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ABSTRACT

A method for modeling a transducer used in the study of acoustic
emission from materials under tensile stress is described in this thesis.
The method involves the measurement of the input impedance of the trans-
ducer over a wide range of frequencies from which one dsrives the
electrical elements of the model. The model is then used in the electrical
analysis of the system. As an illustrative example, the present technique
is appliéd to determine the electrical model of an acfual transducer
(Dunegan Research Corporation, single-ended model) used in the study of
acoustic emission from Fe 3% Si specimens. This model together with
the model for the preamplifier used in the actual system makes possible
the computation of the impulse response which relates the output waveform
and the output statistical properties to the input waveform and the input

statistical properties.
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CHAPTER 1

INTRODUCTION

The study of acoustic emission from materials under tensile stress
requires the use of the system shown in Fig. 1. Such a system consists
of a piezoelectric transducer, a preamplifier, a wide-band amplifier

and a tape recorder to store the signal.

? Tension
N
Coupling Fluid
: Tape
S . - Wide band
pecimen Preamplifier Amplifiex'-_—_—4$= Recorder
+
= Transducer
% Tension

Fig. 1. System used in the study of acoustic emission 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 [1] - [2], 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



by Cady [5]. An electromechanical transducer can be represented [4]
by a four-terminal network with two electrical input terminals (voltage
E and current I) and two mechanical output terminals (force F and

velocity V) as shown in Fig. 2.

I u -U
R e
[ S—
E ? Transducer ? F Zr
[ |

Fig. 2. Four terminal electromechanical network of transducer with

attached acoustic load Zr'

According to Kinsler and Frey [4], the equivalent circuit of the piezo-
electric transducer is as shown in Fig. 3 where R0 is the dielectric
leakage resistance, L the electrical equivalent of the effective mass
in vibration, C the eleétrical equivalent of the effective mechanical
compliance, R the electrical equivalent. of the mechanical friction
and CO the electrostatic capacitance between the two electrical

input terminals when the crystal is not vibrating.

Fig. 3. Equivalent circuit of piezoelectric transducer.



The magnitudes of Ro’ CO, L, C and R depend upon the way in
which the transducer is built. For some cases, these calculations are
easily made from the properties of the transducer |[1]. Methods of meas-
uring these equivalent electrical parameters involving only the measure-
ment of the impedance have been described by Various papers [6] - [8].

Thus it is possible to replace the transducer by a linear time-
invariant electrical equivalent circuit. The present thesis offers a
method of modeling which involves the measurement of the impedance over
‘a wide range of frequencies. From the model, possible applications are
derived by considering the overall transfer function of the original
system which can be found by additional modeling 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 determine the possible values of the
principal parameters of the equivalent circuit. Different theoretical
curves derived from these possible sets of values will be compared, either
analytically or visually, with the experimental curve. We next describe
certain criteria which help to select an acceptable curve and hence the
acceptable values for the parameters.

The second chapter deals with the method of modeling the transducer
and an actual transducer (Dunegan Research Corporation, single-ended
model) is given as an example of application of the method.

The third chapter will deal with the computation of the impulse re-
sponse of the system which one may derive when~tﬁe model has been deter-
mined. This is the main purposcs for obtaining a model of the transducer.
Once the impulse response of the entire system has been found, the unknown
input waveform and its statistical properties may be obtained from the

observed output waveform and its statistical properties.



CHAPTER II

METHOD OF MODELING

A. Input Impedance of the Electrical Model.
In general, the dielectric leakage resistance RO is so large
(in the order of 1012 ohms) that we may neglect it. The expression for

the input impedance of the remaining circuit shown in Fig. 4 is given

by [6]: (w o
1+3Q ————s—l
W w W ’
Z(jw)=-Jl.—Js—%9- 2 — (1
e
. P
L C
i
i o
I—-—% R
? (jw)

Fig. 4. Simplified electrical model of the transducer.

where:

A,

w=2rf , w =21f , w_ = 27f
s s P P

1 .
f = ———— (series resonance frequency)

Zﬂ JLC



1 1 1
fp = 5= EE-(l + ;ﬂ (pgrallel resonance frequency)

wSL
Q=5 (quality factor)

We note that Z(jw) is a complex quantity which can be written as:
Z(jw) = |Z2(w)| /6(w) = RW) + j X(w)

A typical plot of [Z(w)], /[6(w), R(w) and X(w) 4is shown in Fig. 5.

\ 12|

S ine , s s Gamm Guo e G gt

: 1Z ()|
21 N frequency
| {
| |
I |
i I
l .
/ecw)% ; |
90° | : |
l |
| \ |
1/ \!
0° >=
frequency
90° |em————

Fig. 5. Typical plot of ]Z(m)l, /0(w), R(w) and X(w) versus frequency.



The plot of [Z(w)| shows a minimum value |Zml at the
frequency fm and a maximum value lZn| at fn. There are two frequencies
f_r and fa at which the impedance is purely resistive. From equation
(1), we expect that fs lies between fm and fr’ and fP lies
between f_ and f .

a n
From an experimental view, it is rather difficult to measure fS
and f . However, since f , f_, f and £ are easily determined,
o) m T a n
a technique is used to derive the parameters R, L, C and Co of
the electrical circuit from the knowledge of fm’ fr’ fa, f, |2z
and |Z_|.
n

At this point, we note that the method is only valid for a trans-
ducer with an impedance which exhibits the approximate behaviour of the
curves shown in Fig. 5; in particular, the plot of |Z(w)| should
exhibit one minimum and one maximum like the one shown in Fig. 5. Hence

a plot of the input impedance as a function of the frequency is necessary

to guarantee the applicability of the method.

B. Determination of the parameters

w_RQ
Putting Q1 = le ; ~  and K = —§7- in Eq. (1) and taking

the absolute value of the impedance, we get

N

2 w ws :
R T
S
_ K ‘
lz@| = & ( — (2)
2 1Y %
*Q { Z;'_ w

ya

and




(3)

2 2 2 .2
5 * wp Q1 - 2w Ql

By multiplying through by the denominator of the right hand side

1+ ‘W RQ
and

and by using k = = K, we have after

- grouping and factoring:

2
lz@)|? o X
w

+ lZ(w)]z wz wé k2 - 2|Z(w)|2 w4 k2 Q2

Q= - 2w [ o

(4

By letting X = Q2 and Y = R2, Eq. (4) will have the form

AX - BXY + CX2Y = D (5)

where




: .
NI PO P S M
P
w
p
2 2
W W
B = 5
T
C = l—- 2w2 wz - w4 - w4
2 [ [
T
D=- |zw|? o
We note that
1 v + 1
w f
N
p__p_2r LC T _jr+ 1 _ K 6)
w f 1 T
S S
2m (LC
Thus
r= 21 = — 1 | 7
kW -1 py2 -1
>

Therefore A, B, C and D are function of !Z(w)|, fp, fS and .

Suppose we know fp, fs and two pair of values (|Z(w1)|, ® and

1)

([Z(wz), wzl), we then get two equations in two unknowns, X and Y

2
A(fb,fs,lz(wl)[,wl)X~B(fb,fs,[Z(wl)|,wl)XY+C(fp,fs,|Z(w1)|,wl)X Y

= D(E,, £, 200 [Lwp)



ACE L2 1200 | X-BOE £, |200)) Lo Xree (e, £, (20 Lo yxy?

= D(E, £ 12(0)) |Lwy)

or simply:

. 2
Alk - BIXY + glx Y

i
)

' “y2
A2X - B2XY + C2X Y 2

1l
|

From (8) we have:

Dl - A1X

Y = e—
X(Clx - Bl)

Substituting (10) in (9):

D, -A,X D,-AX
17 2 DAY
R (I = I X Xy T

or

(8)

)

(10)

9 :
(AZC1 - A1C2)X - (A2B1 - AB, + C.D, - CZDl)X + (BlDZ—B2Dl)—O (11)

172 172

We recognize (11) as a quadratic equation of the form:

2

mx~ - px + q= 0. The solutions of which are given by:

p £ Jp° - 4mq

2m

. . 2 . :
Since X 1is equal to Q°, we must select the positive solution

+ JSF with X >0

o
il

By substituting the same solution in (10):

(12)



10.

R=+ |Y with Y >0 | (13)
From the definition of the quality factor Q, we get

L= 23%R B %;B ()

s s

Thus

¢ = (15)

L w

and finally

Co rC (16)

We need to know fs’ fp and twopairs of values (IZ(wl)I, wl) and

(z@l,

wz) in order to obtain Eq. (8) and Eq. (9). The procedure

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

and-try technique, the steps of which are given below:

1.

We obtain an experimental plot of the impedance of the transducer
as a function of the frequency by using an impedance meter.
From the experimental curve, we select the characteristic values

f 3 f 2

PR PR SO A |z, | and |zn|.

a n

We choose a pair of values (fs, fp) such that:

£ <f

< f and f < f < f
m —

S T a—"p—'n
The chosen pair (fs, fp) and the two pairs of values ([Zml, fm)
and (lZn|, fn) determine the coefficients of the equations (8)

and (9) from which we can solve for a possible set of parameters

R, L, C and C_.
o




11.

4, From this possible set of parameters, we plot the corresponding
fitting impedance curve.
5. We repeat steps 3 and 4 with another pair (fs, fp).

6. The selection of an acceptable fitting impedance curve is based

on the following criteria.

C. Criteria for the selection of an acceptable curve
First, we attempt to calculate the relative error of the parameters.

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

2 w ws 2
1+Q" (—--)
® RQ j ws w ‘
lZ(w)] (17)

w w
Xl N Q2 (l + r)( _ _292

W, w
P

At w = ws we have

2] = 22 2 (18)
2.1+ 1, % “p2
1+ GALD S - B
p S
: w w
1 CEEHEE - B > | (19)
p S
then
) RQ ) R
|Z(w)]| = = s (20)

rQ |1 Ys TR. J s P
G- 5o r(l + 1) (- 59
g s _ P s



12.

Replacing r by its equivalent (cf.(7)) we get:

2] = R (21)
AlZ(w )
Hence —J———ii—L = %B- (22)
2oy
At w=w
w w w
ze)l= 5 21 PR - 7 (23)
P s P
w w .
If QZ(EE- - LT{S“ SN | (24)
s P

(Note that (19) is satisfied if (24) is satisfied and that both are normally

met) Then

2 2 2
1z )IZEB_QEE U5y lpe? | 2l
wp W T (w T w ) = RQ W W
P S p ps
and
) |Z(w )] ££ |2
Q:_______P__.» _____P__S_ (25)
R 2 2
8] d

If we assume that the exact values of fp and fs are known then the maximum

relative error of Q is

w1 ezt | (U felzepl] emeol]
2 R - '
e |2()] SR RLICN] lzms)!'f
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From (14) we calculate the relative error of L:

AiZ(wS)] ISACR)

TS [ VTR . B Sl A 2
" L N RN I W HICS]
From (15) and (16):
AC,
AC 0 AL
AR i )

The relative error of C and CO may be calculated in another way in-
dependent of the conditions (19) and (24). We notice that at very low

frequencies, the electric model behaves like C and CO in parallel

because R is negligible with respect to the reactance whereas

N
K sz’
at high frequencies, it behaves like Co (Fig. 6 and Fig. 7):

cJﬂ-c L
T T

lzth)l = (Co

1 _ 1
+ Cu, T (r + 1)Cuwy

Fig. 6. Electrical Model at low frequency.

C-—-a—

0~ mﬁ‘“j

oo

1

2] = ¢ m

Fig. 7. Electrical Model at high frequency.
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From these considerations we have

C1 % |20 | |2 (w)) |

From this studyof relative error, we point out certain critical
regions of the impedance curve which would determine the error; they
are shown in heavy lines in Fig. 8. Regions I and II are critical because
the exact values of fs and fp’ which are assumeed to be known, lie in

these regions.

A )
| (w)lé

Fig. 8. Critical regions of the theoretical curve ]Z(w)l

An acceptable fitting curve must fit as closely as possible in these

. . Z
critical regions. If the tolerance hz

= of the fitting curve is chosen

FE
to be a fraction A < 1 of the experimental tolerance then the overall

tolerance is

A Z(w)] Az (w)]
— = (A + 1)

— (30)
|2 (w) | |Z (W) ]

experimental

If (30) is satisfied, then the relative error of the acceptable para-
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meters R, L, C and Co are given by (22), (27), (28) and (29).
However, the behavior of the experimental curve may deviate from
the fitting curve outside those critical regions. We distinguish two
cases:
1. The transducer may have other modes of resonance outside the
region of resonance. If these resonances are of minor importance,
i.e., they occur outside the band of frequency of interest or
if the magnitude of the corresponding peak is relatively small
compared with the peak of the main resonance, the fitting curve

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

1z(w)] 4

Fig. 9. An acceptable deviation; the experimental curve- shown in solid line

and the fitting curve shown in dotted line.

2. The transducer may have a strong mode of resonance either out-
side the critical regions or near the region of resonance. In
that case, the proposed electrical model is no longer valid as
was pointed out earlier. An unacceptable deviation is shown in

Fig. 10.
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MO

~ Fig. 10. An unacceptable deviation:
experimental curve shown in solid lines,

fitting curve_shown in dotted lines.

Thus, a visual inspection of the impedance curve is necessary. Two
or more experimental curves are said-to be identical if they fall within
the limit of tolerancé (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 fs and fp.
Since they lie respectively in the interval (£, fr) and (fa, fn).
Let us divide these intervals into p and q subintervals. From the
choseh p and q, we may assign arbitrary fixed frequency errors Afs
and Af to fs and fp. Here the use of the computer is advantageous

due to the number of repetitions of steps 3 and 4 which is equal to the

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

fm_<_fS =fm+mAfS_<_fr with m=0, 1,..., p




///> Read
f ,f ,f ,f
m’ r’ a’n
|Zm' > lZn| r
f// Read :
Af , Af (
S
% {
1
f = £ - Af |
s m I
¥ l
|
D¢ 15 1

STOP

Calculate:

lZ(w)Itheoreticalvs w

i

Calculate: Q,R,L,C,r,C_|

tfor the chosen pair(fs,%‘

17.

4 ST¢P

D¢ 4 1
I=1% £, = £yt 1A
b=
=

Fig, 11:

Flow-chart of the computer program used in the fitting

technique.
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A computer flow-chart for steps 3 and 4 is shown in Fig. 11. From these
plots, the proposed criteria will help to sort out an acceptable fitting

curve which determines the electrical model.

D. Illustrative example

First, we attempt to find the electrical model of the unloaded trans-
ducer shown in Fig. 12. Such a transducer is used subsequently in the
'system shown in Fig. 1 for the study of acoustic emission from materials

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

Single-ended transducer
(Dunegan Resea$ch Coxp.)

1

| ]

Cable of connection
(Beldon 8216; RG-174/11)

Fig. 12. Unloaded transducer with connection cable.

To measure the impedance of the transducer, we used the set up shown
in Fig. 13. From the plot (Graph I), we recognize a minor resonance at
153 KHz. However it is an acceptable deviation and the method is appli-

cable.

Transducer

Hewlett-Packard Frequency-
Vector Impedance Meter
Model 4800A Advance TCOPR

Fig. 13. Set up for the impedance measurement.
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The characteristic values obtained from the impedance measurement

are:
f = 129.4 KHz ; |z_| = 7969
m ’ m
£ = 129.7 KHz
T
f_ = 144.7 KHz
a
£ = 145.7 KHz o |z | = 15.2k0
n n

The accuracy of the Vector impedance meter is +5% for the measured
impedance. The frequency is meaéured with the Advance timer counter the
accuracy of which depends on fhe drift of the interval oscillator of the
impedance meter. However,'the accuracy méy be estimated to *0.1 KHz.

Hence we must fit our theoretical curve within 5% ovér the

critical regions of the experimental curve. Folldwing the steps 3 and 4

and setting Afs = Afp = 0.1 KHz, we found an acceptable curve (Graph I)

with:
fs = 129.5 KHz
f = 145.0 KHz
P

These values, together with the four above (|Z |, |z |, £, £)
m'? '"n m’ n

give the set of acceptable values:

R = 817 ohms
Q = 18.15
L = 18.3 mH
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C = 83 pF

C, = 315 pF

%Z— = 3% .
FE )

Let us check the condition stated in (24), we have:

w w .
2, P _S\2 _ \2 145 129.5.2 _
QG w) = (18.15) (129‘5 145 )" = 17.7 >> 1

5 P

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

| B
R |z]
sl Azl ialzl
i—»- =—2— - +-3- —) = 16%
!Z! “ i1zl
| P
AC
ACY _ o| _ |AL o
c | c, T| = 16%

It is understood that the parameters must be time-invariant; that
is, the impedance curve must be strictly identical independent of the

time we start the measurement. By strictly identical we mean that the

curves fall within the experimental error throughout the frequency range.

This condition was satisfied by the measurement data.
For Fe 3% Si specimens connected to the transducer as shown in

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




22,

5 | «»l F 0.04"
% __u

]

¥

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

1. The impedance curve is time-invariant.

2. The impedance curve is strictly identical if we mount specimeﬁs_
of the same size and of the same material on the transducer.

3. The impedance curve is strictly identical whether we do or do
not mount the transducer and the specimen on the testing
machine.

4. The impedance curve of the specimen is strictly 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 transducer.

6. The impedance may not be identical for different amounts of the
coupling fluid applied on tﬁe rubber shoe of the transducer.

The first conclusion is necessary as discussed earlier. The second

conclusion may be drawn intuitively since all things are equal, except
some slight difference in the preparation of the specimen, we must have
the same curve. Similarly, the fourth conclusion follows since the

strain rate is very small. The third one implies implicitly that the
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transducer is clamped by the specimen. Therefore, mounting the specimen
on the testing machine does not make any difference in the impedance
measurement. The intrusion of the specimen hence reduces the effective
mass of vibration of the transducer. Thus the inductance L decreases
and we expect a higher resonant frequency. Conclusion 5 and 6 suggest
that a small amount of coupling fluid be used and that the transducer
should be in a fixed position with respect to fhe specimen.

The characteristic values from the impedance measurement (Giaph I1)

are.

£ = 132.7 KHz |z | = 900 ohms

m : m

£ = 137.6 KHz

T

£, = 154.1 KHz

f = 157.7 KHz |z_| = 12.7 X ohms
n n

Following steps 3 and 4 and setting Afs = Afp = 0.5 KHz we found

an acceptable curve (Graph II) with

fs = 134.2 KHz
f = 155.1 KHz
P

these values together with the four above (fm, [Zm], fn’ [an) give the

set of parameters:

=]
1l

948 ohms

Q = 12.3
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L = 13.8 mH
C = 102 pF
C, = 302 pF
AZ

22l = 3%
Z |FE

We now check the condition stated in (24):

2 12
w w
2 \%p .5 s et | B2 155:! = 12.7 >

therefore from (22), (27) and (28):

| |22
¢ 2]

Az
Ll -2 | —| = 16%
- |z ]

AC

AC _|AL .
c| e, T 16%

Loaded transducer Preamplifier Amplifier

Fig. 15 Electrical model of the system shown in Fig. 1.

25.

Tape
Recorder
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Where

1. is the electrical analog of the mechanical force or of the acoustical

pressure.

V1 is the electrical analog of the velocity

V2 is the electrical voltage at the output of the transducer

ZIN 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

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)
221(5) = —:‘[—(H, (31)

taking into account the possible loading effect of ZIN’
and then the overall transfer function:

Vo(s) Vz(s) Vo(s).
1) - IG) Y, = Z,,(s) G(s)

T(s) = (32)
We note that the voltage fed to the tape recorder is an amplified version
of VO. Finally we will consider applications which one may derive from

the impulse response.
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CHAPTER 111

IMPULSE RESPONSE OF THE SYSTEM AND ITS APPLICATIONS

A. Transfer function of the electrical model

For the model connected to the preamplifier, we have the following

circuit (Fig. 16):

Vi

e
wr—| |

R ——
Co ZIN

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

the loading effect of ZIN

Using the node analysis method, we can write in the frequency domain:

I1(s) {ﬂG +Y - Y —T Vl(s)

Y + YO Vz(s)

0| |-y

1
where G = Rt Y = =

Y =Cs+G_ ; G =Z'1“
[0} O (o} o IN

Solving for Vl(s) and Vz(s), we obtain

<

2 Y
T T GY + GY_ + YY (33)
(o] (o] .



<

1 - Y4 Yo

T ~ GY + GY_ + YY
0 [o]

(33) and (34) can be written explicitly:

V., (s) Cs
Zgy(s) = 1%3) 53 2

. ASS + Azg + Als + Ao
Vl(s) st + B.s + B0
Tesy - RY 3

ASS + AZS + Als + AO
where:
A3 = LGCCo ; A2 = LCGGO + COC
A, =GC_ +GC +GC; A =GG
1 0 o) (o} 0
= - = - C‘ =

82 RCCO ; Bl RGo ; BO 0

We consider the following cases:

1. The input impedance of the preamplifier is very large.

This statement is essentially equivalent to saying that Go

Then
V2 c
I (Locc )s? + (C.C)s + G(C + C)
(e} o] (o]
Vv C Cs
1 _ _ 0
£=r|1

5 -
(LGCCO)S + (COC)s + G(C + CO)

It is interesting to put (37) in the following form:

28,

(34)

(35)

(36)

0

(37)

(38)
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2 R 1
I LG, [s + Cwn]z + [wn Ql - §2]2 '

where:

(41)

R Ceg CCo
= 5 I (40) with Ceq =T Co

= wp = the parallel resonance angular frequency of the

4 transducer (42)

(Note that w, here does not denote the angular frequency at which the
impedance of the transducer is maximum)

¢z and w ~are known respectively as the damping factor and the undamped
frequency of oscillation of the second order system defined by (39).

Three other quantities are derived from ¢ and wn [9], they are:

W, = w 1 - cz (damped frequency of oscillation) (43)
Q = %Z- (Figure of merit of the circuit) (44)
W= W 1 - 2§2 (Frequency at which the transmission is

max n

maximum) (45)

The unit impulse response of the circuit can be found by setting I(s) = 1.

Then

) R/LC,
v, (s) = (46)

2 2.2
(s + Cwn) + (wn J1 -¢27)

which corresponds in the time domain to
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R .
Vz(t) = EE;@;- exp (—Cwnt) sin (wot) u(t) (47)
On the other hand,
V() =R | 1- R/L (48)

R P

which corresponds in the time domain to

2 w

- R i} - Ry
vl(t) = R&(t) - T eXp ( Cwnt) cos wot z m sin wot u(t)
2
2
= R§(t) + R_ 1+ QZ SE- exp (- tw t) sin (0w t - coi:_1 Ei)—r}-)u(t)
L wz P n o] w, ,
o)
where u(t) 1is the unit step function. (49)

2. Transfer function of the model for GO = G(w)

Abtually, we found that the input impedance of the preamplifier is
frequency dependent. The set up shown in Fig. 17 was used to measure the

input impedance:

Frequency meter
Advance TCOB

vd
. 3 -
Marconi VI"“"“ Preamp 9501110§cope
Oscillator 5§56Q TIIR S/D=50 lextronixggz
TF-2103 L1 10ks
RMS Meter

oS
—

HP 400 E

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



The input impedance is given by:

VZB
Vlg" Vos

Z

IN 10 KQ -

where

V,, is the measuredvoltage at B when

2B

v

1B is the measuredvoltage at B when

A plot of Z is given in Graph III.

IN

Another plot of Z where the magnitude

IN
Using Bode's design method [10] we obtain

input impedance:

31.

(50)

the switch A is open, and

the switch A is closed.

is in dB is given in Graph IV.

an approximate model for the

* wl 2 52 + 2c2w25 + wg
Z... = 18.9 KQ (- (51)
IN w2 52 + 2C,w,5 + wz
11 1
where
wl = 2m(150 KHz) ; Cl = 0.45
w, = 2m(300 KHz) ; ¢, = 0.50
* -
A plot of }ZINI is given in Graph IV.
From (51) we can write
G =—p-=A- DT (52)
ZIN s+ Ps + Q
W
1 2.2
where A = 7ot (G
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- . o
D = 20,8, ; E = ]
P = 2. W ; Q = wz
22 ’ 2
Substituting (52) in (35) and (36), we get
v, (s) Cs(s® + Ps + Q)
Z,,(s) = = ' (53)
21 I(s) .5 4 3 2
HSS + H4s + HSS + st + Hls + Ho
V. (s) F 54 + F 53 + F 52 + F.s + F
1 4 3 2 1 o]
sy ~ Rt TS 7 3 2 (54)
HSS + H4s + HSS + st + Hls + HO

where H_ = LGCCO

H = LGCCOP + COC + LCGA

H, = LGCCOQ + COCP + LCGAD + G(C + Co) + CA
H, = COCQ + LCGAE + G(C + CO)P + CAD + GA

H, = G(C + CO)Q + CAE + GAD

1

H = GAE

F, = - RCC,

Fy = - RC(A + QOP)
F, = - RC(CQ + AD)
F, = - RCAE.
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With the typical values in Fig. lS, we plot the transfer impedance

1221(s)| for the three following cases on Graph V:

a) GO = 0 (curve 1), i.e. with no loading effect
b) GO = G(w) (curve 2), wusing the experimental value of ZIN
c) Go = — (curve 3), using the model for the input impedance ZIN
Z
IN

using,respectively,expressions (37), (35) and (53). We notice that at
high frequency, their behavior is identical; i.e.,

\
2, _R
I

LC 52
0

as s + ®

Graph V shows that in fact the three curves start to coincide from 500 KHz.
On the other hand, curve 2 and curve 3 are within 2dB in the range
100 KHz to 300 KHz. This error is due the modeling used for the input

impedance ZIN‘ Obviously, we need a more elaborate 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

K

5 .
VZ(S) = Zl g—i—é—; (55)

Vi) =R+ Lo (56)
i=1 i

I ~2tn
=

where
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. 5 4 3 2
s; are the roots of the polynomial HSS +H4s +H35 +H23 +H15+H0,
Ki are the residues of (53) at the poles o and
J;, are the residues of the second term of (54) at the poles S -

In the time domain, we have

5 s.t ‘
v, (t) = 121 K.e * (57)
S s.t
v (t) = RS() + | Jge 1 (58)
i=1 *

3. Numerical Applications

Using the model of 2 and the values for L, C, CO and R,

IN
the roots of the polynomial

0.449 x 10’2455 + 0.119 x 10‘1754 + 0.237 x 10'1153 + 0.143 x 10‘55

+ 0.172 x lOls + 0.198 x lO6

‘are found to be (using the IBM 360 computer)

s1 = -0.125 x 106
5 . 6
S, = -0.429 x 107 - j 0.956 x 10
Sz = S, (complex conjuguate of 52)
7 . 7
54 = ~-0.122 x 10" - j 0.152 x 10
Sg = S,

And the residues:
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K, = - 0.291 x 108
7 . 9
K2 = 0.477 x 10" + j 0.101 x 10
Ky = K,
7 8
K, = 0.980 x 10 + j 0.177 x 10
Kg = K4
6
J, = 0.350 x 10
8 . 6
J, = - 0.320 x 10° + j 0.406 x 10
I, =73,
6 . 6
Jy = - 0.706 x 107 - j 0.242 x 10
Jg =y

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

V2(t) = { -0.291 x 108 exp(-0.125 x 106t) + 2 exp(-0.429 x lOSt)X

[ 0.477 x 107 cos(0.956 x 10%¢) + 0.101 x 10° sin(0.956 x 106t2J .

—

2 exp(-0.122 x 107t) X [5.980 X 107 cos(0.152 x 107t) + 0.177 x 108

sin(0.152 x 107t5} u(t) (59)

And
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vl(t) 948 §(t) + 10.350 x lO6 exp(-0.125 x 106t) + 2 exp(—0.429.x lOSt)

X [:?.320 X 108 cos (0.956 x 1O6t) + 0.406 x 106 sin(0.956 x 106t5} +
7 6 7 6 .
2 exp |-0.122 x 10t |x -0.706 x 10~ cos(0.152 x 10°t)~0.242 x 10 sin
7
(0.152 x 10 t}} u(t) (60)

While from (40), (42), (43), (44), (45), (47) and (49):

z = 0.035
w, = 21 x (155 KHz)
w_ = 27 x (154.9 KHz)

w =21 x (154.8 Kiz)
Q = 14.2

v,(t) = .234 x 1072 exp(-27 x 5.42 x 105t) sin (27 x 154.9 x 10°t)u(t)

(61)

Vl(t) = 948 §(t) - Y6.52 x lO6 exp (-2m x 5.42 x 103t) X

[:cos(Zﬂ x 154.9 xv10§t) - 0.035 sin(2m x 154.9 x'lOSt) u(t)
(62)
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Plots of (59), (60), (61) and (62) for t varying from 0 to 50 usec

are shown on Graphs VI and VII. Since the system is linear, the magnitudes

-

of these plots are proportional to the magnitude of the input impulse.
For purpose of convenience we assume arbitrarily for these plots an input
current impulse equal to 1 VA.

From those plots we note that the time constant, i.e., the rate of
decay of the envelop, is approximately equal to 28 usec while the pseudo-
pefiod of the waveform is 6.5 usec.

For an input current impulse equal to 1 pA, the energy E1

dissipated across the resistor R and the energy E, appearing at the

2
.input of the preamplifier are given by

o]

vi(t) dt
Ey = B a— (63)
) o
vg(t) dt
Er=l = (64)

Inspection of (63)and (64)after substituting for wi(t)and vg(t)using

(59), (60), (61) and (62),tells us that these integralscan be written

* N . ¢ . - N Ag ¥ B, w;
in the form | .Z (A.e—clt cos w.t + B.eY1 sin w.t).dt = .2 (———~——-——7?0
O1=1 i i i . i i=1 0.2 + w.

i i
which is clearly convergent. Using numerical values, we found:

a) For G =0
—_—

tr
i}

32.5 uJ - (65)

418 wJ _ (66)

tTi
1}
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*
b) For G = 1/Zp

il

E

L = 25.3 W (67)

11
1

248 uJ (68)

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

intensity of the input current impulse.

B. Impulse Response of The System
In order to calculate the impulse response of the system, we need to
know the transfer function ‘G(s) of the preamplifier. A method for the

gain and phase measurement of the preamplifier is shown in Fig. 18. The
v, (W)
o

~gain VET574 is plotted on Graph VIII and the phase difference (9 -
2

Zeo is plotted on Graph IX.
A model for the transfer function is required. Using Bode's design

principles [10], we suggest the following expression:

o) - Vo(s) i B 53
VZ(S) (s+s,) (s*+s,) (s+s )(52+2§ s s+52)(sz+2c s s+52)(52+2§ s s+52)
6 7 8 676~ 76 777777 878" 78
(69)
where
56 = 27 x (105 KHz) 5 . C6 = 0.35;
s, = 2m x (320 Kilz) ; L, = 0.35;
- : 39
Sg = 2m x (750 KHz) 5 Cg = 0.60; B = 2000 x 0.7 x 10

These values are derived from Graphs VIII and IX using a cut-and-try tech-

nique.
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The accuracy of the phasemeter is 2°. The plot of the phase of
(69) shows a maximum deviation of 6°. However, the model is judged
satisfactory since the plot of the gain of (69) is within 0.5 db in the

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

Vo(s) Vz(s) Vo(s)

R O RRTO R A O 7‘21(5.) " G(s) (70)
where:

221(5) and G(s) are given by (53) and (69).
Expressing (70) in dB, we have

20 log |T(jw)| = 20 log 1221(w)| + 20 log lvG(w)I (71)

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

Setting I(s) = 1, we can write
14
s (72)

.Vo(s) = ZZl(s) G(s) =

where all the s; are already given and Li are the residues of Vo(s)
at these poles.

In the time domain, we have

14
+s.t ’
vo(t) = 121 Li e "1 : (73)

Solving for L 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) [0.103 x 108 cos(1.52 wt) + 0.118 x 10° sin (1.52

T

+ 2 exp(-1.94 wt) -0.938 x 107 cos(2.43 wt) + 0.945 x 108 sin(2.43

s

+ 2 exp(-0.367 wt) |-0.124 x lO9 cos(0.98 wt) - 0.254 x 108.sin(0.98

—

+ 2 exp(—l.lZ wt) |0.504 x 108 cds(S.O wt) + 0.160 x 108 s5in(3.0 wt)

+ 2 exp(-4.5 wt) |0.412 x 107 cos(6.0 wt) + 0.149 x 107 sin(6.0 wt)

where

W= 2T X 105 (74)

wt)

wt)

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

response for t varying from O to 50 usec on Graph XI. From the plot,

we see that the pseudo-period is about 7 usec and the time constant
approximately 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 amplifier. Therefore, the pseudo-period and the time constant of
the impulse response of the system will still be the same. A nqmber of
possible applications will be derived next from the knowledge of the

impulse response vo(t).

C. Applications

1. Sensitivity 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 its level is higher
than the background noise of the preamplifier estimated to be equal to

5 puv at the input of the preamplifier fherefore an acceptable level for
an acoustic emission would be 10pv per example. From the plot of vé(t),

such a level is generated by a current impulse of intensity

107 x 10°° A 13
= <6 x 10 A

160 v

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 would give us the minimum strength of the

force impulse which produces anobservable acoustic emission.

2. Input and Output Waveforms

From what has been shown, we can simplify the overall system shown

in Fig. 15 by the following (Fig. 19)

i(t) K v () y(t)

Fig. 19. Simplified model of the system.

where
i(t) 1is the input current which is the electrical equivalent of the

input force.

Kvo(tj =.voo(t) is the.overall impulse-response and
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y(t) 1is the output waveform stored on tape.

From a linear system point of view [11], knowledge of y(t) and v__(t)

00
leads to knowledge of i(t) since
y(t) = 1(t1) voo(t - tl) dtl | (75)

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

plication in the frequency domain:

Y(s) = I(s) VOO(S) (76)
where

Y(s) 1is the Laplace transform of y(t),
I(s) 1is the Laplace transform of 1i(t), and

Voo(s) is the Laplace transform of voo(t)

From (76), we obtain

1(s) = 28 (77)

i Voo(s)

The inverse transform of (77) will give i(t) din the time domain which
is the input waveform corresponding to the observable output waveform.

Observed output waveforms resulting from the acoustic emission from

Fe 3% Si specimens under tensile stress are shown by the 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 short pulses (i.e. transient
waveform approaching an impulse) of random amplitude occurring
at random time.

b) A main event may be accompanied by secondary events. We may
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visualize this fact by considering an acoustic emission from
a random source shown in Fig. 20, the secondary events result
from multiple reflection and refraction as shown in Fig. 20. A
possible corresponding input waveform could be the one shown
in Fig. 21. Note that a main event may be by itself a super-
position of simultaneous main events which. come from other
random sources for example.

c) However, if it happens that the secondary events are of minor
importance, i.e., the first pulse corresponding to the main
event is much greater than the accompanying pulses, in that

case

Transducer
coupling fluid
y /
R specimen
—_— {75 \“\‘ e
44—
\ I
NN

random sou:c'::\:>L

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

Fig. 21. A possible input waveform corresponding to the acoustic emission

in Fig. 20.
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Actual output waveform

Photograph A
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.from 'Fe 3% Si . specimens un
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Actual Output Waveform

.
.

Photograph C

20 Hsec/cm
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51

20 usec/cm
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Photograph D
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we may count it as a single event. This assumption will permit us to
check our electrical model. From photograph (A) we notice that the rate
of decay of the two damped waveforms is approximately equal to 25 usec.
The same value is obtained from the second damped waveform starting at one
division to the left of the vertical center line of photograph (B). Photo-
graph (B), (C) and (D) show us a pseudo-period which is approximately
equal to 7 psec though some portions of these have a greater period which
is due to a possible superposition of overlapping waveforms .

These values do check with the theoretical values we have found

earlier. Therefore, they confirm our model favorably.

3. Input and Output Statistical Properties

From the previous deductions, we expect that the acoustic emission is
a stochastic process. The study of such a process requires the determina-
tion of the statistical properties of the input as well as of the output.
Knowledge of Voo(t) will generally enable us to find the statistical
properties of the output from 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 [13]). We consider
the converse since the statistical properties of the input are unknown.

In the frequency domain we have the following relation [14]:

6,y () = v @ ? 6 @) (78)

where ny(w) and Gxx(w) are respectively the spectral density of the
output and of the input waveform. Hence, it is possible to find Gxx(w)
from G y(m) and voo(t). Then one may derive the autocorrelation function

by taking the inverse Fourier transform of the spectral density; the mean

value and the mean square value can be found from the correlation function.
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But the probability density of thé input is in general difficult to find
from the probability density of thevoutput.

If the input waveform is a sequence of short pulses, then we may
use an envelop detector to count the rate of occurrence of these pulses.
This technique has the following drawbacks:

- If the interval between two 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 more complicated and one may
expect that in general the process is not stationary which makes the
determination of the statistical properties more 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 nonstationary
data. Since the statistical properties of 'the process are time-dependent,
this situation would require on-line computatioh techniqué for the
probability density function, the autocorrelation function and the power

spectral density function.
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CHAPTER IV

CONCLUSIONS

A method of modeling a transducer used in the study of acoustic
emission from materials under tensile stress has been presented in this
thesisﬁ First, we measure the impedance of the transducer over a wide
range of frequencies and then use this experimental data to solve two
nonlinear equations which determine the model parameters. As an illus-
trative example, we have applied the technique to determine the electrical
model for an actual transducer. The result is quite satisfactory since
the fitting impedance curve closely approximates the experimental impedance
curve (Graphs I and II).

The validity 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 transducers ave de-
signed such that their principal mode of resonance is well isolated from
the other possible modes in the frequency band of interest. Thus in our
present study, we have neglected, for example, minor resonahces which
occur outside the baﬁd of frequencies 100 KHz to 300 KHz. On the other
hand, the accuracy of the acceptable model could be improved by more
accurate measuring.equipment. Modeling the input impedance and the
preamplifier permits us to calculate the impulse response of the system
which in turn allows us to calculate the input waveform from the observed
output waveform. For example, the input waveshape and the input statistical
properties may be obtained from the output waveform and from the output
statistical properties once the impulse response has been found. In

particular, the pseudo period and the time constant of the calculated
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impulse response agree favorably with the actual output waveform. Thus,
the present modeling method proposed can be applied adequately to signal
analysis of the system.

However, some problems remain to be considered: such as the in-
vestigation of the statistical properties of the output waveform, the
investigation and the interpreta£ion of the input waveform in terms
of the physical behavior of the material in the specimen and the in-
vestigation of a possible relation between certain ;tatistical properties
of the output and the strain rate. Further, we would sugges£ 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
method [16] the impulse response of the systém 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 mechanical force, such a determination would let us to

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