^u 4. lzr^)12
OJ

p

grouping and

{r,,,,
t

- lz(r) l' ^o

))Byletting X=Q- and Y=R-,

(s)

the forntEq. (4) rvi11 have

AX-BXY*CX2Y=D

lrhere
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A - lz(') l' ,' o' zu2
2+ (.rJ

p

!=
22uJ u)

S

c- ;l,'_]

)r

t l^ z z-Z I ¿u ctrs -rL

r = - lz(r) lt ^o

We note that

li+It-
',1 rLC

$f
-P-= 

p -(rf
SS

2tt

zn l:.c

(6)

(7)

Thus

' u2-t .f,.-z-rrËr
s

Therefore A, B, C and D are function of lZ(r) l, fp,

Suppose we know fp, f, and two pair of values ¡¡Ztrr) l,
(l?ln), url), we then get two equations in two unknowns,

A(fp, t r, lz¡urr) l, urr) x-B (tn, tr, ¡ z {or) l, rr) xY*c (fn, r s, lzçrr) l, urr) x2

f and
s

tr) and

XandY

(r).

r*l
r

- ¡(fn,fr, I z¡urr) l,rr)
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A(fp,fs, lz(uì l,^)x-B(fp, rr, I z Qr)) l,^)xY+c (fn, fr, lzlur)l ,urr)xv2

- p(fn,fr,lzlur)1,^z)

or simply:

AtX-B'XY+C'X2Y=0,

AZX-BrXY+ CrxzY=D,

From (B) we have:

Dl - AlX
t = xre¡:q;

Substituting (10) in (9):

D1 -A1X ) D., -4] X

or* _ Bzx xTfr-r + crx" ilqx_Ð = D2

OI

(AzCr - 
^LC2)X2 

- (AZBr - AtUz * C1D2 - CZDI)X * (BrDr-BrDr)=0 (11)

recognize (i1) as a quadratic equation of the form:

(B)

(e)

We

( 10)

-px +q

pt

= 0. The solutions of tvhich are given by:

is equal to Q2, we ntust select the positive solutionSince

Q=+ {l- rr'ith X>0

By substituting the sanie solution in (f0):

(r2)



R=+ fl l.rirh Y > 0

From the definition of the quality factor Q, l're get

. Q.R Q.Rt. = 

-

" Zrf û)
SS

Thus

and finally

1

)
LLÙ

S

10.

(r3)

( 14)

( 1s)

( 16)C =rCo

We need to knorv f^, f* and tlopairs of values ¡lzturt) l, ,l) ands' p

çlzçur)|, ^) in order ro obtain Eq. (8) and Eq. (9). The procedure

used to find the four paraneters of the equivalent circuit is then a cut-

and-try technique, the steps of rvhich are given belol:

1" lVe obtain an experinental plot of the impedance of the transducer

as a function of the frequency by using an impedance meter.

Z. From the experimental curve, ne select the characteristic values

fm, fr, f^, frr, lzrl and lrnl.

3. We choose a pair of values (fr, tn) such that:

f <f <f ancl f <f <f-^n--s--r a- p- n

The chosen pair (fr, tr) and the ttr'o pairs of valucs (lz,rl, fnr)

and (lZrrl, fr_,) cletcrmine the coefficients of the equations (B)

a¡rcl (g) froni rr'hich r,;e can solve for a possible set of paranteters

R, L, C and Co.
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From this possible set of parameters, we plot the corresponding

fitting impedance curve.

We repeat steps 3 and 4 with another pair (fr, tn).

The selection of an acceptable fitting inrpedance curve is based

on the folloling criteria.

C. Cy"LterLa foz, the selection of an acceptabLe cu?Ðe

First, we attempt to calculate the relative error of the parameters.

From the expression (1), we can write the absolute value:

4.

5.

6.

I " ,rJ t'J-

lt * q' (- - å2J 't, (¡

lzcrl I

At u)=û) we have

I z ¡urr) I

then

I z ¡urr) I
-RQ=

t¡ RO
S.=- ûir

( 17)

(1 8)

(ls)

_RQ
r

rf o2c1 I 
ol c[ #,1'

'"alê+r),f, þ J,('. Ð ,û þ

1* Q2 c*ll(;- oJ'

1*Q2c\:l(f-#)'

(20)



1)

Repl acing by its equivalent (cf.(7)) we get:

lztor)l = n

Hence
a Iz {or) I

lziurr) I

ul=û):
p

lz tt,n) l=
^u)* e¿( P

' 'ûJ
e

ûJ
S.l

(,r) t
p

RQ2

(2r)

(22)

(23)

(2s)

the maxinum

AR

R

At

^û)
If O¿ GP' 'ûJ

c

(Note that

met) Tiren

(.l)

- -ålûJ'
p

(19) is satisfied

t, 
RQ

(¡r
p

üJ -^2 ûi û)S I{U .D S.
--r=ûJ r -(¡ ûJ-psp

l

I
^R 

ll I
u- ll='^ola-l=

(24)

if (24) is satisfied and that both are nornal l¡'

¡z irn) I

and

,.,2 _ lz(ru)l [_lr, -1,
x R l{-r?lLe '_i

If rve assume that tlie exact values

relatir¡e error of Q is

of f and f are knotr'i-i thenps

nlz¡or flsrll .' ll lrc,p)ll
Jl^,r¡,,o) I

il ,',t
(26)



(14

l*l

13.

(27)

From

From (15) and (16):

Fig. 6.

) we calculate the relative emor of L:

= lool .l43l -3¡¡lzro,)ll.r¡¡lzr'o)l I= 
l.l 

.lu-l =zl E,,Jl.zl8,,/ 
|

(28)

The relative error of C and Co may be calculated in another way in-

dependent of the conditions (19) and (24). l{e notice that at very lol

frequencies, the electric model behaves like C and Co in parallel
because R is negligible with respect to the reactance *t whereas

at high frequencies, it behave, fit" Co (Fig.'6 and ,rri'åj,

lz(r,)l = 7F-l==-t \ L' ' (Uo * C)(l)g (r + l)Co*

Electrical lr{odel at low frecluency.

rT-î
lzc%i I

lpl l*l l*l

1=-Curon

itig. 7. Electrical lr{ode1 at high frequetrcy



From these considerations

lo.l lo."l lnlzcu,u)l

l-l =lÇl =ltr(,,rt

we have

l^lz((,)h) ll

I E""r I

14.

(2s)

Fron this stuclyof relative erïor, we point out certain ciitical

regions of the impedance curve ç'hich would determine the error; they

are shown ín heavy lines in Fig. B. Regions I and II are critical because

the exact values of f, and fp, which are assumeed to be known, lie in

these regions.

lz crl I

Fig. B. Critical regions of the theoretical curve lZCtl I

frfn

An accePtable

critical regions.

to be a fraction

tolelance is

fitting curve must fit as

AZIf tl're tolerance 
Z

closely as Possible in these

of the fitting curve is chosen

tolerance then the overall
FE

À < 1 of the experimental

laIz¡o¡ | |

l_---l = (À+ 1)

I lzc't ll

If (30) is satisfied, then the relatir¡e erÏoI. of the acceptable pala-

(30)
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meters R, L, C and Co are given by (22), (27), (28) and (29) .

Holever, the behavior of the experimental curve may deviate fronl

the fitting curve outsicle those critical regions. l{e distinguish Ûr'o

CAS ES :

The transducer may have other modes of resonarce outside the

region of resonance. If these resonances are of minor importance,

i.e., they occur outside tire band of frequency of interest or

if the magnitude of the corresponding peak ís relatively smal1

compared nith the peak of the main resonance, the fittíng curve

is still satísfactory. An acceptable deviation is shown in Fig. 9

1.

lz crt I

Fig. 9. An acceptable deviatíolli Èþe experime¡ta1 curve'shotvn in solid line

and the fitting curve shotr'lt in dotted lilre '

The transducer nay have a stroi"rg node of resonance eiti'rer out-

side the critical regions oï near the region of resonance. In

that case, the proposed electlical model is no longer valid as

rvas pointed out eallier, An unacceptable der¡iatioi-l is shottn ill

Fig. 10 .

)
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lz crl I

Fig. 10 . An unacceptable deviation :

experimental curve shown in solid lines,

fitting curve- sholn in dotted lines.

. Thus, a visual inspection of the impedance curve is necessary. Two

or more experimental curves aïe said to be identical if they fal1 within

the limit of tolerance (30) over the critical regions and satisfy the

conditions of the first case; they are identical in the sense that an

acceptable fitting curve of one of them would give the same electrical

model to these curves.

So far, we have not discussed the relative error of f, and tn

Since they tie respectively in the interval (f*, fr) and (fr, frr).

Let us divide these intervals into p and q subintervals. From the

chosen p a¡rd gr ure may assign arbitrary fixed frequency errors Af,

and Af to f and f Here the use of the conputer is advantageouspsp
due to the nunber of repetitions of steps 3 and 4 which is equal to the

product pq. Since the pair (fs, tn) is chosen such that

f <f -f +mAf-<f-- with m=0, 1,...rP-m--s m s- T
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r
I

I

I

I

I

I

I

I

I

_-t

I

I

I

I

I

I

I

I

I

I

I

I

Yes
I

I

I

I

I

I

I

I

-J

yes

Fig. 11: Flow-chart of the computer program used in the fitting

Start

Read
f*'ft'fa'f'

lz,,.l , lz^l

Af Afs'

f =f -AfSMS

Calculate:

I z (r) ltheoreticrlvs 0D0 ls
¡ = 1rp

Calculate: QrRrL,C,r

for tlie chosen pair(f
,

i

s=fs+J^fq

f >f
ST

f >fpnf =f -Af

D04
I = 119 =f-+IAf

technique.
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f <fa- p =f +n^f <fa p- n

Single-ended trans ducer
(Dunegan Resea¡ch CorP. )

with n = 0, 1r.. ., e

A conputer florv-chart for steps 3 and 4 is shown in Fig. 11. Frorn these

p1ots, the proposed criteria r^rill help to sort out an acceptable fitting

curve which determines the electrical model.

D. IlLusl;Tatiue eæatnpLe

First, we attempt to find the electrical model of the unloaded trans-

ducer shown in Fig. L2. Such a transducer is used subsequently in the

systen shown in Fig. 1 for the study of acoustic emission from materials

rmder stress in the range of frequency from 100 KHz to 300 KHz.

Cable of
(Be ldo:t

Fig. 12, Unloaded transducer with connection cable.

connection
B2L6; RG-174/II)

To measure the impedance of the

in Fig. 13. Frorn the plot (Graph I),

153 KFIz. However it is an acceptable

cab 1e

used the set up shown

a rninor resonance at

the method is appli-

transducer, vJe

we recognize

deviation and

Tra:rs ducer
leiu 1et t- Packard
Vector Inrpedance

Frequency
I'le te r

F'ig. 13. Set up for the irnpedarrce neasureilent
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The characteristic values obtained from the impedance measurement

are:

f = 129.4 Y,JIz
m

f = 129 .7 Y'Hzr

f = 144 "7 Y',Hz
a

f = 145 .7 KfIz
n

z lzl=796Q
m'

t lzr.l = 15.2KCI

The accuracy of the Vector impedance meter is tSeo for the measured

impedance. The frequency is measured with the Advance tiner counter the

accuïacy of which depends on the drift of the interval oscillator of the

impedance meter. I{owever, the accuracy may be estimated to t0.1 KHz.

Hence we rnust fit our theoretical curve within !5% over the

critical regions of the experimental curve. Following the steps 5 and 4

and setting Âf, = Otn = 0.1 KHz, we found an acceptable curve (Graph I)

with:

f = 129.5 KHz
s

f = 145.0 KHzp

These values, together with the four abov" çlz,nl , lznl , fn, frr)

give the set of acceptable values:

R = 817 ohms

Q = 18.15

L = 18.3 mH
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C=83pF

C =315PFo^
LZI ,o.

-l 
- J'o¿ lpr

tet us check the

o',þ-
5

condition stated in

) 145
= (r8.1s)" (ffs

(24), we have:

129.5.2 -- -ffi)" = 77.7 >.> r
û)s-¿
(r) t

p

Therefore tuon (22) , (27) and (28)

ï*ï lïil Be

l*l =

II

lol ï*l l*ï 16%

It is understooci that the paranreters rnust be time-invariant; that

is, the impedance currle must be strictly icientical in<lependent of the

time we start the measurement. By strictly identical i'Je mean that the

curves falI rvithin the experimental error throughout the frecluency range.

This condition t'¿as satisfied by the measurelnent data'

For ps 5e; Si specinienS co¡nected to tþe transclucer as sirot^¿n in

Fig. 14, the neasurement of the impedance permits us to conclude that:

1

"z3

z Itil =16%I tztlI,,I
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+ o.o+',

Fig. 14. Dimensions of the fe 3% Si Specimen.

The impedance curve is time-invariant.

The impedance curve is strictly identical

of the sane size and of the same material

The impedance curve is strictly identical

not mount the transducer and the specinen

machine.

1.

2-

3.

if we molrtt specimens

on the transducer.

whether we do or do

on the testing

4. The impedance curve of the specimen is stríctly identical before

and after the test.

5. The impedance may not be identical according to the position of

the specimen with respect to the rubber shoe of the tTansducer.

6. The impedance may not be identical for different amounts of the

coupling fluid applied on the rubber shoe of the transducer.

The first conclusion is necess ary as discussed earlier. The second

conclusion may be drawn intuitively since al1 thíngs are equal' except

some slight difference in the preparation of the specimen, we must have

the sane curve. Similarly, the fourth conclusion follows since the

strain rate is very smal1. The third one implies implicitly that the



23.

transducer is clamped by the specimen. Therefore, mounting the specimen

on the testing machine does not make any difference in the impedance

rneasurement. The intrusion of the specinen hence reduces the effective

mass of vibration of the transducer. Thus the inductance L decreases

and we elpect a higher resonant frequency. Conclusion 5 and 6 suggest

that a smal1 amount of coupling fluid be used and that the transducer

should be in a fixed position with respect to the specimen.

The characteristic values fron the impedance measurenent (Graph II)

are:

f = 132.7 Y,Jlz lz I = 900 ohms-m'm'

f = I37 .6 Y'Jlz
T

f = 154.1 KHz
a

f = 157 .7 KÍlz lz I = I2.7 K ohns-n'n'

Following steps 3 and 4 and setting Af, = Otn = 0.5 KHz we found

an acceptable curve (Graph II) with

f = 134.2 Y',Hz
S

f = 155.I KHz
p

these values together with the four above (f*, lr*1, frr, lZrrl) give the

set of parameters:

R = 948 ohms

Q = 12.3
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We

Yl = 3eo¿ lpp,

nol check the condition stated in (24):

= (12.s)2 

[ ";

L = 13.8

C=L02

C =302o

Q2

9 48Q

rälä*r I iî

302pFTi2

nH

pF

pF

rc+ 12*_ltï þ,]'

therefore tuon (22) ' (27) and (28) :

l*l 
=lïil =8%

l-l 
-zïäl L6%

l*l l*l l*l L6%

Up to this point, the sytent shown in Fig.

Fig. 15:

= I2.7 >>

can be represented bY1

lape
Re corder

Loacled transducer

Fig. 15 Electrical model

Freamplifier
of the system shown

Anplifier
in Fig. 1.
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IVhere

I is the electrical analog of the mechanical force or of the acoustical

pressure.

Vt is the electrical analog of the velocity

vz is the electrical voltage at the output of the transducer

Zr* is the input impedance of the preamplifier

G(s) is the transfer function of the preamplifier

V^ is the voltage at the output of the preamplifier
o

K is the gain of the wide-band amplifier

In the following chapter, we will calculate the impulse response of

this system by first finding the transfer function:

v. (s)
zrr(s) = j6r, (31)

taking into account the possible loading effect of ZIN,

and then the overall transfer function:

V^(s) V2(s) vo(s)
r(s) = +Gt = Tftl- qGI = zrr(s) G(s) G2)

Irle note that the voltage fed to the tape recorder is an amplified version

of Vo. Finally we wíl1 consider applications rvirich one may derive fron

the impulse response.



A. Tnansfer functíon of the

For the model connected

circuit (Fie. 16):

27.

eLectrLcaL model

to the preamplifiel, we have the folloling

CHAPTER III

IMPULSE RESPONSE OF THE SYSTEM A}{D ITS APPLICATIONS

Fig. 16. Circuit used in the calculation of Zrr(s), taking into account

the loading effect of Zln

Using method,

Y+

n the frequencY domain:we can rvrite i

; I[;:',]

the node analYsis

l-'t'rl_[-..'
L'l i_-Y

where

=Cs+Gooo

Solving for v, (s) and V, (s) ,

GY*GYo*YYo

.=*t Y _1=it
-1')Ls+ ¡; ¡çs-+1

^1.\l' o ¿IN

Yz

I=

we obtain

( 33)



1A

vt
I

Y+Y
GY

(34)

o

can be

v2 (s)

r [s.)

+GY +YY
(34)

(3s)

(36)

(37)

(33) and

o

written explicitly:

Cs

zrr(s) E 3 * A.rr2 + Als +

+Brs+Bo

A3t

urr'

ô
o

v, (s)

Täl-=R+

where:

1)Ars"+Ars"+Ars+Ao

A^=LCGG +CC¿ooA-
J

At

= LGCC

=GC

5

GC+GC
o

t

A =GG^OU

B, = -RG.C ;B2=

o

-RCC o
=Q

We consider the following cases:

1. Tþe inpu! ímpedance -of the preamplífier is very 1arge.

This statement is essenti-a11y equivalent to saying that

Then

Yz

t'+lCC)s+GlC+C')-o-

CCs
o

(LGCCo)s2 + (CoC)s + G(c + Co)

=QG
o

vt
i

(LGCCo) s

.RI

It is interesting to put (37) in tl.ie folloning form:

(38)



BIÇ2,1 L

1

ILC-
{eq

(Note that ,r, here does not denote the angular frequency at which the

impedance of the transducer is maximun)

Ç and r' are knoln respectively as the damping factor and the undamped

frequency of oscillation of the second older system defined by (39).

Tlrree other quantities are derived from Ç and ,r, [9.], they are:

)a

where:

T=

(¡=
n

uJ =û)on

a=

(¡
nax

The unit intpulse

Then

[s * Ç^nf'* [0n 12

(40) with a"O

(3e)

CC
o

d;-i- (41)
o

Yz

T ,þ-7LC

=û)=p the paral1e1 resonance angul¿¡ frequency of the

transducer (42)

I
z€

=û)n

Ç2[ - Ç" (damped frequency of oscillation)

(Figure of merit of the circuit)

(Frequency

maximum)

at rvhich the transnission is

(43)

(44)

(4s)

be found by settine I (s) = l.response of the circuit can

R/LCo
vr(s) =

-2[s + Çidrr) + l¿¡-n

which corresponds in tire time clonain to

(46)



Rv.lt) = IC ã- exp
oo

( - çrrrrrt) sin fu¡ t)-o u (r)

s t-n

30.

(47)

(48)

(4e)

0n the other hand,

vr(s) = ft
R/L Ij

,", 

]",.,

to

l- ûr

l.orrot-6#t_o

I_
(0n )2l,- I

uurit step function.

) Transfer function of the model for Go = G(trr)

input impedance

shown in Fig. 17

(s + furrr)2 +

the time donaín

a
DL

i- "*n 
(- 6ont)

which corresponds in

= ]ìCi (r) +

where u(t) is the

2
^ (.¡.)

1+Çt+exp(-
ÛJ

o

rot)sinft¡t-'fL' -o
-f(¡

cot-r;3)"Ctl
o

R2 I

L{

Actual1y, rue found that

frequency dependent. The set

input impedance:

l (]KJã

the

up

of the preamplifier is

was used to measure the

scilloscope
extronix4q3

Rl'{S l'{eter
ilP 400 rl

rrequency )ììeter
Advance TC9B

P reatnlr
s/ D- b0

N{arconi
0s ci I lat
TF- 210:i

Fig. 17. Set up for the input impedance tlleasurement.



The input impedance 15 g]-ven

Yzg
ZIN = 10 KCI Vtr- vzu

V^ is the measuredvoltage at B when the switch A is open, and

VrU is the measuredvoltage at B when the switch A is closed.

where

A plot of Zl¡¡ is given in Graph III.

Another plot of Zl¡l where the magnitude

Using Boders design method [10] we obtain

input inpedance:

31.

(s0 )

in dB is given in Graph IV.

approximate model for the

(s 1)

(s2)

by:

1S

an

*0r?
ZIN = 1B'9 KCI (-)-

t2

+ ZÇrurs + ul

s2 + z4rurs 2*11

wkrere

u, = 2r(I5o Ktlz)

u, = 2r (3oo KHz)

61 = o'45

Ç, = o'50

,*
A plot of lzr*l is given in Graph IV.

From (51) r{e can write

., 6.> .>

A - ^ " (-:\"^ - r B. gle trr'where
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34.

D = ZÇrr,Ð,

n = 2Ç2u2

Substituting (52) in (35) and (36), we get

Vr(s) c'¡'2 + Ps + Q)
zrr(s) = i;l- (s3)

V1 (s) Fos4 * FrrS * Frsz * Frs + Fo

+_ =R+ (s4)
ltsj Hrs5 * Hosa + HrsJ + Hrs¿ + Hrs + Ho

where H, = LGCC.

H4=LGCCoP+CoC+LCGA

Hs = LGCCoQ * cocl + LCGAD + G(c * co) + cA

H, = C.CQ + LCGAE + G(C * Co)P + CAD + GA

Ht=G¡C+Co)q+CAE+GAD

H =GAEo

FO = - RCC.

Fg=-RC(A+CoP)

FZ=-RC(C.Q+AD)

Fl = - RCAE

F =0o

..)

=tl

)
=12

t

t



35.

With the typical values in Fig. 15, tve plot the transfer impedance

lzr.r(s)l for the three follolving cases on Graph V:

a) Go = 0 (curve 1), i.e. with no loading effect

b) Go = G(ur) (curve 2) , using the experimental value of Z'q

Ic) Go = -i- (curve 3) , using the model for the input impedance ZIN
oIN

using,respectively,expressions (37), (35) and (53). We notice that at

high frequency, their behavior is identical; i.e.,

\/'2 R
) aS S ->co

t LCs-
o

Graph V shols that in fact the three curves start to coincide from 500 KHz.

On the other hand, curve 2 and curve 3 ate lvithin 2CB in the range

100 KHz to 300 Kllz. This error is due the modeling used for the input

inpedance Zf¡i. Obviously, we need a rnore elaboïate model for better

accuracy. However, for practical purpose, the model is judged satisfactory

since the resulting impulse response will have only a slight error in

the time domain.

Setting I(s) = 1, (53) and (54) can be written as

5 K.
v2(s) =.1- ;=

1=I l-

1
J

q, c
1

Vi(s) = R +

a

5

I
=f

(s s)

where

( s6)
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37.

<L7)
s. are tlìe roots of the polynomial HUs"+HOs'+l-lrs-+FIrs"+l{rs+Ho,

1-

K. are the residues of (53) at the poles ti and
].

J, are the residues of the second term of (54) at the poles s..-1 I

In the tine domain, we have

5 s.t
vr(t) = . I- *i" 

t
- i=l

vr(t)=Rô(t).; Jr"tit
i=l r

3. Numerical Applic.ations

Using the model of ZfN and the values for L, C, Co and R,

the roots of the polynomial

+ 0.172 x 101s + 0.198 x 106

are found to be (using the IBlr{ 360 computer)

'1=-o'125x106

,2= -0.429 x tos - j 0.956 x to6

ts = E2 (conPlex conjuguate of tz)

,4 = -o .r22 x ro7 - j 0.152 x to7

t5=!4

And the residues:

(s 7)

(sB)

0.44g * 10-2415 + 0.119 x 10-17s4 + 0.237 x 10-1113 + 0.743 * 10-512



zo

K1 = - o'2gr x lo8

K2 = 0.477 x L07 * j 0.101 x 109

x, = k',

K4 = 0.980 x ro7 * j 0.177 x to8

Ks=R4

Jl = o'350 x 106

J2= - 0.320 x 108 * j 0.406 x 106

J-=J^
5¿

J4= - 0.706 x ro6 - ¡ 0.242 x 106

Js=J4

Hence we have from (57) and (58):

tvr(t) = { -0.291 x 10t "*n(-0.i2s x to6t) + 2 expG0.4zs x 105t)x

t

2 exp(-0.r22 x toTt) . 
E9B0 

x 107 cos(0.1s2 x toTt) + 0.177 xI0B

sin(o. r52 x ,r'rl l u(t) (se)
')

þ.on x I07 cos(0.956 x ro6t¡ + 0.101 x 109 sin(0.956 x toud +

turd



39.

948 6 (t) + t06 exp(-0.125 x ro6t) + 2 expG0.42g x tost)

x 108 cos(0.956 x ro6t) + 0.406 x 106 sin(O.956

2 L22 x 107 x 106 cos (0. 152 x to7 t) -0 .242 x 106sin

(0.152 x u(t) (60)

While from (40), (42), (43), (44), (4s), (47) and (49)

6 = 0.035

tùn = 2î x (155 KHz)

uto = 2'tT x (154.9 KHz)

2r x (154.8 KHz)

v, (t) =

{0 
,,0 .

X ,. ,ou.l +

l,. [,,,,

f, ,,,

exp 
F

,rt.ll

ûJ=
max

Q = I4'z

vr(t) = .234 * 1012 exp(-2n x 5.42

vr(t) = 948 ô(t) 106 exp (-2r x 5.42 x roSt) x

x tost) sin (2n x 154.g x loSt)u(t)

(61)

.i,,,.

'l| ""'[."' 
(2n x 1s4.e x rolt) 0.035 sin(2n x 154.9 4' 105

(62)



Plots of (59), (60), (61)

are shown on Graphs VI an

of these plots are propor

For purpose of convenienc

currerìt impulse equal to

From those plots we

decay of the envelop, is

pei:-oa of the waveform is

For an irrput current

dissipated across the res

input of the preanplifier
,6t)

_ I vi(t)dt
Fl rRrl

J__

,ó)
I v|(t) dt

Fl"2 | R

J__

40.

and (62) for t varying from 0 to 50 Usec

d ViI. Since the system is linear, the nagnitudes

tional to the magnitucle of the input impulse.

e hre assume arbitrariJ.y for these plots an input

1 uA.

note that the time constant, i.e., the rate of

approximately equal to 28 ysec while the pseudo-

6.5 Usec

impulse equal to 1 UA, the energy Et

istor R and the energy EZ appearing at the

are given by

(6 3)

(64)

Inspection of (t53 )an¿ (6)+ )after substituting for vr(t )ana vr(t )usins

(59), (60), (6I) and (62),tells us that these integralscan be written
ræN N A.o. + B.ûJ.

intirero'*f.;.lA.e-oitcoSûJ.t*B."-oitsint¡,t).dt=i!1{ff)
Jor=I -1 1 ' oi" *ri

rvhich is cJ.early çonvergent. Using nurnerical values, we found:

a) Por G =0'o

E,= 32'5 uJ

E, = 418 UJ

(6s )

(66)
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b) For Go = 1/Zr*

E, = 25'3 uJ

E, = 248 lJ

43.

(67)

(68)

Bs3
(s+s6) (s+s r) (s +s 

u) 
(s2 +2Çus 

us*s|)
(s2*ze rr rsorl) 

g2+zlrsur*,!)

(6e )

= 2'tT x (105 KHz)

We note that these quantíties are proportional to the square of the

intensity of the input current inipulse.

B. IrnpuLse Response of The System

In order to calculate the inipulse response of the system, we need to

knorr, the transfer function G(s) of the preamplifier. A methocl for the

gain and phase measurement of the preamplifier is shown in Fig. 18. The

. rvo(ul), ,o^gain l%.6¡t is plotted on Graph VIII and the phase difference /-2 -

A

t9 is plotted on Graph IX.

A model for the transfer function is required. Using Boders design

principles [10], hte suggest the follorr'ing expression:

V ls)
G(s) = tþ =

where

t6

t7

so
o

= 2'fi x (320 KÍIz)

= 2'ït x (750 Ktlz)

Ç6

Ç7

Es

VIIi

= 0.35;

= 0.35;

= 0.60; B = 2000 x 0.7 x 1039

These values are

nlque.

derived from Graphs and IX using a cut-and-trY techr
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The accuracy of the phasemeter ís 2". The plot of the phase of

(69) shows a maximum deviation of 6o. However, the moclel is judged

satisfactory since the plot of the gain of (69) is within 0.s db in rhe

passband region. Therefore the overall transfer function is given by:

v^ (s) V2 (s) vo (s)r(s)=iÐ-=ilt-'fu=zrr(s) 'G(s) (70)

tt¡here:

zrr(s) and c(s) are given by (s3) and (69).

Expressing (70) in dB, we have

20 ros lrfir) I = zo roe lzrr(u)l + z0 roe lc(ûr) I
(7r)

Graph X shows the frequency response of the system with the amplifier

excluded.

Setting I (s) = 1, we can write
1'4 L.

Vo(s) = Zrr(s) c(s) = 
,1, + (72)

where all the ri are already given and Li are the residues of vo(s)

at these poles

In the time domain, we have

T4

v^(t)= I L."*tit- i_l -i (73)

Solving for Li and grouping complex conjugate terms, we get

vo(t) = 0.268 x 106 exp (-0.2 wt) - 0.217 x 109 exp (-1.05 wt)

+ 0.367 x 109 exp (- 3.2 wt) - 0.112 x 108 exp (-7.5 wt)
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+ 2 exp(-0.068 wt) 
[ 

rm x 108 cos(1.52 wt) + 0.118 x 109 sin

+ 2 exp(-1.94 wt) 
F.r=, 

x 107 cos(2.43 wt) + 0.e45 x 108 sin

+ 2 eV(-0.367 wt) 
[r.rr^ 

x 10e cos(o.e8 wt) - o.2s4x 108 sin

+ 2 exp(-l.r2 wt) 
[.rr* 

x 108 cos(3.0 wt) + 0.160 x 108 sin(S.

+ 2 exp(-4.5 wt) Ç.orrx 107 cos(6.0 wt) + 0.149 x to7 sin(6.0
L

52

4s

9B

,t)

3

8

1

l.

)

0.

h

wt

w

,t

(r

(2

(o

0

.{

,.,.1

,,.1

where

w=ZTtx105
(7 4)

Setting the input current impulse equal to 1 ltA, we plot the impulse

response for t varying fron 0 to 50 Usec on Graph XI. Fron the p1ot,

we see that the pseudo-period is about 7 ¡tsec and the tine constant

approxinateLy 25 Usec.

Since the amplifier has a wide bandwidth, we assume that the wave-

form of the impulse response of the system shown in Fig. 15 will have

the same shape as vo(t) but a higher magnitude due to the gain K of

the amplifíer. Therefore, the pseudo-period and the time constant of

the impulse ïesponse of the system will still be the same. A number of

possible applications will be deríved next from the lcnolledge of the

impulse response vo(t) .

C. AppLications

1. Sensitivitv of the transducer

From the photographs of the actual test on the Fe 3% Si' specimen,
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we notice that an acoustic emission is observable if j.ts 1eveI is higher

than the background noise of the preamplifier estirnated to be equal to

5 Uv at the input of the preamplifier therefore an acceptable level for

an acoustic emission would be 10Uv per example. From the plot of vo(t),

such a 1evel is generated by a current impulse of intensity
_q _^

10v- x 10 " A -^_I33.6x1_u A

160 v

1n

If by some method we are able to calibrate the transducer, i.e., to find

the transformation factor relating the mechanical force to the electrical

current, this quantity tvould give us the mininlum strength of the

force impulse rvhich produces anobservable acoustic emission.

Input and O.utput l{aveforms

Fron what iras been shottn, we caf,l sirnplify the overall system shown

Fig. 15 by the foLlowing (Fig. i9)

Fig.19

where

Simplified model of the system.

i(t) is tlìe input current which is the electrical equivalent of the

input force.

l( v tt')o'-

Kv-(t') = v^^(t) is the overall intpulse-response and
ot / oo-'
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(7s)

This convolution integral in the time donain corresponds to a multi-

plication in the frequency donain:

Ëored on tape.

[11], knorvledge of y(t) and voo(t)

y(t) is the output waveforn s

From a linear system point of view

leacls to knowledge of i(t) since

f-y(t) = | i(tl) roo(t - tr) d.r
IJ_-

where

Y(s) = I(s) Voo(s)

Y(s) is the Laplace transforn of y(t),

I(s) is the Laplace transforn of i(t), and

Voo(t) is the Laplace transforn of uoo(t)

Fron (76), we obtain

(76)

(77)r (s) = +g+=too' '

The inverse transform of (77) will give i(t) in the time domain which

is the input waveform corresponding to the observable output lvaveform.

Observed output waveforms resulting from the acoustic emission frout

Fe 3% Si specimens under tensile stress are shoir'n by tire photographs A,

B, C and D on pp. 54-55.

From these photographs we may deduce that

a) The input waveform is a sequence of sh.ort pulses (i.e. transient

waveform approaching an irnpulse) of random amplitude occurring

at rardom time.

b) A main event ntay be acconipaniecl by secondary events. llle nlay
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visualize this fact by consideríng an acoustic emission from

a randorn source shown in Fig , 20, the secondary events result

from multiple. reflection and refraction as shown in Fig. Z0, A

possible corresponding input waveform could be the one shor+n

in Fig. 2I. Note that a maín event may be by itself a super-

position of simultaneous main events which come from other

random sources for example.

c) Hoh/ever, if it. happens that the secondary events are of rninor

importance, i.e., the first pulse corresponding to the main

event is much greater than the accompanying pulses, in that

case

Trans ducer
coupling fluid

spe cimen

random source

Fig. 20. Multiple reflection and refraction of an acoustic emission

A possible input waveform corresponding

in Fig . 20,

Fie. 2L to the acoustic emission
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Photograph A: Actual output waveform

60 Uvlcn

50, Usec/cm:' .. -:\ì: .:.

Observed output
emission _ from
Stress.

waveforms îesulting
Fe 3% Si specimens

from the acoustic
under 'tensile

Pho.tograph B: Acüua1 output waveform

20 psec/cn

60 Uvlcm



Photograph C: Actual Output Waveforn

55.

60 pv/cm

20

, Ie.lu.lfing. from the àcoustic
sþeiínenSr:url¿er. tensi le stress .

Observed output
emission from '

waveforms
Fe 3% S'i ','

Photograph D: Actual output waveform

20 psec/cm

60 uvlcm
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we may count it as a single event. This assumption rvill perntit us to

check our electrical nodel. Froni photograph (A) we notice that the rate

of decay of the two darnped waveforms is approxinately equal to 25 USec.

The same value is obtained from the second damped tuaveform starting at one

division to the left of the vertícal center line of photograph (B). Photo-

graph (B), (C) and (D) show us a pseudo-period which is approximately

equal to 7 Usec though some portions of these have a greater period rvhich

is due to a possible superposition of overlapping waveforlns.

These values do check with the theoretical values we have found

earlier. Therefore, they confirm our model favorably.

3. Input and 0utput Statístical Propergies

From the previous deductions, we expect that the acoustic emission is

a stochastic pr:ocess. The study of such a process requires the determina-

tion of the statistical propertíes of the input as well as of the output.

Knowledge of voo(t) will gene ralLy enable us to find the statistical

properties of the output fron the statistical properties of the input.

(As an illustrative example, one can refer to the shot noise problem

which has been solved by Rice [12],Laning and Battin [i3]). We consider

the converse since the. statistical properties of the input are unknoln.

In the frequency do¡nain rve have the folloir'ing relation [1a]:

crr(o) = lvoo(r) l2 c**(o) (iB)

and G**(ai) are respectively the spectral density of the

the input waveform. Hence, it is possible to find Gn*(r)

and voo(t). Then one may derive the autocorrelation function

inverse Fourier t::ansform of the spectral density; the ntean

nìean s(luare value can be founcl fron tlrc correlation function.

rvhere G lolvv-'
output and of

from G lo)
vy'

by taking the

value and thc
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But the probability density of tire input is in general difficult to find

from tlie probability densit¡, o¡ the output.

If the i.nput r{aveforn is a sequence of short pulses, then we rnay

use an envelop detector to count the rate of occurrence of these pulses.

This technique has the following drawbacks:

- If the interval between tlo pulses in too small, i.e. much smaller

than the time constant of vo(t), the resulting output waveforms

will overlap and the count may be taken as one single pulse.

- The diodes used in the envelop detector are not ideal and as a

result low level signals are eliminated.

Obviously, the input waveform may be nore complicated and one nay

expect tirat in general the process is not stationaïy which makes the

determination of the statistical properties noïe difficult. In fact,

Bendat and Piersol [15] point out that a totally adequate methodology

does not exist as yet for the analysis of all types of nonstationarl'

ðata. Since the statistical properties of'the process a::e time-dependent,

this situation would require on-line computation technique for the

probability density function, tire autocorrelation frurction and the poi,ver

spectral density function.
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CI-IAPTER IV

CONCLUS IONS

A method of modeling a transducer used ín the study of acoustic

emissíon from materials under tensile stress has been presented in this

thesis. First, we measure the inpedance of the transducet: over a wicle

range of, frequencies and then use this experimental data to solve tlo

nonlinear equations r,¡hich determine the model pararneters. As an i1lus-

trative example, we have applied the technique to determine the electrical

nodel for an actual transducer. The result is quite satisfactory since

the fitting impeclance cuïve closely approximates the experimental impedance

curve (Graphs I and II).

The vali-dity of the technique is subject to a constraint, i.e., the

transducer must not have other modes of resonance near its main resonance.

This constraint is not important in practice since tra¡.sducers are de-

signed such that their principal mode of Tesonance is well isolated from

the other possible modes in the frequency band of interest. Thus in our

pïesent study, we have neglected, for example, minor resonances rn¡hich

occur outside the band of frequencies 100 KI-lz to 300 KHz. 0n the other

hand, tt¡.e accuracy of the acceptable model could be irnproved by ¡¡e1'"

accurate neasuring equipment. lr4odeling the input impedance and the

preanrplifier permits us to calculate the impulse response of the system

ruhich in turn alloir's us to calculate the input rvaveform from the observed

output rraveforrn. For example, the input waveshape and the input statistica.l

properties rnay be obtained from the output waveform and fron the output

statistical properties once the inpulse response has been founcl. In

particutrar, tìre pseuclo pcriocl and the tinte constant of the calculated



59.

impulse response agree favorably with the actual output waveform. Thus,

the present nodeling method proposed can be applied adequately to signal

analysis of the system.

However, sone problems remain to be considered: such as the in-

vestigation of the statistical properties of the output waveform, the

investigation and the interpretation of the input waveform in terms

of the physical behavior of the naterial in the specimen and the in-

vestigation of a possible relation between certain statistical properties

of the output and the strain rate. Further, we would suggest the investi-

gation of the possibility of generating an acoustic random white noise

or pseudo random binary sequence in order to determine by a cross-correlation

nethod t16] the impulse response of the system without requiring a circuit

model for the preamplifier. Finally, the development of a method to

determine the transformation factor between force and current intensity

for the transducer should be considered; since the current source is the

analog of the nechanical force, such a determination would 1et us to

interpret the results either in mechanical units or in electrical units.
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