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ABSTRACT

The feasibility of using piezoelectric or ferroelectric
materials to generate useful amounts of electrical energy when
subjected to impact was investigated. A survey of the current
literature in this area was made and abstracts of pertirent
articles are included. The basic principles and equations are
Placed in a form convenient for use in this work and examples
given of their application. Significant material properties
of common piezoelectric and ferroelectric materials are tabu-
lated.

Experimental work on crystals of selected materials was
conducted. Static tests were conducted to check the specified
piezoelectric coefficients. Two types of dynamic tests were
conducted. The first utilized a low pressure shock tube for
applying the impulse to the crystal. This series of tests was
conducted primarily to study the effect of various circuit
parameters on the energy available for dissipation in a fixed
resistor. Since the impulse applied was small, the energy
levels were quite small.

The second type of dynamic test investigated in depth was
one which utilized a split Hopkinson pressure bar for loading
the crystals. Tests were conducted in which the impact speeds
on the pressure bar ranged from about 30 ft/sec to 8000 ft/sec.
A computer code was developed for predicting current from the
crystal and energy dissipated in a fixed resistor. Results
from the experimental work were used to show that the code
gave reasonably good agreement between the computed current
and energy functions as compared to the measured ones.
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SECTION I

INTRODUCTION

The general problem to which this work was directed was
that of generating a usable amount of energy with piezoelectric
or ferroelectric materials. The input to the active material
of interest was to be a forcing function on one face of the
crystal, and the desired output was an electrical current which
would be dissipated in a fixed resistor.

The forcing functions which would be applied to the mate-
rial were investigated in the work reported on in Volume I of
the final reports of the contract supporting this work. The
problem of particular interest was to maximize the energy avail-
able for dissipation in the fixed resistor.

Important factors which influence the amount of energy
available for use are certain material properties of the piezo-
electric or ferroelectric material, the geometry of the material,
the pulse signature of the input forcing function, the fixity or
support of the material, and the circuits used with the crystal.
The work done for this study included consideration of each of
these factors.




SECTION II

LITERATURE REVIEW

Initial studies on this problem included a search of the
literature to determine the current state of the art of energy
generation from piezoelectric and ferroelectric crystals, as
defined by the published works on the subject. Because of the
broad nature of this problem and to present the information
as efficiently as possible, the list of papers considered as
pertinent are given as the references, and the author's ab-
stract of each of the more significant works are given in Ap-
pendix A. The first four references give information of a
general, introductory nature, and do not have abstracts given
for this reason.
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SECTION III

REVIEW OF BASIC RELATIONSHIPS AND THEORY

Since the primary purpose of this study is the determi-
nation of the energy that a piezoelectric or ferroelectric
device can deliver to some electrical load, a review of the
necessary computations and theory are in order.

a. Charge generated by the crystal.

0 =d_ oA (1)

The above relation implies a linear relation between charge
and force. In general, this is not true, particularly over
a wide stress range for guartz, and for ferroelectric mater-
ials.

b. Capacitance.

C= =% 2

The above relation implies that Eli is constant. It has been
shown that this may change under strong shock conditions.

c. Voltage between faces of crystcl for open circuit
conditions (RL + «)

vV = Qe/C (3)

d. Current through a short circuit across faces of a

crystal during initial passage of a shock wave.

demom(t)Ac h

1sc(t) = —fx for t<=Z (4)




Reference 9 shows that this relation is good for quartz for
the time for passage of the first wave through the crystal.
The subscript "sc" indicates this is for a short circuit
from one face of the crystal to another. It neglects the
effect of any crystal capacitance, iead capacitance, or line
resistance, which cannot be zero.

Since Equation (4) is the basis of the work done report-
ed herein, the limitations of this equation as related to
piezoelectric and ferroelectric materials are discussed below.

The equation is based upon a stress induced polarization
which is a linear function of the stress in the direction
normal to the surface upon which charge is being collected.
This is true only in limited cases. One of these is a state
of uniaxial strain. Another is uniaxial stress, where the
strain in other directions be written as a function of the
stress in the normal direction by use of appropriate consti-
tutive relations. Similarly, it is also necessary that the
electric field generated in the crystal be a linear function
of the normal stress.

It is also necessary that stress is a linear function
of strain. This allows the relation for the current output
to be written as a linear function of stress, even though it
is the strain in the crystal which produces the current. In
order to keep the relation one-dimensional, it is assumed
that the stress on the charge collecting face is uniform on
that face.

Other necessary conditions related to the properties of
the piezoelectric material are

1. Shock velocity is independent of stress amptitude.
2. Shock velocity is steady.

3. Resistivity of the material is infinite. This is
particularly true in short circuit mode.

4. Dielectric constant is unchanged. This is normally
the case, except for high strain rates, as when a

shock wave passes.

[ &8

il b A ekt




These are reasonably valid for most piezoelectric or ferro-
electric materials.

Necessary conditions for Equation (4) to be applicable
which are valid for quartz but are in general not valid for
ferroelectrics are the condition of linear polarization with
stress and an electromechanical coupling effect which is
negligible. For ferroelectrics, the polarization is approx-
imately linear with stress for very low stress levels, but
for high stress levels it is highly nonlinear. The results
of later experimental tests make this quite apparent.

The effect of a large electromechanical coupling coeffi-
cient is to convert some of the electrical energy generated
in the crystal back into mechanical energy through induced
stress. For a material such as quartz where the coupling co-
efficient is small (K = .1), this effect is negligible. But
in a ferroelectric where the coupling coefficient can be
large (K = .3 to .6), the effects are certainly not negligi-
ble. They are, however, difficult to calculate and account
for.

Even though this equation does have significant limita-
tion on when it is valid, it will be used as a basis for a
first approximation in the studies for determining energy
outputs from dynamically loaded piezoelectric and ferrc-
electric materials.

e. Current through a short circuit across faces of a
crystal during passage of a pulse whose duration is long
relative to h/c.

deonm(t)Ac

i (0 = 2Hs (5)

in the above expression, Ac(t) is the stress difference be-
tween the front and rear electroded surfaces of the generator.
This equation is applicable for any degree of fixity at each
face of the crystal and is based upon an extension of Equa-
tion (4), which represents the output of the crystal as ex-
plained on the basis of piezoelectric theory and observed
experiments.,




f. Energy available under open circuit conditions

(6)

In this expression, E is in joules wnen Q is in coulombs and

C is in farads. The energy value determined from this expres-
sion is not a realizeable value under actual conditions of
use, i.e., when the generator is connected to a fir.te load.
Rather, it gives an upper limit on the amount of energy avail-
able.

In the practical application of a piezoelectric or ferro-
electric as an energy generator, the problem is to find the
energy delivered to the external load. The generator, circuit,
and external load are shown in Figure 1. The inductive effect
of the elements has been assumed negligible. If the following

further assumptions are made
>
Rp >> Ry

RDist << RL
(7)

ZBond =S UR

“Load °¢ Cp+CDist

then the circuit can be approximated as shown in Figure 2.
If it is assumed that the energy generated by the crystal
in the real circuit of Figure 2 is the same as when in a

short circuit, the following expression is obtained:
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demo(t)Ac
isc(t) = iq(t) = —4—7;———— , for t < h/c (8)

This expression is subject to all the assumptions previously
discussed in connection with Equation (4).

The current through the load resistor may be found from
. circuit theory

i = C .d_e
c Total dt

where e is the voltage drop across C The first of the

Total®

above equations may be written as

de o TG v
Ta—t- + lR— lq (9'

Cc
This equation may be solved for the current delivered to the
external load if the input, iq(t), is known.

g. Energy delivered to the external load,

2

t
E = f i 2R dt (10)
(o]

It must be remembered that iR in the above equation has been
obtained utilizing iq. which is based upon the assumption that
the load resistance in the circuit is zero. However, the

energy available is now a function of R

L Experiment has shown
that for RL small, say less than 100 ohms, the equation may
still be used for quartz (Ref. 9).

As before, in many practical applications the rise time

of the stress pulse will not be less than the transit time




of the pvlse through the piezoelectric generator. It is
necessary to extend Equation (8) to cover these cases. To
do this, Equation (8) is reinterpreted to the form:

d Ao _(t)Ac
ig(t) = Lo (11)

h

where Aom(t) is the stress difference between the front and
rear surface of the crystal.

The above discussion is based upon the energy generation
from the piezoelectric effect. Ferroelectric materials also
generate charge in a mode different from the piezoelectric
one, i.e., by depoling from passage of a shock wave. Refer-
ence 6 gives a discussion of phenomenon.

The maximum charge release possible under these condi-

tions is determined from the expression

Qnax = PrA (12)

Actual tests show that all of this amount cannot be obtained
(Ref. 10). The percentage which can be obtained is dependent

on such factors as the intensity of the shock wave and the

planeness of the shock front.
In general, a greater charge may be released from the

- s coumth

remanent polarization than with the piezoelectric effect.

This phenomenon has been given the name "charge bulge."

10
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SECTION 1V

SUMMARY OF IMPORTANT PROPERTIES CF COMMON MATERIALS

There are many materials which exhibit a piezoelectric
or ferroelectric effect, and consideration must be given to
the ones most suitable for use in energy generation. This
section gives information on the more important properties
of materials currently listed in catalogs of certain manu-
facturers. The balues have been obtained primarily from the
manufacturer's literature, but some has come from technical
journals. The values are summarized here for convenience.
Information is given on the following materials:

Quartz

HD-11 \
HS-21
G-53
HDT-31 Manufactured by

G~1408 > Gulton Industries, Inc.
G-1500
HST~-41
G-1512
G-2000

Ceramic "B"

PZT-2

P2ZT-4 Manufactured by
PZT-5A Clevite Corporation
PZT-5H

Blanks on these sheets indicate that the information was
either not readily available or the quantity was not appli-
cable for that material.

11




MATERIAL: Quartz MANUFACTURER: Gulton Industries, Inc.

DENSITY: = 2.65 gm/cm’
SPECIFIC WEIGHT: = 0.095 1b/in>
ELASTIC MODULI: Y§3 - 8.0%* x 1010 §§ﬂ§935-or 1.16 x 107 psi -
m
E _ 10 newtons .
Yll = x 10 —5 — or psi .
m
E _ 10 newtons
YSS = x 10 —-—m—z-——

ONE~-DIMENSIONAL

WAVE VELOCITY: ¢ = 5.5x 10° cm/sec or 2.16 x 10° in/sec

C'JRIE TEMPERATURE: 2C

FREE DIELECTRIC

CONSTANTS: K3 = 4,5%
Kl =

et dy5 = -2.3% B _ or 19,2 B2 !
ay, = 0.7+ BB _ o o3 PSR "
dis = HE%%SH Sy %%E 5

PIEZOELECTRIC VOLTAGE -3

COEFFICIENTS: 933 = 50# x 10 volt meters/newton !
937 = X 10-3 volt meters/newton |
9 = x 10”3 volt meters/newton

COUPLING COEFFICIENTS: k33 = 0.10**

f kar = :

ki =

REMANENT POLARIZATION:

* An Introduction to Piezoelectric Transducers, Valpey Corp.,
May 1965.

** Ppjezcelectricity, by Hans Jaffe, Reprinted from the Ency-

_ clopedia Britannica, Copyright 1961. i

] # A Primer on Ferroelectricity and Piezoelectric Ceramics,

j Bernard Jaffe, Electronic Research Division, Clevite Corp.,

Engr. Meno #60-14, 1960.
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MATERIAL: HD-11
(Barium Titanate)

DENSITY:

SPECIFIC WEIGHT:

ELASTIC MODULI:

ONE~-DIMENSIONAL
WAVE VELOCITY:

CURIE TEMPERATURE:

FREE DIELECTRIC
CONSTANTS :

PIEZOELECTRIC CHARGE
COEFFICIENTS:

PIEZOELECTRIC VOLTAGE
COEFFICIENTS:

COUPLING COEFFICIENTS:

REMANENT POLARIZATION:

MANUFACTURER: Gulton Industries, Inc.
= >5.6 gm/cm3

= 0.2 lb/in3

1010 newtons 7

Yy, = 13.0 x ——;?———-or 1.89 x 10’ psi
Yfl = 13.7 x 1010 REWIODS or 1.99 x 107 psi
m
E 10 newtons
Yee = 5.7 x 10 ——;?———-or €.83 x 107 psi
_ 5 5 3
c =4.8x10 cm/sec or 1.89 x 10° in/sec
°C >135
K3 = 600
K1 =570
- pcb pcb
d33 = 86 newton °T 382 Ib
- ECb pcb
d31 30 newton or -133 1b
_ pcb pcb
d15 125 newton or 555 1b

933 =16 X 10-3 volt meters/newton

93, =-5.5% 1073 volt meters/newton

915 =25 X 10-3 volt meters/newton
k33 =0.45
k31 =0.16
kig =0.42
- 2
P =9,4 y coul/cm

X
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MATERIAL: HS-21
i{Barium Titanate)

DENSITY:

SPECIFIC WEIGHT:

ELASTIC MODULI:

ONE-DIMENS IONAL
WAVE VELOCITY:

CURIE TEMPERATURE:

FREE DIELECTRIC
CONSTANTS :

PIEZOELECTRIC CHARGE
COEFFICIENTS:

PIEZOELECTRIC VOLTAGE
COEFFICIENTS:

COUPLING COEFFICIENTS:

REMANENT POLARIZATION:

MANUFACTURER: Gulton Industries. Inc.
= >5.6 gm/cm3
= 0.2 1b/ind
¥v3, = 11.1 x 1010 2e¥ONS op ) g3 107 psi :
m
¥}, = 11.5 x 1070 DEWEONS op 3 67 y 107 psi :
m
Yoo = 4.4 x 1010 DEWEONS op g4 x 107 psi
m
C = 4.45 x 105 cm/sec or 1.75 x lO5 in/sec
°¢ >125
K3 = 1150
Kl = 1050
_ pcb pcb
d33 it newton °F 20 1b
_ - pcb = pcb .
d31 == newton °F = 1b
D e pch pcb v
dlS = 225 erton or 1000 15
933 = 16 x 10~ volt meters/newton
g3; = —5-2x 1073 vo1t aeters/newton
915 =25 x 1073 volt meters/newton
k33 = 0.51
k3l =0.18
kl5 = 0.48
2
Pr = 50 ucoul/cu
14
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MATERIAL: G-53
DENSITY:
SPECIFIC WEIGHT:

. ELASTIC MODULI:

ONE-DIMENSIONAL
WAVE VELOCITY:

CURIE TEMPERATURE:

FREE DIELECTRIC
CONSTANTS :

PIEZOELECTRIC CHARGE
COEFFICIENTS:

PIEZOELECTRIC VOLTAGE
COEFFICIENTS:

COUPLING COEFFICIENTS:

REMANENT POLARIZATION:

MANUFACTURER:

(Lead Zirconate Titanate)

>7.6 gm/cm3

0.27 1b/in>

. .10 newtons
6.5 x 10 —

m
8.1 x 1010 newtons
m
3.8
X
m
2.92 x 1¢°
>330
720
3
960
Ecb
30 newton e
_ pcb
84 newton or
300 B2 .
newton
-3
30 x 10 volt
-3
-13 x 10 volt
-3
36 x 10 volt
0.60
0.29
0.64
2
26 ucoul/cm
15

cm/sec or 1.15 x 105 in/sec

Gulton Industries, Inc.

1010 newtons or (.55 x 107 psi

o

|
w
~
=
B
o

o8 ¥

meters/newton

meters/newton

meters/newton

or 0.94 x 107 psi

or 1.18 x 10
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MATERIAL: HpT-31
(Lead Zircrnate Titanate)

DENSITY:

SPECIFIC WEIGHT:

ELASTIC MODULI: Y

CNE-DIMENSIONAL

WAVE VELOCITY : c

CURIE TEMPERATURE: oC

FREE DIELECTRIC

CONSTANTS : K,
&

PIEZOELECTRIC CHARGE
COEFFICIENTS: d

PIEZOFTL.ECTRIC VOLTAGE
COEFFICIENTS:

COUPLING COEFFICIENTS: k

REMANENT POLARIZATION: P

MANUFACTURER: Gulton Industries, Inc.

>7.6 gm/cm3

0.27 1b/in>

6.7 x 1010 REVEONS o) g 99 y 107 psi
m
5.1 x 1010 REVEONS o1 g 95 y 107 psi
m
3.2 X 10lo ESE%QEE or 0.46 x 107 psi
m
2.98 x 105 cm/sec or 1.17 x 105 in/sec
>330
1300
1350
pchb ~ Ppcb
280 newton °F 1243 1b
. pchb - pcb
-120 gFewton ©F -534 1
pcb pcb
360 hewton °F 1600 o
23 x 10_3 volt meters/newton
-11 x 10_3 volt meters/newton
29 x 10_3 volt meters/newton
0.66
0.35
0.59

27 ucoul/cm2

16
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MATERIAL: G-1408
DENSITY:
SPECIFIC WEIGHT:

ELASTIC MODULI:

ONE-DIMENSIONAL
WAVE VELOCITY:

CURIE TEMPERATURE:

FREE DIELECTRIC
CONSTANTS:

PIEZOELECTRIC CHARGE

COEFFICIENTS:

PIEZOELECTRIC VOLTAGE
COEFFICIENTS:

COUPLING COEFFICIENTS:

REMANENT POLARIZATION:

MANUFACTURER: Gulton Industries, Inc.

>7.5 gm/cm3

0.27 lb/in3

7

8.2 4 1010 newtons or 1.1%9 x 10 psi

2
m

9.0 4 1010 newtons 3 39 4 107

2
m

psi

4.0 x 1010 newtons o o.5g x 107 psi

2
m

3.3 x 105 cm/sec or 1.3 x 105

>300
1000
1250
200 B2 or goo PP
-80 B2 or 356 PR
315 623%65 or 1401 %%E

22 x 1073 volt meters/newton

-9.0x 10-3 volt meters/newton

29 x 10_3 volt meters/newton

0.60
0.26

0.60

22 ucoul/cm2

17
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MATERIAL: G-1500 MANUFACTURER: Gulton Industries, Inc.
(Lead Zirccnate Titanate)

DENSITY: = >7.6 gm/cm3
SPECIFIC WEIGHT: = 0.27 1b/in3
. 7
ELASTIC MODULI: y§3 = 4.9 x 100 E‘iwzi’ﬁ or 0.71 x 10’ psi
m
-
¥5 = 6.3 x 1000 DEWIODS 4 0,91 x 107 psi
m
YES = 2.2 x 1030 EEE%QEE or 0.32 x 10’ psi
m
ONE-DEMENSIONAL 5 5
WAVE VELOCITY: c = 2.54 x 107 cm/sec or 1 x 10 in/sec
CURIE TEMPERATURE: °C >360
FREE DIELECTRIC
CONSTANTS: K3 = 1700
Kl = 1700
PIEZOELECTRIC CHARGE pcb pcb
. = 2 _pcb peo
COEFFICIENTS: d33 370 S owton or 1642 15
= pcb X pcb
el Lse newton °F 732 1b
_ pcb ~ pcb
dieha >40 newton °F e 1b
PIEZOELECTRIC VOLTAGE -3
COEFFICIENTS: 933 = 25 x 10 ° volt meters/newton
931 = -11 x 1073 volt meters/newton
915 = 36 x 1073 volt meters/newton
COUPLING COEFFICIENTS: k33 = 0.69
k31 = 0.34
le = 0.65
REMANENT POLARIZATION: P = 24 ucoul/cm2

18
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4 MATERIAL: HST-41 MANUFACTURER: Gultcr Irndustries, Inc.
| (Lead Lirconate Titanate) 3
| DENSITY: = >7.6 gm/cm
SPECIFIC WEIGHT: = 0.27 1b/ind
. ELASTIC MODULI: Y2, = 5.9 x 1010 28WONS g g0 x 107 psi
m
y vE =7.0 x 1010 Re¥Eons .. g o1 x 107 psi
m
Yoo = 1.8 x 1010 DE¥EONS op ¢ 56 107 psi
m
| ONE-DIMENSIONAL . -
WAVE VELOCITY: (] =2.79 x 107 cm/sec or 1.10 X 10~ in/sec
CURIE TEMPERATURE: °C >270
FREE DIELECTRIC
CONSTANTS : K3 = 1800
= 2
K1 160
PIEZOELECTRIC CHARGE
N e cb pcb
COEFFICIENTS: s, 325 n—B———ewton or 1445 it
- pcbh - pchb
d31 157 newton °F 629 1b
- 625  Ppcb 2780 Pcb
d15 e newton °F 1b
PIEZOELECTRIC VOLTAGE -3
COEFFICIENTS: 933 = 22 x 10 ° volt meters/newton
931 = -11 x 1073 volt meters/newton

ng = 37 x 10-3 volt meters/newton

COUPLING COEFFICIENTS: k5 = 0.66
ky, = 0.35
. = 0.69
kis
REMANENT POLARIZATION: P_ = 23 ucoul/cm?

19




MATER-AL: G-1512 MANUFACTURER: Gulter Industries, Inc.
(Lead Zirconate Titanate)

DENSITY: = >7.4 gm/cm3
SPECIFIC WEIGHT: = 0.26 lb/in3
ELASTIC MODULI: Y§:3 = 5.4 x 1010 ’ﬂ%’i or 0.78 x 10’ psi
m
¥E = 6.3 x 10%0 BEWEONS o 0,91 x 107 psi
m
Yoo = 2.6 x 1010 2e¥EONS or 0.38 x 1¢” psi
m
ONE-DIMENSIONAL 5
WAVE VELOCITY: c = 2.69 x 10° cm/sec or 1.06 x 105 in/sec
CURIE TEMPERATURE: °C >24¢
FREE DIELECTRIC
CONSTANTS : Ky = 2600
= 2200
]
PIEZOELECTRIC CHARGE 00 pch 2200 pch
COEFFICIENTS: d33 = m or -1-5—
- -232 _Pcb__ . _1030 Pcb
d31 3 newton °F 1b
_ pchb pcb
d15 = 680 newton °F S0 1b
PIEZOELECTRIC VOLTAGE -3
COEFFICIENTS: 933 = 20 x 10 volt meters/newton
g3, = -9.3x 1073 volt meters/newton
915 = 35 X 1073 volt meters/newton
COUPLING COEFFICIENTS: kg3 = 0.72
k = 0.37
i 31
k15 = 0.78
REMANENT POLARIZATION: Pr = 23 ucoul/cm2
20
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MATERIAL: G-2000
(Lead Ketaniocbate)

DENSITY:

SPECIFIC WEIGHT:

ELASTIC MODULI:

ONE-DIMENSIONAL
WAVE VELOCITY:

CURIE TEMPERATURE:

FREE DIELECTRIC
CONSTANTS:

PIEZOELECTRIC CHARGE
COEFFICIENTS:

PIEZOELECTRIC VOLTAGE
COEFFICIENTS:

COUPLING COEFFICIENTS:

REMANENT POLARIZATION:

MANUFACTURER: Gultor Industries, Inc.

P
r

1

>5.8 gm/cm3

0.21 1b/in3

4.7 x 1010 2EMLODS or 0.68 x 107 psi
m

4.0 x 1010 ESE%QEﬁ or 0.58 x 107 psi
m

1.8 x 1010 REYLONS or 0.26 x 107 psi
m

2.85 x 105 cm/sec or 1.12 x losin/sec

>400
250
250
pcb pcb
80 fewton °F 356 5
_ pcb pcb
10 fewton ©F 44.5 5
pcb__ pch
115 newton °F 511 ib

36 x 10-3 volt meters/newton
-4.5x 1073 volt meters/newton

50 x 10 3 volt meters/newton

-——= ucoul/cm2

21
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MATERIAL: Ceramic "B”"
DENSITY:
SPECIFIC WEIGHT:

ELASTIC MODULI:

ONE-DIMENSIONAL
WAVE VELOCITY:

CURIE TEMPERATURE:

FREE DIELECTRIC
CONSTANTS:

PIEZOELECTRIC CHARGE
COEFFICIENTS:

PIEZOELECTRIC VOLTAGE
COEFFICIENTS:

COUPLING COEFFICIENTS:

REMANENT POLARIZATION:

MA» UFACTURER:

Clevite Corp.
5.55 gm/cm3

0.2 1b/in>
11.1 x 1010 newtons 7

5 or 1.61 x 10" psi
m

= 11.6 x 10° nEWtons or 1.68 x 107 psi
m

4.48 x 10° cm/sec or 1.65 x 10° in/sec
115°

1200
1300

Ecb
149 newton °F 662

-5 _PEB__ . 953

newton

242 PSP 1 1070
newton

g
Q
o

g =Y =
B &8 9
o o

—
o’

14.1x 10-3 volt meters/newton

-5.5X% 1073 volt meters/newton

21 x 1073

volt meters/newton
0.48
-0.194

0.48

=== coul/cm2
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MATERIAL: PZT-2
DENSITY:
SPECIFIC WEIGHT:

ELASTIC MODULI:

ONE-DIMENSIONAL
WAVE VELOCITY:

CURIE TEMPERATURE:

FREE DIELECTRIC
CONSTANTS :

PIEZOELECTRIC CHARGE
COEFFICIENTS:

PIEZOELECTRXC VOLTAGE
COEFFICIENTS:

COUPLING COEFFICIENTS:

REMANENT POLARIZATION:

MANUFACTURER: Clevite Corp.

P

]

7.0 gm/cm3

0.27 1b/in3

370

152 B _.or 675 P

-60.2 B2 _ oy 268 PCB

440 B or 1952 beb
-3

38.1x 10 volt meters/newton

~15.1x 1073 volt meters/newton

-3

50.3x 10 volt meters/newton

-0.28

0.701

e coul/cm2
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MATERIAL: PZIT-4 MANUFACTURER: Clevite Corp.

DENSITY: =i 7.5 gm/cm3

SPECIFIC WEIGHT: 0.27 1b/in>

ELASTIC MODULI: Y§3 =6.6 x 1010 993§99§ or 0.96 x 10’ psi -
m
Y5, =8.2 x 1010 REWEONS o 39 x 107 psi -
m

E

Heehs
ONE-DIMENSIONAL e 5
WAVE VELOCITY: ¢ =2.97 x 10° cm/sec or 1l.17 x 107 in/sec
CURIE TEMPERATURE: AE 328
FREE DIELECTRIC
CONSTANTS : Ky = 1300

K, = 1475
PIEZOELECTRIC CHARGE - -

= pcb _ pcb
djy =-123 —oton OF To46 Tp
= _pcb pcb ’

d15 296 newton or 2201 1b
PIEZOELECTRIC VOLTAGE -
COEFFICIENTS: 933 =26.1% 10 ~ volt meters/newton

-3

g3 =-11.1X 10 © volt meters/newton

915 = 39.4X 1073 volt meters/newton
CCUPLING COEFFICIENTS: k33 = 0.70
k31 = 0.334
] k15 =0.71
REMANENT POLARIZATION: Pr T mmm- coul/cm2
24




MATERIAL: PZTSA
DENSITY:
SPECIFIC WEIGHT:

ELASTIC MODULI:

ONE-DIMENSIONAL
WAVE VELOCITY:

CURIE TEMPERATURE:

FREE DIELECTRIC
CONSTANTS :

PIEZOELECTRIC CHARGE
COEFFICIENTS:

PIEZOELECTRIC VOLTAGE
COEFFICIENTS:

COUPLING COEFFICIENTS:

REMANENT POLARIZATION:

MANUFACTURER: Clevite Corp.

Pr

= 7.75 gm/cm3

1]

0.28 1b/in3

365

_ pcb pcb
= 374 newton °Ff 1660 1b
= - pEy -760 bcb
= 7171 fewton or ~760 EC
_ pcb pcb
= 5%4 newton °Ff 2500 1b
= 24.8& 103 volt meters/newton
=-11.4x 10—3 volt meters/newton
= 38B.2x 10_3 volt meters/newton
= 0.705
= =0.344
= 0.685
S - coul/cm2
25




MATERIAL: P2T-5H

DENSITY.
SPECIFIC WEIGHT:

ELASTIC MODULI:

ONE-DIMENSIONAL
WAVE VELOCITY:

CURIE TEMPERATURE:

FREE DIELECTRIC
CONSTANTS:

PIEZOELECTRIC CHARCE
COEFFICIENTS:

PIEZOELECTRIC VOLTAGE
COEFFICIENTS:

COUPLING COEFFICIENTS:

REMANENT POLARIZATION:

MANUFACTURER: Clevite Corp.

P
r

7.5 gm/cm3

0.27 1b/in>

193
pcb 3 pcb
=0 newton or 2639 1b
_ _bcb -1220 Pcb
2 newton or 1b
41 _Pcb 3299 Pcb
L newton or 1b

19.7x 10”3 volt meters/newton

-3

=-9,11x 10 volt meters/newton

26.8x 10_3 volt meters/newton
0.752
-0.388

0.675

——— coul/cm2
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SECTION V

COMPUTATIONS UTILIZING BASIC RELATIONSHIPS AND CIRCUITS

EXAMPLES OF COMPUTATIONS USING BASIC RELATIONSHIPS

In the previous two sections of this report, the basic re-
lationships betwezen pertinent quantities were given, as well
as values for material properties of several materials. 1In
this section, sample calculations are given to illustrate the
use of the equations and material properties, and to give in-
dications of actual numerical values for the various parameters
of interes, such as currents and voltages. These sample cal-
culations will be based upon the following two crystals:

1. Quartz disk, 1/2 in. dia. x 0.10 in. thick
(identified by "g")

2. HST-41 disk, 1/2 in. dia. x 0.10 in. thick
(identified by "h")

a. Crystal capacitance

s
c - o1
o i
-12. 7,1, 2
(8.85x1071%) T(3)  (0.115)
g eSS 0.10 '
C = 2.0 pfd
-12, w,1,°
(8.85x107%) I(3) (45.6)
h: €= 0.10
C = 795 pfd

b. Voltage across capacitor for open circuit condi-
tions:




vV = Q/C
gq: V = (10.2 pcb/1b)/2.0 pfd
V = 5.1 volts/lb at applied force (for one-

dimensional stress)
h: V = (1440 pcb/1b)/795 pfd

V = 1.82 volts/1b of applied force (for one-
dimensional stress)

c. Short circuit current across faces of a loaded
crystal:

demc(t)Ac
I _ (10.2 pcb/1b) (.196 inz)(216,000 in/sec)
qg: 1 =
sc 0.10

4.3y amp/psi, for t < .46u sec (for one-
dimensional stress)

. i - {1440 pcb/lb) (.196 in®) (2.77x10° in/sec)
: 1l =
sc 0.10

= 792y amp/psi, for t < .36p sec (for one-
dimensional stress)

d. Energy stored in capacitor:

NllO
O N
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. g 110.2 pob/ibn)?
a: = 2 x 2.0 ptd

26.2 x 10_12 joules/lb of applied force

ts
]

h: g - (1440 pcb/ib)?
: - Tz xR 783 pfd

1.31 x 10-'9 joules/1b of applied force

1
]

Equation (11) will be used to illustrate the current and
energy output which would be expected from a piezoelectric
generator in an application where the input pulse rise time
is long compared to the transit time through the pulse. The
case considered will be one for which the input pulse is a
ramp type, and the impedance of all elements of the system
are matched. Figure 3a shows the pulse and system components,
and 3b shows the expected current time pulse. Figure 4 shows
the effect of various rise times of input pulse. The charge
generated (area under i(t) curve) is the same in each case,
but since energy involves current squared, the energy released

is increased as the rise time of the pulse is decreased.

29




Stress Wave Propagating
With Velocity c and
Rise Time of 6 h/c

Piezoelectric
Crystal

P

F | r 4

—| h |-

Note: The mechanical impedance of elements F,G, and R
are assumed equal for this example.

(a)

Current
(1)

i

1 2 3 4 5 6 7 8

g w——

Time (t) in Units of h/c
(b)

Figure 3. Euample for Finite Rise Time Pulse
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Figure 4. Effect of Rise Time on Crystal Output
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STUDY OF EEHAVIOR OF IDEAL CIRCUIT

Equation (9) gives the differential equation relating the
current generated, iq or isc, to the current passing through
the load resistor in which the energy will be dissipated. For

any experiment conducted on a crystal, i_ may be measured, but

R
iq is the one predicted by theory, Equation (8). This section
gives the results of a study made of the effect of the circuit

parameter R and Cp on iy for assumed forms of iq.

Equation (9) wgs prggrammed for evaluation on a digital com-
puter. This solutions was evaluated for two forms of iq(t):

a ramp function and a haversine pulse. These two functions
were selected since they approximate the excitation applied to
the crystal for two of the types of tests planned.

The parameters describing these pulses were defined as
follows:

g = Rise time for ramp function and pulse duration

for haversine.

RC = Time constant of the circuit.

XK = TR/RC
Runs were made for values of XK from 10.0 to 10,000 for the
ramp function, and 100 to 50,000 for the haversine. It was
believed that these ranges would more than amply cover that
encountered in the experimental work.

Figure 5 shows examples of the results for each of the
inputs. The curves plotted represent those for the parameter
values resulting in the greatest deviation in the two currents.

Table I gives the comphiter output obtained for the runs
made for the ramp input. Similar results are given in Table
II for the haversine. The one undefined term in these tables
is "DFCRP." This is the percent difference between iq and iR,
based upon the maximum iq. These tables may be used to esti-
mate the difference in iq and iR for experimental data involv-
ing similar inputs. A study of these tables shows that, in
general, the difference between the two quantities is small
and that significant difference occur only from TR/RC less
than 500. This condition could be easily satisfied for the

test conditions utilized in th_.s work.
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Current

0 'l ] 1 1 1 )

0 .25 .50 .75 1.0 1.25 1.50

Current

0 2 A4 .6 .8 1.0 1.2 1.4 1.6

t/rR

Figure 5. Example of Results from Study of Ideal Circuit
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TABLE *. Results for Ramp Function Input to Ideal Circuit
VALUE nF RC a &,0000E-08
VALI'F oF XK = 10,0010 RISE TIME = 4,0000E=07?
TIME INFREMENT  CURRENTIQ CURRENTITR DFCRP
2.0000060F =08 5,0000007E=062 1,0653066E=-02 3,9346934F+00
4.000n0000F=n8 1,0000000E=-01 3,67R7944E=-02 6/,3212056F+00n
6-0000000E=C3 1.5000000E-01 7,2313016E=-02 7,76B6984E+00
8.0000000F=nR 2,0000000E=01 1.1353353E=n1 8,6466672F+00
1, 0000000F=nT 2,5000000E=01 1,5820850E=n1 9,1791500F+00
1.2000000F=n7 3,0000000E=01 2,0497871E=01 9,5021293E+0n
1.4000000F=47 3,5000000E=01 2.5301974E=N]1 9,A9R0262F+00
1.6000000F=07 4,0000000F=01 3,0183156E-01 9,8168436F«00
1.8000000F=n7 4,5000000E=01 3,5111090E=-01 9,8889]100E+00
2.0000000F=n7 =,0000009E=01 4,0067379E=01 9,9326205E+00
2.2000000E=07 5,5000000E=01 4,504086BE=01 9,9591323F+%0
2.4000000E=-07 #,0000000E-01 5,002478BE=0] 9,9752125F+00
2.6000000F=07 4,5000000E=0]1 %.5015034E=n1 9,9€49656E+30
2.8000000F=0T7 7,0000000€E=01 &,0N09119E=01 ©,9998812E+00
3.000000UE=07 7,5000000E=01 4¢5005531E=01 9,9944692E+00
3,2000000=0T R,000N000E=01 T7,0n03355€=-n1 9,9966454F+0Q
3.4000000E=-07 R,5000000E=-0i 7,5002035E=01 9,9979653E¢0n
3.60000005=07 3,0000000F=01 #,0001234F=01 9,9987459E+00
3.8000000F=17 9,5000000E=01 R,5000749E-01 9,9992515E+00
4,0000000F=nT 1.0000000E+00 9,0000454F=n1 9,9995460F+00
VALUE OF RC = 8,0000E«09
VAL 'F OF XK = 50,0010 3 =
TIMZ INCREMENT  CURRENTIO cuapgs;§g TIME = 3;83206 o7
2.0000000F=n8 5,0000000E=02 3,1641700E=-02 1,835R300E+00
4.0000000F=nR  1,0000000E=01 R,0134759E=N2 1,986534]1F+00
6.0000000F=08 1,5000000E=01 1,3001106E=0) 1,998893HE+0g
8.0000000F=08 2,0000000E=01 1,8000091E=01 1,99990192F¢0g
1.0000000F=07 2,5000000F=0] 2,3000007E=01 1,9999925F+0¢
1.2000000E=0T 3,9000000F=01 2.8000001E=01 1,.9999994F+0g
t-4000000F=07 3,5000000E=01 3,3000000F=01 1,9999999F+«0p
1-6000000E=07 4,0000000E-01 3,RN00000E=N1 2,0000000F+00
1.8000000F=07 4.5000000E=01 4.3000000F=01 2,0000000E+00
2.0000000F=07 5,0000000E<01 4,8N000000E=01 2,N000000E+00
2.2000)00F=07 5,5000000E=01 543000000E=-01 2,0000000F+00
2.4000000F=07 4.0000000E=01 5,8000000E=01 2,0000000F +00
2.600000)E=-n7 A,5000000E-01 6,3000000F=01 2,0000000F+ 00
2.8000000F=n7 7,0000000E~01 5/,8000000E=N1 2,0000000F+00
3.000000CE=07 7,5000000E=01 7.3000000F=N1 2,0000000E+00
3.2000000F=07 8,0000000E=01 7,B000000E=01 2,N000000F+00
3.4000000F=07 3,5000000E=01 R,3000000E=01 2,0000000F+00
3.6000000F=07 9,0000000E-01 8,8060000E=01 2,0000000F+00
3.8000000F=07 93,5000000E=0]1 9,3060000E=01 2,0000000F+00
4,0000000E=n7 1,0000000E+00 9,8000000E=01 2,0000000E+0n
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TABLE I (continued)
VALUE OF RC = 4,0000E=09
VALUE OF XK = 100,90 0 RISE TIME = 4,0000E=n7
TIME INCREMENY CURRENTIQ CURRENTIR NFCRP
2.0000000F=n8 &,0000000F=02 4,0067379E=n2 9,9326205F=01
4.0000003F=08 1,0000000E=01 ©.0N00454E=0? 9,999546NEFE=0]
6.0000000F=08 1,5000009€="1 1,4000000F=01 9,9999969F=0}
8.0000000F=08 2,0000000FE=01 1,9000000E=01 1,00000n00F+00
1.0000000F=n7 2,5000000E=01 2.,4007000E=01 1,0000000F+00
1,2000000F=n7 3I,0000000E=01 2.9000000E=-01 1,000000052+9n
1.,6000000F=07 3,5000000E=01 3,4000000E=01 1,0000000F+0n
1 ,6000000E=127 4,0000000F=01 3,5000000E=07 1,0000000E+00
1 ,8000000F=07 4,5000000E-01 4,4000000F=01 1,00000006F+00
2,00000008=n7 5,0000000€E=01 4,9900000E=N1 1.0000000F«00
2,2000000E=07 5,5000000E=01 5,4000000E~0]1 1,0000000F+00
2,4000000E=07 6£,0000000E=01 S,9000000E=01 1,000N0000F+0N
2,600000UC=07 AS000000E=N1 ~,4000000E=N1 1,0000000F <00
2,8000000E=0T7 7,0000000E=01 5K,9000000F=n1 1,0000000F+00
3,0000000F=n7 7,5000000E=01 7,4000000E~01 1,0000000E+00
3,2000000F=nT 4,N009000E=0]1 7,9090000E=01 1,0000000F+0n
3.,4000000FE=N07 8,5000000E=01 R,40N0000E=N1 1,0000000F+00
3,600000G6F=n7 3,0000000E=01 #3,9000000E=01 1,0000000F+00
3,8000000E=0T7T 9,5000000E=01 9.,4000000F=01 1,0000000F+00
440000000E=07 1,0000000E+00 9.90000N00E=01 1,0000000F+00
VALUE OF RC = B8.,0000FE=10
VALUF oF X« = 500,9000 RISE TIME = 4,0000E=n7
T'ME INCREMENT  CURRFNTTAQ CURRENTIR NFCRP
2,0000000F=08 5,0000000E=02 4,Bn00000E=N2 2,0000000F=0]
440000000E=08 1,0000900E=01 9,8000000E=n2 2,0000000F=01
640000000E=08 1,5000000E=0]1 1,4B800000E=-01 2,0000000E=0]
8¢0000000E=08 2,0000009E=01 1,9800000E=01 2,0000000F=01
140000000E~n7 2.,5000000E=01 2,4800000E=01 2,0000000F=0]
14200000UF=07 3,0000000E=01 2,9300000E=01 2,0000000F=0]
144000000F=07 3,5000000E=01 3,4B00000F=0) 2,0000000F=0)
1+6000000E=n7 4,0000000E=01 3,9800000E=n1 2,0000000F=01
14B000000E=N7 4,5000000E=01 4,4RNN000E=N1 2,0000000F=0}
2,0000000E=07 S40000000E=0] 4,9800000F=n1 2,0000000E=01
242000000E=07 5,5006009E=01 S,4800000E=N1 2,0000000E=0)
2,4000000E=07 6.,0000000E=01 S,9R00000E=N1 2.,0000000F=0]
2,5000000E=07 ~,5000000E=01 K,4B00000E~N1 2,0000000F=0]
248000000E=07 7,0000000E=01 A49800000E=n1 2,0000000F=01
3.0000000E=07 7,5000000E=01 7,4800000E=N1 2,0000000F=0}
3.2000000E=07 A,0000000E=01 7.,9R800000E=n1 2,0000000F=0]
3.4000000E=n7 3,5000000E=0" R,4200000E=N1 2,0000000F=01
34600000UF=07 Q,0000000E=01 R,9RNNN0NE=N]1 2.,000.000F~01
3.8000000+=07 9,5000000E=01 9,4R00000F=N1 2,0000000F=01]
4,0000000F=n7 1,0000000Es00 6,92000N0E=01 2,0000000F=0}




VALUE OF
VALYF nF

TIME InARFEVENT
2,0000000F =R
4,000n00CF=08
0.000000G¢=n8
8.,000n0000F=nR
1,0000000--n7
1.2000000F =07
1.,4000000r =0T
l «6000000F-n7
1.,8000000% =n7
2.,0000000F=n7
2.2000000F=n7
2:,4000000F=07
2.6000000F=07
2.8000000F=nT
3,0000000F=n7
3,2000000F=n7
3.4000000FE=nT
3,6000000E=07
3,8000000F=n7
540020000 =n?

VALUE OF RC =

VALUE nF
TIME INCREMENT
2.000000uUF=08
44000nG0UE=NA
6,0000000F=08
8.,0000000FE=08
1.00000”9F-n7
1.200”00”E-07
1,4000000F=07
1.6000000F=n?
1.8000000E=07
2.000n0000F=n7
2,2000000E=07
2,4000000F=n7
2,6000000E=07
2,800n000F=0?
3,000n0000F=n7
3.2000000E'ﬂ7
3,4000000E=07
3.&0000”05'07
3,800000CFE=n7
4.,000n000E=07

TABLE I (continued)
RC = &,0000E~10
XK = 1000,00 10 RISE TIME = 4,0000E~07
CURRENTIA CURRENTIR DFCRP
5.0000000E=02 4,9000000E=02 1,0000000E=01
1,0000000F=01 9,9N00000E=n2 1,0000000E=0]
145000090E=91 1.49170000E=-01 1,0000000E=0]
?2.0000000E=01 1,990n0000E=01 1,0000000FE=0]
?¢5000000E=01 2,4900000E=N1 1,0090000F=0]
3,N000000E=01 2.99n0000E=01 1,0000000F=0]
2,5000000E=01 ,4900000E=n1 1,0000000F=01
4¢N000003E=01 3,9900000E=01 1,0000000E=0]
4,5000009E=01 4,4900000E=01 1,0000000F=0}
S.000000NE=01 &,9900000FE=01 1,0000000F=0}
545000000E=0] 5,4900000E=01 1,0000000F=01
5.0000000E=01 5,9900000E=N1 1,0000000€=01
%e50000005=-01 6,4900000E=01 1,000C000F=01
7.0000000E=01 5/,9900000F=01 1,0000000F=0]
7¢5000000E=~01 7.,4900000E=-11 1,0000000F=21
2,0000000E=01 7,9900000E=01 1,0000000F=01
He5000000E=01 B,4900000E=01 1,0000000F=01
9.N00N0DNE=01 AR,9900000E=01 1,0000000E=01
9.5000009E=01 9.4900000E=01 1,0000000F=01]
1.00N000NE+0D 9,9900000F=01 1,0000000F«0]
8+0000E=11
XK = 5070.0000 RISE TIME = 4,0000E=n7
CURRENTIN CURRENTIR NFCRP
R,000000NE=02 &,9800000E=02 2,0000000F=02
1+0000000E=01 9,9R00000E=02 2,0000000FE=02
1.5000000E=01 1,4980000E=n1 2,0000000F=02
?¢0000000E=001 1.,9980000E=0] 2,0000)00E=02
2«50C0000E=N]l P,4GR0000E=01 2,0000000F=02
3.7000000E=0] 2.9980000E=01 2,0000000E=02
2,5000000F=01 3,49R0000E=01 2,0000000F=02
440000000E=01 3,99R0000E=01 2,000000CE=02
4e5000000F=01 4,4980000E=01 2,0000000E=02
5.0000000F=01 &,99R0000E=N1 2,0000000E=02
5.5000000E=01 S,4980000E=01 2,0000000F=02
AeNONNONOF=01 5,9980000E=-01 2,0000000E=02
AeSV00N00E=)1 /44980000E=01 2,0000000E=02
7.0000000E=01 K,9980000E=01 2,0000000E=02
7,5000000E=01 7,4980000E=01 2,0000000E=02 _
3.000NN0NE=N] 7.9980000E~N1 2,0000000FE=02
3e5000000E=2] R,6980000E=01 2,0000000F=02
Q40N0000NE=U] R,99R0000E=N1 2,00G0000E=02
9,5000000E=01 9,4980000E=01 2,0000000E=02
10000000E+00 9.9980000E=n1 2,0000000E=02
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TABLE I (continued)
VALUE OF RC = 4,0000E-11
VALIJE oF Xx = 10000,00079 RISF TIuE
TIME IncREMENT CURRENTIN CUPRENTIR
2,0000000F=n8 S5.0000000F=02 4,9900000E=n2
$,0000020E=N8 1.7000000E=01 23.9900000E=n2
6,0000900F=nB | ,50N000NnF=01 1.4990000F=01
8,000n000F=0R 2,0000000E=01 1,9990000FE=91
1.0000007F=07 2,5000000E=0]1 2,4990000E=n]
1,2000000FE=0T 1,00000NN0E=21 2,9990000E=01
1,6000009F=07 3,5000000E=31 3,47200000F=n]
1.,6000000€=n7 4,0000000E=N] 3,9990000E=n]
1,8000000F=0T7 4,5000000E=01 &4,499900N0E=N1]
2,0000000F=n7 G4,0000000E=01 45,9990000E=n]
2,2000N00E=07 5,5000000F=01 5,4990000FE=n]
Ce6000n00F=nT 4,Y7000007€E=01 &,9990000F=nN1
2,60000N0F«07 449900000NFE=01 A,4990000F=01
2,800000UF=n7 7,0000000F=01 4,9990000F=01
3.,000n000FE=n7 7.5000000E-71 7,4990000E=01
3.2000009€E=07 3,0000000F=01 7,9990000F=n]
3.4000000E=0T7 3,5000000E=01 R,4990000E=N1
3,6009000F=07 9,0000000E=01 RKR,9990000E=n}
3.8000000F=07 9,5000000E=01 9,4990000E=n]
4,0009000F=N7 1,0000N000E+270 9,99900N0E=n]
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= ‘QOOOOE-’)-’
NFCRP
1.,0000000E=02
1,0000000E=02
1.0G0000CE=02
1.0000000€=02
1,0000000F=02
1.,0000000F=02
1,7000000F=02
1.0000000F=02
1.0000000F=02
1,0000000F=022
1,0000000F=C2
1.0060000F=02
1,0000000F=02
1.00000007=02
1,0000000F=02
1,0000000E=0?
1.0000000F=02
1.0000000F=02
1.,0000000F=02
1.,9006000F=02




TABLE II.

VALUE OF Re =

VALUE OF

TIvF INCREMENT
5.0000006E-07
1.0000000E=05
1,=noooooE-n5
2.,0000000E=15
2.5000000E=05
3.0000000E=>
3.5090000E=00%
4,0N000NNE=NS
4.5000000E-06
5.0300000E=1%
S.5200000E=n5
6,N00000E=05
6.5000000E=15
7.0700000E=06
7.4000000E=15
8,nnp0000E=-ub
R,5N0N000E=05
9.nno0000E=D5
9.50000n00E=n6
1.0000000E=05

VALUF OF Re
XK =

VALJE NDF

TI' € INCREMENMT
5.0700000E=(7
1.0000000FE=06
1.5000000E=06
2.0000000E=05
2.5700000E=06
3.0700000E=05
3.3700000E=25
4,N00N000E=06
4.,5700000E="6
5, N00NDOOE=05
5.,5000000E=05
6.,0"00NO0E=NS
6.5000N00E=06
7.0000000E=0¢6
7.5700000E=05
8,0N00000F=05
8,5000000E=05
9,NNPDN000E=0S
9,5000000E=n6
1.0000000E=05

XK =
C'IRRENTTIO
2¢44917R3E=n?2
9.5565R41F=-n2
2en6260R4Ean]
3.45732n4E=n]
Se f-nBlAlEE-nl
6.5896')23E-'\1
7e36265n86F=n]
9, 6ANSSIE=N]
Fe76:T70n379E=n]
9,.939936NFE=nl
9,75931289E=n1
9.n4n06208E=nl
7,9322728E=n1
60H]66443E'n1
4499n5163E=01
3,44529T4E=nl
2¢7523R51E=01l
90““23528E-02
2¢4101903E=n2
1ew9R9323E~N6

= 2.0000E=0R

C'RPFNTIE
2¢44912R3E=n2
9¢5565a41E=02
20“626084E-01
3,573204E=01
5¢7031K12E=n]
6e54RA0P3E=n1
Tedi28nG6E=n]
90““905595'01
9,7570379E=n1
9,39996ANK=n]
9,75317R9E=n1
9¢7406208E=n1
Te232272R3E=n1
bet366643E=n1
447905163E=n1
3,44520T74F=01
2en5238R1F=n1]
9.4R236P8E=n2
2es1n)19n3E=f2
145989773F=06

000000

1.0000E«07
100,000n

€ JRRENTIR

1.957186%E=-02
7.,3750436E-02
1.49208368E~-01
3,1656156E=N1
4,%9901000E=0)
6,2649638E=-01
7,5778266E=91
A,364B37STE=0}
8,56191R2E=N]
9,3807145E=01
9,8315745E=0]
9,2091087E-01
R,1T742969E=0)
h,8285148E=01
5,3036019€E-11
3,74896467E=02
2,3168511E~-01
1,1676105E=01
3,5576971E=02
1,9901590E=03

RISE TIMZ =

CJRRENTIR
2,2623580E=-02
9,1934395¢g-07
2.0122141E=01
3,3977831E~-n1
4,9403135E-01]
6,4886911E-01
7.8912289E-01
9,0105270E=01
9,7369334E-01
9,9992854g=01
Q,7718818E-01]
Q,0770001E-01
7.3827146E=0)
£,5962271E=01
5,0533649E-01
3,5052769€=01
2,1036158E=-01
9,8570136E-07
2.5104823€E=02
6£,6712694E-05
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RISE TIMF =

Results for Haversine Input tc Ideal Circuit

1.0000E=05
DFCRP
7.81964138E-01
1.6815405E00
2.6177151E+00
2.9170487E+00
3,1306123F+00
3,0374850E+00
2.6667902F400
1.9968021E¢00
1.1511971E+00
1.9281694E=01
=7.8645040E=01
-1,68487R4E+0D
“2.4202410E400
«2.9185044E+00
-3.130R561E ¢00
-3,03649315+00
-2.6446597E400
=1.99374]1RE+00
“1.1675067E+00
-1.8885600F=01

1.0000E=05
DFCRP
1.8677035€~01
3,6314451g-01
5¢0394317€-01
549537297¢=01
6.284T697E~0]
6,0001215€=01
S.1276706E=01
307528868E'01
2.0104509€E=01
7,1060898g=03
=]1.R752906E=01
-3,6379290E=01
-5,0441771E=01
-5,9562T18E=01
~6.,2B848596F=01
-5,99775026~01
-5.,1230705€E=01
=3,7465085£=01
-2.,0029162E=01
=6¢3113761E-03




|
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TABLE II (continued)
. VALUE OF RC = 1,0000E=0R
VALJE OF XK = 1000,0000 RISE TIm:s = 1,0000t=¢5
TI“F INCREMENT CIRRENTIA CJRRENTIR DFCRP
S PN0000E=07 2.64912R3E-02 , 3538534F-0) Q,5274913E=02
1.0100000E=96  9.3565R41E=02 ©.3733926F 02 1.8319164E=0]
1.5900000E=06 2eNRPANRGE=p] Pe0372922E-01 7,5316197E=01
2.0000000E-06 3,4573704F-n] 3,64274873E-01 2,9833126F~0])
2.5000000E=06 5.,r0316)2E=r1 4,9717338E-01 3,14274648E=0]
3.0000000E=06 6,5486923E=n]1 #,65]187494E=0) 2¢9942977E=01
3.50000006=06 749425056F=n] 7.9169804F=0] 2,5525137g=01
4.0000000E=n5 9e14RPSS9E=n]  0,0294492E=0] | .A6p6725E=0]
4.5000000E=06 9,7570¢379E=n] V,7671724E-01 9,86550) 7E=02
5.0000000E=06 9,99990a0F=n] 9,99983AR2E=n1 1,5780355E=03
5.50000006=-06 9,7531289% en] 9,7626942E-0]1 =9,5653539¢=02
6.0000000E-06 9.0406208E=01 q,05R89723F=0] =1.B351440E=0]
5.5000000k-05  7.,9322708F-n]1 7,3576126F=0] =2,5339725F=01
TeP200000E=NE  6.5366643F=n1 6,5665100E-01 -2,9845601F=0]
Te5000000E-06 449905)63Een] Se0219440E=0]1 =3,1427648E=0]
Re0N00000E=nt 3,4452974F-n] 3,67522r3E=01 =2,99308R]1E=0]
8.5000000E-06 2,152388]1E=n] 2,0778B70E=01 -2,5501932F=0]
9.0000000E=06 94482360K8E=n? 9,66B810%5F=02 =] ,8574683F=0}
9.5000000E-06 2¢41019n3E-n>2 Pe SORG6ANE=N2 =9,82776:3F=07
1.0000000E=05 1,59R919723En6 1436405295E 05 -1,1R06363E=03
VALUE OF RC = 2,0060FE=09
VALUE OF XK = B000.G00N RISE TIMF = 1.000GE=0g
TIMFE IMCREMENT  CripRenTIG CJRRENTIR DFCRF
5.0000000E=)7 204491283Fap? 244297720E=02 1.9356304F =07
1= 0000000E-06  945565341F-02 q.51968R7E~05 3.6895385E=02
1.5000000E=06 Cefih26NA4Ear] ?e0575264E-01 5,0820006E=05
2.0000000F~06 3e4573204Fa] ,4513438E-01 5¢9766037E~02
2.5000000L-06 5,6n031612Eani 4.9968755€-01  6,28570R)1F=0>
3.0000000L=06 645486953E-n] h.5427133F=0] 549790322E=02
3.5000000E=06 7,9425056E.(] 7.3374100FE=0] 5,0866197E=02
4.0000000Fk=06  94n4RNERIEn] "e0443606E=01  3,6958958F =02
4,5000000k-06 9¢7570379Ean] G, 7550948F=0] 1.9431030F=0p
S5.0000000k=-n6 94999904 0Emn] 8,999994nF 0] "4.618154TE=07
5.5000000E=06  9,7531540 0] 9¢7550721E=01 «1,9431908F=0>
640000000E=1)6 Senan6pnBE-n) 9,0443)16RE=n] =3.60959705E=0>
6.5000000E=0F  7.9322728Fwn] 749373595F=01 =5,0866740F=07
7.0000000E=n% 6¢5366643F-n] Fe54266434F =) =5.979G607TE=02
Te5000000E=06  4,9905743Ewn) 4,9968020E=0] =6,28570R0E=(p
RenN00000E=n6 3.4452974Ep) 3.4512740E=0) =5.9765751E=07
Re&N00000E-06 2eN523a61E=n] P 0574670 =01 “5.08194627 =07
940000000E=05  94482365RFnp 945192574E=02 -3,6R9463RF =05
9e5000000E-06 2,4)10)10p3F=np 2,4295458F<n? =1,9355435p=0p
1.0000000E=05 1¢5989323Ea14 7,9949312FE=07 7.9943914F =05



VAL!IFE OF RC =

vaput of

TIF INCREMENLT
5.0000000E=n7
1.0000000E=15%
1.5000000E=06
2.0000000E=05
2.5000000E=05
2.0000000E=0:6
3.5000000E~06
4.,NN00NDOE=D5
4.,5000000E-06
5.0000000E=06
5.5000000L=05
5.0000000E=06
6,.5700000E=05
7.0000000F =06
7.5000000E=06
R.NNO0OONE=06
R,2nN0Nnpook=036
9.0000000E=0H
9.5000000F=06

f.0000000E=05
H.R00N0N00E=0FA
7.0000000k=06
7.5%00000E=0n5
B.0n00000E=05
R,.5100000E=05
9.0100000E=06
9,5700000E=05
1.0000000E=05

TABLE II (continued)
1.0000E=09

ik = 1n000,.p00n RISE TIMT =

CURREMNTID  JRRENTIR
2e64912R3E-0? 2 6394314F=07
Fe68ABALIE=n2 0,53R1206F=02
Za30260R4Ean] 2 0600663E-0]
3+445732n4E=01  3,45433)15E=0)
5¢9031412E=01 5,00001R4E=0]
6¢54R/923Far]l A, 5657034E-1)1
Te9425n056E=n1 7,3399634E=0]
3¢ 74RN559E=n]l  9,0462095E~01
9¢757037%Canl  Q,75A06R8E=(]
9,9999a0Fan]

9,75312R6E=n]
FegeN6rnnE=n]
74932272RE-n1
6¢5366643E=(1
4¢990516A3E-(.1
364452074F=n]
241523851 Emni]
9.4823628Lwnp
2e4lNlan3Eai

1.0000000E=05 1479A9323E=(6
VALUF OF RC = 2,0000E~10
VALUE OF XK = &6n0n00,000n
T1'F INCREMENT Cr'eRENTIN
5.0000000E=n7 2¢44917R3F=pn2
1.77°00000E=06 Qe55aG5R41E=12
1e5000000E=06 2e162671R4E=n]
2.0000000E=NS 34457370 4E=nl
2.5000000E=C6 5,1n31612Eanl
3.0000000E=05 6¢%486923E=n}
3.5000000E=06 T49428n56FE«n]
4.009000NE=06 9474RNEEIF=n]
4.5000000L =05 9,757n0379E=n1]
5.0000000E=n6 94999994 E=n]
5.5000000E=05 947531289 ap]

QenanhpnAFan]
7¢9322778E~01
6e5366R43E=p1
4499n5163E=n1
3e4452174F=n]
£ePR23RG51E=nN]
944823608 E=n?
Ce41019n3E=)2
1459R9323E=n6

DFCRP
9,6969509F=03
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SECTION VI

SUMMARY OF EXPERIMENTAL WORK ON PRCJECT

The work done on the crystal phase of the contract has
included both analytical and experimental studies involving
both static and dynamic tests. This section of this report
describes the work done, and gives data, results, and con-
clusions where applicable.

STATIC TESTS

Static load tests were conducted on several different
materials in order to measure the piezoelectric charge co-
efficient, d33. Information on these tests has been sum-
marized in earlier quarterly progress reports, and this will
be repeated where necessary and supplemented.

The loads were applied to the crystals using two dif-
ferent machines. Loads less than 5000 1lb. were applied in
a Dillon tensile testing machine (using a compression cage),
and loads greater than this were applied with a Reihle uni-
versal testing machine. Figure 6 shows the hardware and
method used to apply loads to the crystals.

Recording of the data during loading was done with an
X-Y recorder for convenience. Since the piezoelectric
charge coefficient has dimensions of charge per unit of
force, it was necessary to develop measuring techniques and
circuitry to record these quantities.

In the low force ranges, measurement of force was ac-
complished with a Kistler Corporation load cell and charge
amplifier. In the higher force ranges, measurement was ac-
complished with a special load cell designed and constructed
at The University of New Mexico (UNM). Figure 7 describes
this transducer, and Figure 8 gives the calibration data and
curves for it. 1In obtaining this calibration curve, the gages
on the transducer were connected in the customary bridge circuit.
The bridge current was adjusted to give the output as indicated
by the specified calibrated resistor and the corresponding de-
flections.
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3 10,000~1b. Capacity Dillon
1 Tensile Tester

Crystal Specimen Holaer
fff—f”“’#ﬂﬂ- (see detail below)

COMPRESSION CAGE

CROSS SECTION DETAIL OF SPECIMEN HOLDER

LTop Load Flate

Steel Spacers
i Kistler Load Cell
i / 5,000-1b. Capacity
Specimen —_—““““Hmﬁiﬂ;/ o Banana Plug to Ground

Bar.ana Plug
to High Side

Micarta Insulation

\\\-_____Bottom Load Plate

SCALE: FULL

Figure 6. Hardware for Static Tests on Ferroelectric Crystals
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figure 9 yives a general description of the recording
technique for these tests. The circuitry for recording the
charge developed is shown here. The series capacitor, Cor
charged with an aprropriate voltage from the power supply was
used to calibrate the circuit. The shunt capacitor, Cq, was
used to load the circuit in order that the cathode follower
would not be overdriven, and as an adjustment on the signal
into the X-Y récorder to have adequate indicator deflection
over a wide range of charge.

Figures 10, 11, and 12 give the results of the calibra-
tion tests opn this circuitry. Three curves are given to cover
different ranges of charge. The curves on Figure 12 illus-
trate two points: 1) Repeatability of the calibration curve
after a time lapse of several days, and 2) the fact that small
deviation in CC has a negligible effect on the calibration
curve as long as Cs>>>Cc.

The test equipment was used initially with a quartz cry-
stal. The properties of quartz are well known, and the re-
sults of th_.s test were used as a check on the measuri:ig sys-
tem. The 1/2-inch diameter quartz disc was loaded tc¢ 4300 1b.
and unloaded. The charge-force relation was plotted on the
X-Y recorder. The results showed a linear rclationship with
essentially no hysteresis. The slope of the curve was com-
puted to be 1.93 pcb/N, which compares quite favorably with
the d11 constant for quartz shown on page 4. It was cor.-
cluded that the test equipment was adequate for making the
desired measurements, and twu samples each of HST-41, PZT-4
and PST-5 were tested.

One series of tests oiu HST-41 were conducted primarily
on ore sample. Table III descr:bes these tests and gives
33° Runs 1 through 4 indicate that
the d33 constant under low stress values is repeatable, but

experimental values for 4

an upward shift is indicated even for these low values of
stress. A typical curve from one of these tests is shown in
Figure 13. This curve shows a small hysteresis loop and some

nonlinearity during the loading phase of the curve.
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TABLE III

RESULTS OF STATIC LOAD TESTS ON HST-41

Test Purpose : Peak forcel d g -
No. 1b. a3
pcb/N
1 Repeatability of d33 19.3 2245 i
2 for low force. 20.6 2261
3 18.3 2368
4 20.9 2610
5 Change of charge- 1218 5670
6 force behavior when 19.4 2034
74 cycled to alternating 1220 2945
8 high and low force. 20.2 1487
9 2215 5260
10 24.0 1249
11 2215 3930
12 Change of charge- 2000 SESS .
through force behavior when
22 cycled to the same
23 force. '
24 Check for recovery of 2222 2430
25 crystal after 30 days 2262 2122
without testing.
26 10,000 1690
1 27 9,150 §60
1 28 9,100 459
' 29 9,050 398

lThe crystal tested was 1/2 in. dia., for an area of .196 in.z.

Therefore, approximate stress values can be computed by
multiplying the force value by 5.

2The values giver here were computed from the final readings

of the charge and force, and as such do not represent any
slope associated with the curve where nonlinearities exist.
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Runs 5 through 11 were conducted to study the behavior of
the crystal when cycled with alternating highk and low force
valves. Figure 14 shows the curve obtained with the first high
force value. The behavior for the low force tests was sim%}é;r
to that shown in Figure 13, except the hysteresis loop was
slightly larger. This series of tests covered a time interval
of approximately 1 hour. Repeated tests to this stress level
do show a decrease in the charge developed.

Runs 12 through 22 were conducted one right after another,
each to the same load. Figure 15 shows the results of this
series; as before, a degradation in the charge developed was
noted. Run 23 was made after the crystal "rested" for 30 min-
utes. A small amount of recovery is noted.

The crystal was then allowed to remain unloaded for 30
days. Re-testing then indicated a further recovery of charge
producing capability, but not to the original level.

Tests 26 through 29 were conducted to very high stress
levels -- approximately 50,000 psi. Figure 16 shows the re-
sults of test 26. In it noted that at the high stress levels,
very little additional charge is developed as the force in-
creases. Repeated tests to the same stress level show a signi-
ficant decrease in "d33."

Table IV shows the results of the tests on P2T-4. Figure
17 shows the results of test 2 on sample 2 and test 4 on sam-
ple 3. Figure 18 shows results of tests at stress levels of
approximately 5000 psi., and Figure 19 shows results of several
tests at the 50,000 psi. level.

A review of the above mentioned table and figures gives
the following indications regarding the behavior of PZT-4.

1) There may be considerable variation in d33 among

samples of this material.

2) The force-charce relation is closer to being linear

than for HST-41 up through 5000 psi, and there is
less hysteresis.

3} At stress levels of 50,000 psi, the curve is be-

ginning to flatten out.
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TABLE IV

REGULTS ON PZT-4

Test No. SAMPLE 2 SAMPLE 3
Stre§s d331 Stre§s d33
psi pcb/1b psi pcb/1b
1 180 1042 - =
2 174 988 103 1052
3 188 1046 159 1701
4 195 1045 185 1456
F 5 - --- 184 1487
: 6 5100 1060 186 1392
7 5100 980 5370 1694
8 5340 1575
9 10,300 2215
10 10,200 2120
11 11,300 2620
12 51,000 2990
13 46,900 3100
14 46,900 2450
15 46,900 1795

1’I‘he values given here were computed from the final readings

1 of the charge and force, and as such do not represent any
slope associated with the curve wh=2re nonlinearities exist.

2There was a 30-day wait between test 10 and 11 on crystal 3.
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A surmary of the results of the tests on PZT-5 is shown
in Table V. Figures 20, 21, and 22 show typical results from
these tests.

A second series of tests was conducted to determine a
basis for obtaining a nonlinear and uniaxial stress charge
coefficient for HST-41 at high stress levels. Fcr this series
a new crystal was used for each test. 1In order to insure a
state of uniaxial stress, a slightly different loading tech-
nique was used. The crystals were loaded through two bars
having the same diameter as the crystal, as shown in Figure 23.
This method was used since the boundary conditions on the cry-
stals in the static tests would approximate those for the split
Hopkinson bar tests which would be conducted in the dynamic
tests., Two different materials, steel and aluminum, were used
for bars though which the load was applied, and two different
thicknesses of crystal were used, -- 0.50 inch and .100 inch.
Again this was done to duplicate the later dynamic tests. The
various combinations of bar materials and crystals are shown

below.

Bar Material Crystal Thickness
(inches)
Test 1 Aluminum .100
Test 2 Aluminum .100
Test 3 Aluminum .100
Test 4 Steel .100
Test 5 Steel .100
Test 6 Steel .050

Tests were conducted on a Riehle Universal Testing machine
using the same Xistler load cell in the earlier test series to
monitor the load. Figure 23 also shows the load washer and
test specimen. Recording was done as before, using a large
shunt capacitor to prevent the test crystal from overdriving
the Kistler charge amplifiers. A second Kistler charge ampli-
fier was used in conjunction with the load cell. Both charge

60




N,_ﬁ_.
{
TABLE V
RESULTS ON P2T-5
1
Test No. Stregs d33
psi pcb/1b
1 79 1995
2 100 2300
3 113 2228
4 126 1859
5 5810 4100
6 6140 7590
é 7 5810 6060
: 8 5850 2080
i 9 412 780
: 10 475 481
11 441 839
12 371 1210
132 2180 4959
14 50,900 997
16 35,203 348
T

The values given here were computed from the final readings
of the charge and force, and as such do not represent any
slope associated with the curve where nonlinearities exist.

2Crystal given a 30-day rest prior to this test.

3Crystal fractured at this load.
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Applied Load

_I/"Mica Insulating Washer

Eg_#,/*'xistler Mod. 9C4 Load Washer
J-—— Flat Ground Load Washers(2)
¥~—3akelite Insulating plate

IO,

je——— Aluminum Rod Supports

Pressure Bars
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7 Crystal Test Specimen

Y S ]

< L b 4

s Ll
R
r—=- -
L T

- —— —
—— —— e —

E‘—— Banana Plug Connectors
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Figure 23, Test Fixture Used for Determining the
Static Charge-Force Relation for HST-41
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Figure 24. Charge Force Relation for HST-41 (Determined for
use in numerical work)
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G Cach

amplifiers then drove the Moseley X-Y plotter. Calibration

was done directly on the recording circuits by using a DC power
supply and a series capacitor to simulate a charge on the cry-
stal.

The crystals were loaded through the aluminum bars to
abouvt 20,000 psi, and to about 40,000 psi through the steel
bars. Data were taken on the initial loading only. The
curves for all of the six tests fell within a band which was
quite narrow, possibly within the range of variation of speci-
ment properties. Therefore, only one experimentally-determined
curve is shown for this test searies. Test 5 was taken as
representative of all data and is shown in Figure 24. It
was used for determining the charge stress functions as needed
in the numerical work.

Two factors concerning these tests should be noted. One
is that the zero load charge coefficient determined experi-
mentally in this test series agrc2s very closely with that
given by the manufacturer. However, at a load of about
16,000 psi, the charge coefficient has increased to four times
that at zero load. At very high loads then the charge coef-
ficient Jrops off to less than 10% of the zero load value.
This is expected since, as the load increases, the charge gene-
rated approaches the maximum available charge given by Equa-
tion 12. For these tests the maximum charge approaches
about 32 ucb. This charge coefficient-average stress rela-
tion is later used in the reduction of the data from the
Hopkinson bar tests.

The second factor is that the output of the new crystals
was substantially higher than for the older crystals. Hence
it is suspected that the ferroelectric materials do lose some
of their charge potential with age. It is not believed that
the nonlinear charge coefficient function determined for the
new crystals would be valid for the older crystals.

DYNAMIC TESTS~--SHOCK TUBE

A considerable amount of work has been done in earlier

investigations on response of crystals to shock wave inputs.
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This type of input requires that the initial contact with
the face of the crystal be plane, and achieving this condition
experimentally can be something of a problem. The air driven
shock tube was used as the initial test vehicle on the crystals
since the loading condition satisfied this requirement, the
tests could be run guickly, and the tests were nondestructive
(in the sense the crystal was not broken during each test).
These factors were of importance in the first series of tests.
The tests were undertaken to accomplish the following: (1} to
check the theory associated with use of the piezoelectric ef-
fect as an energy generator, as presented in Section III; (2)
as an initial probe into the problems involved in the circuitry
and measuring techniques; and (3) in order to determine the
effects of the measuring instruments in crystal circuits.
Figures 25 and 26 describe the hardware and recording techni-
gucs used in these tests.

Materials tested were quartz and HST-41. The recording
circuit used is shown in Figure 27. The termination resistor
was 50 ohm on all tests. For one series of tests, which was

run only on HST-41, the effect of increasing the shock tube

driving pressure was studied. The load resistance, R, was
zero for these tests. Figure 28 shows typical data for this
series and a sketch of the data for all of the tests conducted.
It is observed that the voltage drop across RoERM increases
with driving pressure, as expected. It should be pointed out

that the driving pressure does not represent the pressure ap-

plied to the crystal, but is the charge pressure in the shock
tube.

Another series of tests run on HST-41 only involved a
study of the effect of crystal thickness. Tests were run oa
crystals varying in thickness from 0.02 to 0.25 inch. The re-
sults of these tests are shown in Figure 29. Theory indicates
that the current generated will vary inversely with thickness
(Eq. 4, p. 3). Figure 29 shows that while the voltage drop
across Rpporoy is dependent on the thickness, Equation 4 is not
applicable for the inputs of these tests. It is believed
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Pressure = 20 psig

50 mv/cm

.2 psec/cm

Driving Pressure, psig

600 -+
75
65
50
400 -
=
E
]
o 30
i
3 200 - 20
200 400 600 800

Time, nonoseconds

FPigure 28. Typical Data and Results for Shock Tube Tests
on HST-41 Crystal (.50 in. dia. x 0.10 in. thick)
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that the deviation from the theory is the result of the in-
herent lack of planeness of the force input to the crystal.

A study of the effect of load resistance, RL’ on current
and energy generated was made for quartz and HST-41l. The load
resistance was varied from zero to 100,000 ohm and driving pres-
sure was 50 psig for all tests. Figures 30 and 31 show typical
data on quartz and HST-41, respectively. Figure 32 summarizes
the pulse signatures for all runs for quartz, and similarly,
Figure 33 for HST-4l.

The data obtained for the range of load resistors has been
used in further studies related to the problem. These are as
follows:

1. Study of the 2ffect of the impedance of measur-

ing instruments in the circuit used with the
crystals.

2. Study of the effect of input pulse on the re-

sponse of the circuit.
3. Study of current generation - specifically to
predict currents generated, and effect of RL
on current.
4, Investigation into the amounts of energy gene-
rated for these tests.
Details of these studies will be discussed in the above order.

Items 1 and 2 above were investigated with the same ap-
proach. The circuit diagram of Figure 27 includes essentially
all the elements involved. Analysis of this circuit would be
quite difficult. This circuit was first reduced to the one
labelled "real" in Figure 34. In doing this, the following

assumptions were made:
B RP >>> RL
2. RDIST <<< RL

3. Cgcore > p t Cprst
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Driving Pressure = 50 psig, all tests.
Total Capacitance = 150 pfd, all tests.

2 mv/cm R, = 1000 ohm

I i A ig o

—_—— .2 usec/cm
= 8000 ohm

— .2 usec/cm

1 mv/cim P s R;, = 50,000 ohm
—_——— .2 usec/cm

Figure 30. Examples of Data from Shock Tube Tests

. on Quartz (0.50 in dia. x 0.10 in. thick)
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Driving Pressure = 50 psig, all tests.
Total Capacitance = 834 pfd, all tests.

200 mv/cm RL = 500 ohm

50 mv/cm RL = 5000 ohm

.5 usec/cm

5 mv/cm RL = 50000 ohm

&= .5 usec/cm

Figure 31. Examples of Data from Shock Tube Tests
on HST-41 (0.50 in. dia. x 0.10 in. thick)
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.

Number by each curve gives
load resistor, RL' for that

load.
6 1
1000
0
20,000
> 47
5
- 30,000
o
3
o
. 3 50,000
o 34
100,000
2
1+
0 100 200 300 400 500 sho
Time, nanoseconds
) Figure 32. Summary of Data for Quartz Shock Tube Tests
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Output, mv

400 4

300 +

200 A1

Figure 33.

Number by each curve gives load
resistor, RL' for that test.

2’0

1000

20,040
30,000
T v 50,000
200 400 600 800
Time, nanoseconds
Tests

Summary of Data for HST-41 Shock Tube
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This circuit retains the principal characteristics of the
actual circuit, i.e., the impedance of the measuring instru-
ment, and will permit investigation of its effect on the mea-
sured crystal output. The applicable circuit when the mea-
suring instrument is not being used is shown as the "ideal
circuit" in Figure 34.

The values of the parameters used were those from the
test series, and computations were made using a piezoelectric
charge coefficient for both quartz and HST-41. Solutions for
the required currents for the ideal circuit could be made
using analytical techniques. However, an analytical solution
to the differential equations for the real circuit would be
quite messy, and a numerical technique was adopted.

This numerical technique made use of the computer program
"ECAP", which was obtained from IBM. Use of the program re-
gquires insertion of the desired impedance values between the
appropriate node points in the circuit. The program then, in
essence, sets up the differential equations and determines
the desired currents and voltages.

These two circuits were solved for both a step input and
a ramp input. Figures 35 and 36 show the results for the
quartz and HST-41, respectively. A study of these figures per-
mits the following conclusions to be made:

1. For the value of RL used in this study, the presence
of the measuring instrument in the circuit reduces
the current through the load resistor a noticeable
amount. The amount of this reduction is apparently
dependent upon the parallel capacitance in the cir-
cuit, since the percent reduction is greater for
the HST-41 than the quartz.

2. The ECAP program does not give results in complete
agreement with analytical solutions to very simple
circuits, as evidenced by the lack of agreement be-
tween solutions of the same problem by each techni-
que. This difference in solutions is greater for
the step input than for the ramp. However, this
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AT

o Vot

20

15

Current, milliamps
[
o

W

- C o = 150 pfd
/Forcing Function
»- - — : —a
A Forcing Functio
J /B v
L 1 L 1
‘1 .2 Q3 .4

Time, usec.

——O——  ECAP solution, real circuit
~—{}—  ECAP solution, ideal circuit
~——— Analytical solution, ideal circuit

Figure 35. Results of Circuit Studies, Quartz Crystal
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Current, milliamps

20 7

15

10 -

54

’(—Forcing Function

" | .2 .3 -4

Time, usec.

—O0Q—— ECAP solution, real circuit
—{O—— ECAP solution, ideal circuit

Analytical solution, ideal circuit

Figure 36. Results of Circuit Studies, HST-41 Crystal
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apparent error in the ECAP method is considered small
enough for the results to still be useful.

3. The crystal is being subjected to an approximate

ramp input by the shock tube having a rise time of
about 0.4 psec. This is indicated since the charac-
teristics of the recorded signal are similar to
those of the predicted currents for the ramp input
(see Fig. 28).

The theory presented earlier specifies the current gene-
rated when a quartz crystal is struck by a shock wave. The
data presented gives measured currents for quartz and HZT-41.
The work discussed in the following pages is that of computat-
tion of current generated using theory and comparison with
some of the measured values.

These computations were made based upon the piezoelectric
theory presented in Section III. The parameters used in the
computations were as follows:

Quartz HST-41
Driving Pressure, Pc' psig 50 50
Pressure on Crystal,
Pr' psia 37.2 307.2
Pressure transmitted .495 P .66 P
through crystal r r
Pulse shape Ramp Ramp
Rise time, usec .38 .38

d

10.2 pcb/1b.

1440 pcb/1b.

33
RTERM' ohms 50 50
Cp, pfd 130 777
CTotal' pfad 150 797

The "ideal" circuit was used in the computations for iR.
Figure 37 shows the results of these computations for

quartz and Figure 38 for HST-41. Points from the experiment-

ally determined curves presented earlier have been shown on

each of these figures.
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A study of these figures indicates the following:

1. Theory and experiment are in general agreement
for low stresses used in this phase of the work.

2. The agreement between the computed and measured
values of current improves as the size of the load
resistor increases. This is indicative of improper
assumptions and/or measurement regarding circuit
impedance. As the resistance becomes large, its
impedance in the circuit then overrides the other
effects.

The computed current time histories presented above were
used to determine the energy dissipated in the load and termi-
nation resistor. The significant results from these computa-
tions are presented in Figures 39 and 40 for quartz and HST-41,
respectively. These figures give representative values of
energy generated for this type of excitation and give some
indication of the effect of circuit resistance. These fig-
ures show that there will be some optimum value of total load
resistance for maximum energy generation.

DYNAMIC TESTS--VACUUM-GUN FACILITY
Tests on the crystals utilizing the shock tube give very
low applied stresses. The vacuum-gun facility was constructed

for which the function was to test crystals under conditions

of shock excitation similar to the shock tube, but to higher
stress levels. Figure 41 shows a schematic of the gun. The
gun is termed a vacuum gun since the chamber between the im-
pact plate and projectile is evacuated before each shot.
This serves two purposes: (1) it eliminates the air cushion
between the projectile and the target, thus decreasing pulse
rise time, and (2) it permits the atmospheric pressure to be
used for the driving force.

Preliminary tests have been run with the gun and impact
velocities up to 50 fps have been obtained. The most effec-
tive way of controlling the impact velocity is with the initial
position of the projectile in the barrel, rather than the

amount of vacuum drawn.
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The initial tests also showed that the fit of the pro-
jectile in the barrel was not sufficiently close to give the
desired planeness of impact. An indication of the importance
of planeness of impact is given by this expression from Ref.

10:
tan = 5— tans
" o
where 6 = angle between impacting surfaces
¢ = angle of wavefront in crystal
u, = impact speed.

A study of this expression shows that the tilt angle of the
impacting surfaces will be amplified by the ratio c¢/Uo. For
low velocity impact of the magnitude being considered for
this study, this amplification will be large, and 6 must be
minimized. Considerable time was spent grinding anéd polish-
ing the base, and machining the projectiles to obtain a 0
small enough. However, with the equipment available, it was
not possible to obtain a sufficiently small 6 for the wave-

front developed in the crystal to be considered plane.

DYNAMIC TESTS--SPLIT HOPKINSON PRESSURE BAR

Work was also done on impulsive loading of crystals using
a split Hopkinson pressure bar. The desirable characteristics
of this method are that the input pulse may be controlled to
a greater degree than with the other methods discussed, infor-
mation on the pulse signature may be obtained from measure-
ments rather than from the crystal, and geometry is one which
could possible be applied to a proposed system. The geometry
used is shown in Figure 42. The impulse to the input rod was
applied with a projectile from the gas-gun developed for this
contract, and strain gages were used to monitor the input
pulse to the crystal. With this geometry, impact on the in-
put rod does not have to be as nearly plane as for the case
when the projectile strikes the crystal directly. When non-
planar impact occurs, the wavefront approaches the planar
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condition as it moves down the rod. Since this geometry is
less sensitive to the alignment of the impacting surfaces at
impact, it is somewhat more feasible for use under conditions
not found outside the test labcratory.

Since the purpose of this work was to determine energy

levels which could be obtained from crystals under impact,
the work for this type of loading was planned as follows:

1. Develop through the use of appropriate theory, an
analytical method for predicting current and energy
levels put out by the crystals under the test con-
ditions.

2. Conduct several experiments to determine the system
input and output during actual tests.

3. Verify the analytical model through comparison of
measured outputs with computed values for the same
system and system input.

Once the analytical model had been verified, it would have been

possible to make studies with computer simulation in order to

maximize the energy output. -
The work done in pursuit of the above investigation will

be presented in three subsections. The first subsection will :

be a discussion of the appropriate theory and computational pro-

cedures used in data reduction. The second subsection will de-

scribe the experimental phase of the work, and the last sub-

section will present the results.

THEORY AND COMPUTATIONAL PROCEDURES

When the input rod is struck on the end by the projectile,
the éisturbance initiated propagates down the rod and passes
through the crystal. Therefore, the theory and analytical pro-
cedures required are wave propagation, current generation, and
determination of energy dissipated by current through a resistor.
This subsection is divided into the above three subsections.

1) Wave Propagation

The governing equations for the propagation of the
disturbance in the rod initiated by projectile contact may be
written in terms of the field equations
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%P 3EC 0 (13)
9E oV _
BET S - 0 (14)

and the constitutive relation

?ﬂe= f(O,C) %% (15)

which is the assumed stress-deformation law for the materials

in which the wave is propagating. Equation (13) results from the
application of momentum priniciples to an element of the rod,

and Equation (14) is the continuity requirement.

The above field equations were derived under the assump-
tion that (1) plane cross section of the bar initially perpendi-
cular to the axis remain plane and perpendicular to the axis
at all times; (2) the axial stress component is the only non-
zero stress; (3) the stress is uniformly distributed over the
cross section; and (4) the longitudinal strain is given by
the engineering strain, du/9x, and it is the only non-zero com-
ponent of strain. These equations are therefore based upon a
one-dimensional theory.

The sclutions to the field equation depends upon the stress-
strain relation used. If the material is linearly elastic, we
bave

f(o,e) = 1 (15a)
o
and if it is an elastic-plastic solid,
£(0,€) = = (15b)
! F(¢g)

In the above two equations, f(0,e) is the function in Equation

(15) and F(e) is the static stress-strain function.
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Equations (13), (14), and (15), when solved with the appro-
priate initial condition and boundary conditions for the problem
of interest, would give stress and/or strain as a function of
time at any cross section along the test specimen. The stress
information at the cross sections located at the two faces of
the crystal permits computation of the current thfough the cir-
cuit associated with the crystal, with the use of Equation (11).

This system of equations is hyperbolic and therefore is
soluble by graphical integration along characteristics in the
(x,t) plane even when the constitutive relation is of a form
complex enough to prevent obtaining a close form analytical
solution. This methc.i, as it applies to wave propagation prob-
lems, has been discussed in detail in numerous papers (33,34),
and it will not be discussed in detail here. However, a gen-
eral description of the numerical procedure used will be given.

The significant relations upon which the numerical solu-

- tion is based are the characteristics

%’é = (16)

+c(o,c)

and the characteristic relations

1
CO
o
dv = ¢ (17)
—l do
pc
(=
de = (18)
f(o,e)dc
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where

‘c(o,€) = J Ef%ETET (19)

Co = — (20)

The initial conditions for this problem are
t=0, x> 0: gd=€=v=20
and the boundary conditions are

t >0, x = 0: € = €(t) (as determined with a strain
gage measurement.)

t>0, X > o O=€¢c=v=20

The interfaces between the input rod and the crystal will
be defined as Xq0 and the interface between the crystal and

the backup rod will be defined as X,y. Then,
vixyt) = v (xg,t) (21)
ol (x,,t) = 0%(x.,t) (21a)
1 1
and
2
V2 (%y0t) = v (xyt) (22)
0% (x,,t) = 07 (xy,t) (22a)
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In the abcvre four conditions, the superscript identifies the
element of the test specimen referred to: 1 is the input rod,

2 is the crystal, and 3 is the backup rod. Conditions 21 and

22 are the result of the crystal being securely bonded to the
input and backup rod during the test duration of interest. Con-~
ditions 2la and 22a are the result of a force balance at the
interfaces between the rods and the crystals, and the fact that
the areas of all three elements are equal.

Since the solution in closed analytical form is seldom
known for quasi-linear systems, such as this one, a finite dif-
ference method was used to cbtain numerical solutions to the
problem. Existence, uniqueness and stability of the solution
of the initial value problem for the hyperbolic system of 'n'
quasi-linear first-order partial differential equations have
been established by various authors in the literature.

It is the direct replacement of the derivative along the
characteristics that form the basis of the finite difference
method. The following procedure was used for computing the
solution of the initial value problem of Equations (17) and (18).
The respresentative points in the (x,t) net are illustrated
in Figure 43. 1Initially, only the conditions along 4 char-
acteristic are known. This characteristic has a slope of c/

0
in the medium 1, cg in the medium 2 and cg (=c3) in the medium

3. Points of distance At apart are marked off along the t

axis, and points of distance c%At in medium 1, czAt in medium

2 and cg in medium 3 are marked off on the x axig as shown in
Figure 43. The solution for the characteristics and the field
variables can then be made by approximation from time t to
time t+At. As an example, the procedure for finding the values
of 0, € and v and therefore the slopes of o and B characteris-~
tics along the CD line will be described, assuming that the
variables on the line AB are known from earlier computations.
From the values of 0, € and v on AB, the slope of the o
and B characteristics along AB are known to be * VI/ f(0,£),
and this is shown in Figure 44. These slopes are used to draw
straight-line approximations to the characteristics throughout
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'y bxl 2:2 Ax
s =
%
t+At € 1
t A Cg
1
o
1
/ 0
0 :; > X
Figure 43. Characteristic Plane
¢———  Medium 1 — % Medium 2 P Medium 3

b s B

(a) Elastic case

P P P P P P

c R n-1 1 OD

Pn ﬂ2 31
Qa
1
= - % %
- K 1 b rs B
(b) Plastic Case
> Figure 44. Region ABCD Removed from Characteristic Plane

(Enlarged for Clarity)
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the region ABCD. Through each of the points PO' Pl’ P2, 50QG;
Pn-l' Pn on CD, the characteristics are drawn by means of the
slopes along AB. For determining the field variables along CD
from the known values along AB, the following relations derived
from Equations (17) and (18) are used:

Elastic case:

P
v -v. -1 (0 _-0,) =0 (23)
P k PCy p k
1 -
Vp = VS = —p—c—— (OP-OS) =0
o
Plastic case:
Ep = EZb = fb(o Ub) 0
V_-v, + = (6.-0,) =0 (23a)
p L pcy p 2
S _E; (Up‘or) =0

From the known values of ¢, € and v at the mesh points k

and b, the values of ¢ €, and v, are known by linear inter-

L TR 2
polation. Similarly from the known values of o, € and v at the

mesh points b and s, the values of Or’ €,

linecr interpolation. From the interpolated values o, € and v

and v, are known by

at 2 and r, the slopes of the characteristics through 2 and r;

i,e., ¢, and c, are known from Equation (19).

L
Equations (23) and/or (23a) can then be solved simultaneously,

for determination of the values of op, ep and Vp' The sdme
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process is used to <ind the values of 0, ¢ and v at all mesh
points Po' Pl' Yy pn-l’ Pn along CD. By linear interpola-
tion, the values of 0, € and v at any arbitrary location on
CD can be found from the computed values of ¢, € and v at the
neighboring left and right mesh points on CD. 1In Equation (23)
and (23a), the superscr.pts identifying the medium in which the
point lies have been omiited from p, ¢, E, 0, and €, for gene-
rality. When specific computations are made, the correct
superscript must be used.

Successive applications of the scheme will enable the
solution to be advanced in time as long as necessary.

2) Current Generation.

The short circuit current from a crystal loaded with a
split Hopkinson pressure bar is given by Equation (5), repeated

here for convenience:

d Ao_(t) Ac
A _ “em m
1SC(t) — h (5)

The difference in stress on the front and rear face of the
crystal, Aom, occurs in the sp.it Hopkinson pressure bar test
when the propagating pulse is in the rise or decay portion.

As previously mentioned, dem in Equaticon (5) is the coef-
ficient relating charge generated to force cn the crystal, and
as such, implies the relation is linear. This is known to be
the case for quartz.* However, the static tests have shown
this net to be true for the ferroelectric materials.

The current generated by the ferroelect:ric materials was
determined by utilizing a nonlinear relation between charge
and force. A cubic piecewise polynomicl was fit to the experi-
mental data using the method of natural cub’c interpolating

splines (35). This curve fitting technique was chosen because

*The val—-es of dem and ¢ used in this equation for quartz were
plane strain values, since the first passage of a strain wave
in a thin disc of the type to be used is essentially plane.
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it yields s.oother approximations of the first derivative,
which is the quantity of interest here. The curves obtained
fit the experimeutal data quite well; there was, in fact, no
visible deviation from the original data curve. See Figure
24, which shows points on the experimental curve which were
determined from the curve fit routine. Being cf polynomial
form it is quite easy to obtain the requiredi derivative of the
approximating curve. Appendix D gives a listing of the com-
puter program used for this curve fit.

Application of this program to Equation (5) required deter-
minatiop of a piezoelectric charge coefficient, which is the
slope of the chaige-force function, at a desired stress value.
At a given instant of time in the computational procedure, the
stress values used when determining the charge coefficient was
the average of the stress on the faces of the crystal at that
time. This technique would be correct only when the slope of
the charge-force function is essentially constant within the
stress range on the two faces of the crystal.

3) Energy Release

The usable energy released by the crystal is assumed to be
that which is dissipated in the termination and load resistors.

This may be computed as

t
(o}

E = [ il(t) (R, + Rygo)dt (24)

This equation was evaluated with the use of a digital computer,
and the program used is given as Appendix E.

In this equation, iR(t) i1s the current through the reo-
sistors. This current will be approximately the short circuit
current; the difference between iR and isc being due to the
capacitance loading of the circuit. This affect has been in-

vestigated and the results discussed in Section V.




4) Summary

The loading of the piezoelectric-ferroelectric crystals
with a split Hopkinson pressure bar occurs as a result of the
passiage of the strain wave through the crystal. The stress-
time histecry on the front and rear surface of the crystal may
be determined from a known input to the bar and a one-dimen-
sional wave propagation theory. The appropriate crystal theory
(with either linear or nonlinear force-charge relation) may
then be used to compute the short circuit current from the _.ry-
stal. This current is used to determine the electrical %nergy
available for release in a resistor.

The discussion just completed has presented the appropriate
theory and described the computational procedures used. These
computational procedures were programmed for solution on a
digital computer, and listings of these programs are given as
Appendices.

Appendix B gives the program which computes the short cir-
cuit current and energy release through a resistor from a known
strain-time input to the split Hopkinsor pressure bar. This
program is usable for a crystal which has either a linear or
nonlinear force-charge relation. However, it is restricted to
the case for which the intensity of impact is such that only
elastic waves propagate in the pressure bar. Appendix C gives
a listing of the program which is applicable when the impact
on the bar is great enough to exceed the elastic limit of the
material. In programming for this case, the strain-rate inde-
pendent theory of plastic wave propagation was used. All other

aspects of this program are similar o the one in Appendix B.

EXPERIMENTAIL WORK

The actual test specimens used in this study were similar
to that shown in Figure 42. Tests were conducted on specimens
for which the bars were made of AISI 1095 steel and 6061-T6
aluminum. The input rod was 6 inches long, and the backup rod
was 4 inches long.

The two different piezoelectric materials, x-cut quartz
and HST-41 were used for the tests. The disks were 1/2-inch
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in diameter, and two thicknesses of each material were used,
.050 in. and .100 in. The x-cut quartz was chosen as one of
the materials because its properties are well known and there
is considerable documentation of its previous usage in transient
measurements in the literature. In addition, it has a nearly
constant charge coefficient and shows little sensitivity to
strain in other than the¢ x-direction, hence tiie effect of vio-
lating the assumptions of uniaxial stress or strain is limited
to the difference in mechanical stiffness between the two cases
cbout 10%) which is well understood. It was felt that the quartz
tests would serve as a rough check on the validity of the com-
puter solution of the wave equations, the crystal current out-
put equation, and experimental technique.

The HST-41 was chosen as a reprasentative ferroelectric.
It has a nonlinear charge coefficient, and is a readily avail-
able material, but it also has a high cross-sensitivity (té
both manual and shear strain), and a high electro-mechanical
coupling coefficient (about .3 to .6). The nonlinearity of the
charge coefficient made it necessary to use the nonlinear charge
force relation developed for this purpose from static tests.

The piezoelectric discs were bonded to the appropriate
surfaces of the bar with an epoxy adhesive. The incident wave
through the crystal was measured with foil resistance strain

gages mounted in opposed pairs on the surface of the rod. Two
f sets of gages were used. One set was mounted 2 in. in front
of the tests disc to serve as trigger gages for the recording
oscilloscopes. The incident strain pulse profile was measured
by a secornd pair 1 in. in front of the disc. For recording,
the gages were wired in opposite arms of a 4-arm Wheatstone
bridge to cancel any bending strains.

Recording of both the strain gage signals and the crystal
signal was done on Type 555 Tektronix oscilloscopes equipped
with Type 1lAS5 plug-ins. This system had a bandwidth from DC
k to 30 MHz (at maximum plug-in gain), which was more than ade-
quate to faithfully display the signals from the sensors. The
signal from the crystals was terminated using a Tektrcnix

50-ohm terminator.
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Tests on these specimens were conducted at two locations.
The iow speed impact tests were conducted at The University of
New Mexico. The projectile was driven by the air gun con-
structed for use on the studies supported by this contract.
The high speed tests were conducted at Arnold Engineering De-
velopment Center, Arnold Air Force Station, Tennessee.

The impact speeds for the tests conducted at the UNM
facility were selected to cause only elastic strains in the
input rod. The approximate impact speed used for all tests was
50 fps. This yielded stress levels in the steel input rod of
about 40,900 psi, and about 20,000 psi in the aluminum rod.
The projectile used on all tests was a 1/2 in. diameter steel
rod, about 6 in. long, supported in the air gun barrel on each
end by nylo sealing rings. The sealing rings also served to
keep the rod aligned in the gun barrel. This type of projectile
was chosen for two reasons. First, it allowed the impact prob-
lem to be simplified to that of impact between two bars of the
same diameter, and second, it minimized momentum transfer to
the test rod, thereby reducing the damage done to the bar and
instrumentation when its motion was arrested after impact.

The first two series of tests were conducted with the end
of the projectile ground flat. However, it was decided that
any misalignment between the test rod and the projectile would
produce bending stress waves in the rod. While this would not
effect the output of the strain circuitry, it would effect the
output of the crystal. Consequently, subsequent tests were
made with the impact end of the projectile ground slightly
spherical. There was, however, no observable difference in
either case.

One entry was made on the "G" Range at AEDC, to determine
crystal output for very high impact speeds. The "G" range at
AEDC is a two-state powder-nitrogen gun approximately 100 ft.
long.

The projectile used in these tests was a 2-1/2 inch diam-
eter aluminum slug, 2-1/2 inches long. The recording equip-
ment used during these tests was essentially the same as that
used for the tests at UNM.
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Two types of specimens were used; one identical to that
shown in Figure 42, and the other a similar geometry in which
the crystal was omitted. The rod was continuous, and strain
gages were mounted on the rod at the crystal station. The pur-
pose of the tests on the second type of specimen was to deter-
mine the amount of attenwation of the propagating wave from the
monitoring station to the crystal location.

Six tests were conducted at AEDC on these types of speci-
mens; three without a crystal and three with. Due to the dif-
ficulties encountered with noise, triggering, and gain settings,
usable data were obtained only on one specimen without a cry-
stal and two with the crystal. Data from these tests is shown
in Figures 45, 46, 47 and 48.

Four series of crystal tests were conducted on the air gun
at UNM. By a series of tests, it is meant one entry on the gun
with a group of prepared test specimens. This procedure was
used since the input rod and back-up rod could be reused after
each test. So preparing a specimen, after the rods were once
made, consisted of cleaning and bonding new crystals in place.

In the first three series of tests the ferroelectric cry-
stals used were some furnished earlier by AFWL. It was later
discovered that their exact origin and age could not be ac-
curately determined, and data had indicated this to be a factor.
Consequently, for the fourth series of tests, a new quantity
of HST-41 crystals was ordered. The results of the tests on
these crystals is considered the most valid. The crystals used
in the static determination of the nonlinear charge coefficient
were also from this new set of HST-41 crystals.

The x-cut quartz specimens used in all tests were, however,
of known origin. Since the piezoelectric properties of quartz
are natural, they are not affected by age and so all of the
tests in the 5 series will be used.

Table VI summarizes the tests run at UNM. Figures 49
through 65 show the data obtained for these tests.
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I. Test Specimen

172" DIAMETER,6061-T6

TRIGGER GAGE / ALUMINUM
i 2

| T 1

B |1 in{ 3 in. i 4 in.

All measuring gages are type HE-111] (Budd Co.), 1/16 in.
gage length (F =2.04, R = 120 ohm).

II. Projectile
2% inch diameter x 2% inch long alv :inum.
Impact speed: 8190 fps

III. Circuit Information

Each measuring gage was the only active gage in a
bridge circuit.

Gage 1: Rcal: 12,000 ohms Scale factor: 4950 ue/cm.

Gage 3: Rcal: 20,000 ohms Scale factor: 2985 pue/cm.

Gage 4: Rcal= 20,000 ohms Scale factor: 2935 ue/cm.
IV. Scope Data

Upper beam: Gage 1 Upper beam: Gage 3

Lower beam: Radiometer (trigger) Lower beam: Gage 4
Sweep: 5Susec/cm— Sweep: Susec/cm--
Delay: 5Susec Delay: 25usec

Figure 45. Data for Rod Test Without Crystal AEDC Test No.
1204 (Data from other scopes on the above gages
were obtained, but those shown were the best.)
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3 I. Test Specimen
172" DIAMETER 6061-T6

TRIGGER GAGE HST- 41
| <‘L 2 / ALUMINUM
1 - O
:_ L 3 3

3 in. 1l ir 3 in.

i )

-

4 in.
e— ’
0.125 1n.

All measuring gages are type HE-111 (Budd Co.), 1/16
gage length (F =2.04, R = 120

II. Projectile: 2% inch diameter x 2% inch lcng aluminum
Impact speed: 8380 fps
III. Circuit Information

Crystal Circuit: C1 1210 pfd

CII = 611 pfd See Figure 46
c, = 587 pfd
Gage circuit, Gages 3 and 4: Ro.1° 20,000 ohm

Scale factor: 2985 jpe/cm

IV. Scope Data

BE il
B Tk "
S )

Crystal data

Nt
s .
Wk

Scope 2 Upper Beam: Gage 3 Scope 3 Upper Beam: 2v/cm

Lower Beam: Gage 4 Lower Beam: 5v/cm
Sweep: Susec/cm— Sweep: 2usec/cm
Delay: l0Opsec Delay: 289usec

Figure 47. Data for Rod Test with Crystal. AEDC Test No.
1206 (Data from other scopes were obtained, but
those shown were used in data reduction.)
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T% Test Specimen

172" DIAMETER, 6061-T6
TRIGGER GAGE | 2 HST- 41 /~ ALUMINUM
<" el auh_—
} N 1L ,
[ 3 in. B in.) 3 in. 4 in.
—] fe—- .
0.125 1in.

All measuring gages are type HE-111 (Budd Co.), 1/16 in.
gage length (F = 2.04, R = 120 ohm).

II. Projectile: 2% in. diameter x 2% in. long aluminum
Impact speed: 8150 fps

III. Circuit Information

Crystal circuit: CI 1175 pfd
(0) 615 pfd

II
C 600 pfd
Gage circuit: Gages 3 and 4: Rc

P
al: 20,000 ohm
Scale factor: 2985 pe/cm

IV. Scope Data Crystal data

PENEPE S
+ -
'
P b
H

ety

Scope 2 Upper beam: Gage 3 Scope 3 Upper beam: 2v/cm

r Lower beam: Gage 4 Lower beam: 5v/cm
Sweep: b5Susec/cm- Sweep: 2usec/cm-
Delay: 1lOusec Delay: 29%usec

Figure 48. Data for Rod Test with Crystal. AEDC Test No.
1207 (Data from other scopes were obtained, bu:
those shown were used in data reduction.)
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AT TR W 8 oy - e

Series

o

Test

Ln.hwmv—lo\muwv—lc\m.hwmv—lmshwwv—l

TABLE

VI

SUMMARY OF TESTS RUN AT UNM

Crystal Thick-

Mat'l

PzZT-4

Quzrtz
Quartz
Quartz
Quartz
Quartz
Quartz
Quartz
Quartz
PZT-4

Pzt-4

Quartz
HST-41
HST-41
Quartz
Quartz
HST-41
HST-41
Quartz
HST-41
H5T-41

ness,
Inch
.100
.050
.050
.100
.100
.050
.050
.100
.100
.100
.100
.050
.050
.050
.100
.050
.100
.050
.050
.050
.1090

109

Rod Data
Mat'l Obtained

Steel Yes
Steel No
Alum Yes
Alum Yes
Steel Yes
Steel No
Alum Yes
Steel Yes
Alum Yes
Steel Yes
Steel Yes

Steel No
Steel No

Steel Yes
Alum Yes
Alum Yes
Steel Yes
Steel Yes
Alum Yes
Steel Yes

Steel Yes

Comments

gain set wraong

bad connection

no trigger

late trigger

peak current lost




I. Test Specimen
Test Crystal

.10 in. thick X 1/2 in. diam.
PZT-4 crystal

| 7 in. | 2 in. ! 1 iy /
= 3

— |

Impact

Trigger gage (2):5_ \\Measuring gage (2)

Rg= 120 ohms F = 2.0 s

1/27inch diameter rods - 1095 Steel

II. Projectile and Velocity Information

Projectile length - 6.7 in. Time increment - 14216 pusec.
Firing pressure - 3.5 psig. Impact Velocity - 39.” fps.

III. Circuit Informatioa
a. Strain circuit.

Number of active arms - 2
Bridge current - 30 milliamps

Equivalent strain - 750 uin/in/division

R = 20 K ohms/2 divisions
cal

b. Current circuit.

Ry = 50 ohms
k = 50 ohms (50-ohm Tektronix terminating
resistor was used.)

term

IV. Scope Data

Figure 49. Data for Crystal Test i,

110

Upper trace - Strain
Sweep - 5 usec/div

Gain - 750 uin/in/div
(equivalent)

Lower trace - current
Sweep - 5 usec/div
Gain - 20 volts/div

Delay - 5 usec from
strain data

Series 1
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I. Test Specimen

Test Crystal
.059 in. thick X 1/2 in. diam.
Quartz crystal

in. 2 in. ;
| 7 in _= in _l 1 134 /'

; —_— B —3 ] = ]
Impact
‘ Trigger gage (2):> \\Measuring gage (2)

Rg= 120 ohms F = 2.0

1/2-inch diameter rods - 1395 Steel

I1.: Projectile and Velocity Information
Projectile length - 6.7 in. Time increment - 13697 usec.

Firing pressure - 3,5 psig. Impact Velocity - 40.7 fps.

III. Circuit Information
a. Strain circuit.

Number of active arms ~ 2
Bridge current - 30 milliamps
Equivalent strain - 750 uin/in/division

Z 2 o et
Rcal 20 K ohms/2 divisions

b. Current circuit.

Ry, = 50 ohms

. R = 50 ohms (50-ohm Tektronix terminating
resistor was used.)

term

IV. Scope Data

Upper trace - Strain
Sweep - 5 usec/div

Gain - 750 pin/in/div
(equivalent)

Lower trace - current
Sweep - 5 usec/div
Gain - .2 volts/div

Delay - 5 usec from
strain data

Figure 50. Data for Crvstal Test 3, Series 1
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Test Specimen
Test Crystal
.10 in. thick X 1/2 in. diam.
Quartz crystal

7 in. 2 in. in.
| in _{ in _{1 1&4 //

—e [ -1 =3 |

Impact

1L

L L,

Iv.

Trigger gage (2}) Measuring gage (2)
Rg= 120 ohms F = 2.0

1/2-inch diameter rods - Aluminum

Projectile and Velocity Information
Projectile length - 6.7 in. Time increment - 13643 usec.

Firing pressure - 3.5 psig. Impact Velocity - 40.9 fps.

Circuit Infourmation
a. Strain circuit.

Number of active arms - 2
Bridge current - 30 milliamps
Equivalent strain - 750 pin/in/division
R = 20 K ohms/2 divisions
cal
b. Current circuit.

R;, = 50 ohms
R = 50 ohms (50-ohm Tektronix terminating
term X
resistor was used.)

Scope Data

Upper trace - Strain
Sweep - 5 usec/div

Gain - 750 uin/in/div
(equivalent)

Lower trace - current
S eep - 5 usec/div
Gain - ,2 volts/div

Delay - 5 usec from
strain data

Figure 51. Data for Crystal Test 4, Series 1
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I. Test Specimen
Test Crystal
.10 in. thick X 1/2 in. diam.
Quartz crystal
| 7 in. - 2 in. _{l 134 ‘/
— [ v, 32 N = |
Impact

Trigger gage (?):) \\Measuring gage (2)
Rg= 120 ohms F = 2.0

1/2-inch diameter rods - 1085 Steel

II. Projectile and Velocity Information
Projectile length - 6.7 in. Time increment - 13915 usec.
Firing pressure - 3.5 psig. Impact Velocity - 40.1 fps.

ITI. Circuit Information
a. Strain circuit,

Number of active arms - 2
Bridge current - 30 milliamps
Equivalent strain - 750 pin/in/division

R = 20 K ohms/2 divisions
cal

b. Current circuit,.

Ry, = 50 ohms
R = 50 ohms (50-ohm Tektronix terminating
resistor was used.)

IV. Scope Data

Upper trace - Strain
Sweep - 5 usec/div

Gain - 750 uin/in/div
{equivalent)

Lower trace - current
Sweep - 5 uscc/div
Gain - .2 volts/dsv

Delay - 5 usec from
strain data

Figure 52. Data for Crystal Test 5, Series 1
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I. Test Specimen
Test Crystal
.05 in. thick X 1/2 in. diam.
Quartz crystal
| 2 in. | 2 in. | L igq /
— | | =<
Inmpact

i

Measuring gage (2)
Rg= 120 ohms F = 2.0

Trigger gage (2)
1/2-inch diameter rods - Aluminum

II. Projectile and Velocity Information
Projectile length - 6.7 in. Time increment - 13595 usec.
Firing pressure - 3.5 psig. Impact Velocity - 41.0 fps.

III. Circuit Information
a. Strain circuit.

Number of active arms - 2

Bridge current - 30 milliamps
Equivalent strain - 750 pin/in/division
Rcal = 20 K ohms/2 divisions

b. Current circuit.

Ry, = 50 ohms
R = 50 ohas (50-ohm Tektronix terminating
resistor was used.)

term
IV. Scope Data

Upper trace - 3train
Sweep - 5 usec/div

Gain - 750 uin/in/div
{equivalent)

Lower trace - current
Sweep - 5 usec/div
Gain - ,2 volts/div

Delay - 5 usec from
strain data

Figure 53. Data for Crystal Test 2, Series 2
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I. Test Specimen
Test Crystal
.16 in. thick X 1/2 in. diam.
Quartz crystal
| in. 2 40 l in.
7 in JI in _{ 151_! /
— [ =N = ]
Impact 7 K\
Trigger gage (2) Measuring gage (2)
Rg= 120 ohms F = 2.0
N1/2-inch diameter rods - 1095 Steel
II. Projectile and Velocity Information
Projectile length - 6.7 in. Time increment - 13775 usec.
Firing pressure - 3.5 psig. Impact Velocity - 40.5 fps.
1II. Circuit Information
a. Strain circuit.
Number of active arms - 2
Bridge current - 30 milliamps
Equivalent strain - 750 uin/in/division
R = 20 K ohms/2 divisions
cal
b. Curreat circuit.
Ry, = 50 ~hms
R, = 50 ohms (50-ohm Tektrorix terminating
erm - .
resistor was used.)
IV. Scope Data

Upper trace - Strain
Sweep - 5 usec/div

Gain - 750 pin/in/div
(equivalent)

Lower trace - current
Sweep - 5 psec/div
Gain - .2 wvolts/div

Delay - 5 psec from
strain data

Figure 54. Data for Crystal Test 3, Series 2
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I. Test Specimen
Test Crystal
i .10 in. thick = 1/2 in. diam.
1 Quartz crystal
‘ l 2 in. - 2 in. ol i 1_14 /
3 — | -1 = J
: Impact
< Trigger gage (2) Measuring gage (
1 Rg= 120 ohms F =

2)
2.0

1/2-inch diame~er rods - Aluminum

II. Projectile and Velocity Information
Projectile length - 5,7 in, Time increment - 13555 usec.
Firing pressure - 3,5 psig. Impact Velocity - 41.1 fps.

III. Circuit Information
a. Strain circuit,

Number of active arms - 2
Bridge current - 30 milliamps
Equivalent strain - 750 uin/in/division
R = 20 X ohms/2 divisions
cal
b. Current circuit,

Ry, = 50 ohms
= 50 ohms (50-ohm Tektronix terminating

k
term 5
resistor was used.)

IV. 3cope Data

Upper trace - Strain
Sweep - 5 usec/div

Gain - 750 pin/in/div
{(equivalent)

Lower trace - current
Sweep - 5 usec/div
Gain - .2 volts/div

Delay - 5 usec from
strain data

Figure 55. Data for Crystal Test 4, Series 2
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I. Test Specimen
Test Crystal
.10 in. thicx X 1/2 in. diam.
PZT-4 crysta:

I 7 in. |21n |11‘_1/

— | 1

Impact
Trigger gage )) \\Measggénghgagg (2) .
R _= ohms = c.
g Z

J

1/2-inch diameter rods - 1095 Steel

II. Projectile and Velocity Information
Projectile length - 6.7 in. Time increment - 13770 usec.
Firing pressure - 3.5 psig. Impact Velocity - 40.5 fps.

III. Circuit Information
a. Strain circuit.

Number of active arms - 2
Bridge current - 30 milliamps
Equivalent strain - 750 pin/in/division
R = 20 K ohms/2 divisions
cal

b. Currert circuit.

Ry = 50 ohms
R = 50 ohms {5(-ohm Tektronix terminating
term 5
resistor was used.)

IV. Scope Data

Upper trace - Strain
Sweep - 5 usec/div

Gain - 750 uin/in/div
(equivalent)

Lower trace - current
g Sweep ~ 5 usec/div
' % Gain - 70 volts/div

Delay - 5 usec from
strain data

A
ol

Figure 56. Data for Crystal Test 5, Series 2

= I
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| I. 7%est Specimen

3 Test Crystal

1 .10 in. thick X 1/2 in. diam.
- . PZT-4 crystal

| 7 in. =l 2 in. ! 1 i_ll;' /

1 —— —3 3 F
Impact

1

= 1N
Trigger gage (Zf) \\Measuring gage (

2)
Rg= 120 ohms F 25

1/2-inch diameter rods - 1095 Steel

II. Projectile and Velocity Information
Projectile length - 6.7 in. Time irncrement - 13640 usec.
Firing pressure - 3.5 psig. Impact Velocity - 40.9 fps.

IIY. Circuit Information

a. Strain circuit.

Number of active arms - 2
! Bridge current - 30 milliamp:
3 Equivalent strain - 750 pin/in/division

Rcal = 20 K ohms/2 divisions

b. Current circuit.

Ej, = 50 ohms
R = 50 ohms (50-ohm Tektronix terminating
r:sistor was used.)

term

IV. Scope Data

Upper trace - Strain
Sweep - 5 usec/div

Gain - 750 upin/in/div
(equivalent)

Lower trace - current
Sweep - 5 usec/div
Gain - 20 volts/div

Delay - 5 usec from
strain data

Figure 57. Data for Crystal Test 6, Series 2
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i

— |
Impact

II.

IIT1.

1v.

Test Specimen

Test Crystal
thick X 1/2 in. diam.

.05 in.

HST-41 crystal

7 in. | 2 in

7 | . _{l igq //
-

|

3w
Trigger aage (2):>

\\Measu:ing gage (2)

Rg= 12C ohms F = 2.0

1/2-inch diameter rods - 1095 Steel

Projectile and Velocity Information
Projectile length - 6.7 in.

Firing pressure - 3.5 psig.

Circuit Information
a. Strain circuit,

Number of active arms - 2
Bridge current - 30 milliamps

Time incremant - no data

Impact Velocity - approx 40 fps.

Equivalent strain - 750 uin/in/division

R = 20 K ohms/2 divisions
cal

b. Current circuit.
Ry = 50 ohms

R = 50 chms
term

resistor was used.)

Scope Data

Figure 58.

119

(50-ohm Tektronix terminating

Upper trace - Straain
Sweep - 5 usec/div

Gain - 750 uin/in/div
(equivalent)

Lower trace - current
Sweep - 5 usec/div
Gain - 20 voilts/div

Delay - 5 usec from
strair data

Data for Crystal Test 3, Series 3
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I. Test Specimen
Test Crystal
.10 in. thick X 1/2 in. diam.
Quartz crystal
I 2 in. [ 2 in. Illu /

Impact //7
Trigger gage :) \\Measurlng gage (2)
Rg= 120 ohms F =

1/2-inch diameter rods - Aluminum

II. Projectile and Velocity Information
Projectile length - 6,7 in. Time increment - 12964 usec.
Firing pressure - 3.5 psig. Impact Velocity - 43.0 fps.

III. Circuit Information
a. Strain circuit.

Number of active arms - 2

Bridge current - 30 milliamps
Equivalent strain - 750 pin/in/division
Rcal = 20 K ohms/2 divisions

b. Current circuit.

Ry, = 50 ohms
= 50 ohms (50-ohm Tektronix terminating
resistor was used.)

term

IV. Scope Data

Upper trace - Strain
Sweep - 5 usec/div

Gain - 750 uin/in/div
(equivalent)

Lower trace - current
Sweep - 5 usec/div
Gain - ,2 volts/div

Delay - 5 usec from
strain data

Figure 39. Data for Crvstal Test 5, Series 3
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I. Test Specimen
Test Crystal
.05 in. thick X 1/2 in. diam.

Quartz crystal
i : 2 in. 2 in. 1l in.
ezt gz 3
—_— S —3 | = ]
. Impact \\
Trigger gage {2) Measuring gage (2)

Rg= 120 ohms F = 2.0

1/2-inch diamet=r rods - Aluminum

II. Projectile and Velocity Information

Projectile length - 6.7 in. Time increment - 13277 usec.

Firing pressure - 3,5 psig. Impact Velocity - 42.0 fps.

III. Circuit Information
a. Strain circuit.
Number of active arms - 2
Bridge current - 30 milliamps
Equivalent strain - 750 upin/in/division

Rcal = 20 K ohms/2 divisions

Current ci:rcuit.

Ry, = 50 ohms

= 50 ohms (50-ohm Tektronix terminating
resistor was used,)

Rtf:rm
IV. Scope Data

Uppér trace - Strain
Sweep - 5 usec/div

Gain - 750 uin/in/div
(equivalent)

e —— N S (NSRS o v sk

Lower trace - current
Sweep - 5 usec/div
Gain - ,2 volts/div

Delay - 5 usec from
strain data

Figure 60. Data for Crystal Test 6, Series 3
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I. Test Specimen
Test Crystal
.100 in. thick X 1/2 in. diam.
HST-41 crystal
I 7 in. - 2 in&__,+_1 i;q //
Impact

Trigger gage {2) \\Measuring gage (2)
Rg= 120 ohms F = 2.0

1/2-inch diameter rods - 1095 Steel

II. Projectile and Velocity Information
Projectile length - 6.7 in. Time increment - 13133 usec.

Firing pressure - 3.5 psig. Impact Velocity - 42,5 fps.

II1I. Circuit Information

a. Strain circuit.

S

Number of actvive arms - 2
Bridge current - 30 milliamps
Equivalent strain - 750 uin/in/division

R = 20 K ohms/2 divisions
cal

b. Current circuit.

Ry, = 50 ohms
R = 50 ohms (50-ohm Tektronix terminating
resistor was used.)

term

IV. Scope Data

Upper trace - Strain
Sweep - 5 usec/div

Gain - 750 uin/in/div
(equivalent)

Lower trace - current
Sweep - 5 user/div
Gain - 20 volts/div

Delay - 5 usec from
strain data

Figure 61. Data for Crystal Test 1, Series 4
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I. Test Specimen

Test Crystal
.05 1n. thick X 1/2 in. diam.
HST-41 crystal

| 7 in. &__2 in;___+i igq //

—_— ] 1 = = Il
Impact
Trigger gage (2}) \\Measuring gage (2)
= 2.0

Rg= 170 ohms F

1/2-inch diameter rods - 1095 Steel

II. Projectile and Velocity Information

Projectile length - 6.7 in. Time increment - 13261 usec.
Firing pressure - 3.5 psig. Impact Velocity - 42.0 fps.

III. Circuit Information
a. Strain circuit,

Number of active arms - 2

Bridge current - 30 milliamps
Equivalent strain - 750 pin/in/division
RCal = 20 K ohms/2 divisions

b. Current circuit.

RL = 50 ohms

R = 50 ohms (50-ohm Tektronix terminating
resistor was used.)

term

IV. Scope Data

Upper trace - Strain
Sweep - 5 usec/div

Gain = 750 uin/in/div
(equivalent)

Lower trace - current
Sweep - 5 usec/div
Gain - 20 volts/div

Delay - 5 usec from
strain data

Figure 62. Data for Crystal Test 2, Series 4
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I. Test Specimen

Test Crystal

.05 in. thick X 1/2 ia. diam.
; Quartz crystal
] — [ - 1 =3 N J
Impact

Trigger gage (2%) \\Measuring gage (2)
Rg= 120 ohms F = 2.0

1/2-inch diameter rods - Aluminum

II. Projectile and Velocity Information
Projectile length - ¢,7 in., Time increment - 13370 usec.
Firing pressure - 3.5 psig. Impact Velocity - 41.7 fps.

III. Circuit Information
a. Strain circuit.

' Number of active arms - 2

Bridge current - 30 milliamps
Equivalent strain - 750 pin/in/division
RCal = 20 K ohms/2 divisions

b. Current circuit.

Ry, = 50 ohms
= 50 ohms (50-ohm Tektronix terminating
resistor was used.)

Rterm
IV. Scope Data

Upper trace - Strain
Sweep - 5 usec/div

Gain - 750 uin/in/div
(equivalent)

Lower trace =~ current
Sweep - 5 usec/div
Gain - 2 volts/div

Delay - 5 usec from
strain data

Figure 63. Data for Crystal Test 3, Series 4
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I. Test Specimen
Test Crystal
.05 in. thick X i1/2 in. diam.
HST-41 crystal

| 7 in. - 2 in. _{; 1&4 //
—_— = = | = ]
Iinpact j
Trigger gage (2) “~Measuring gage (2)
= 2.0

R = 120 ohms F
g9

1/2-inch diameter rods - 1095 Steel

II. Projectile and Velocity Information
Projectile length - 6.7 in. Time increment - 13458 usec.
Firing pressure - 3,5 psig. Impact Velocity - 41.4 fps.

III. Circuit Information
a. Strain circuit.

Number of active arms - 2

Bridge current - 30 milliamps
Equivalent strain - 750 pin/in/division
Rcal = 20 K ohms/2 cdivisions

b. Current circuit.

Ry, = 50 ohms
R = 50 ohms (50-ohm Tektronix terminating
resistor was used.)

term

IV. Scope Data

Upper trace - Strain
Sweep - 5 usec/div

Gain - 750 uin/in/div
(equivalent)

Lower trace - current
Sweep - 5 psec/div
Gain - 50 volts/div

Delay - 5 usec from
strain data

Figure 64. Data for Crystal Test 4, Series 4
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1.

Test Specimen
Test Crystal
.10 in. thick X 1/2 in. diam.
HST-41 crystal

L ‘L____?_ in. | 2 1n. 1MFL

Impact

II.

III.

Iv.

/
Trigger gage 2)> \\Measuring gage (2)
Rg= 120 ohms F = 2.0

1/2-inch diameter rods - 1095 Steel

Projectile and Velocity Information
Projectile length - 6.7 in. Time increment - 13185 usec.
Firing pressure - 3.5 psig. Impact Velocity - 42.3 fps.

Circuit Information
a. Strain circuit.

Number of active arms - 2
Bridge current - 30 milliamps
Equivalent strain - 750 uin/in/division
R = 20 K chms/2 divisions
cal
b, Current circuit.

Ry, = 50 ohms
= 50 ohms (50”"ohm Tektronix terminating

R,
term ;
resistor was used.)

Scope Data

Upper trace - Strain
Sweep - 5 usec/div

Gain - 750 pin/in/div
(equivalent)

Lowexr trace - current
Sweep - 5 usec/div
Gain - 50 volts/div

Delay - 5 usec from
strain data

Figure 65. Data for Crystal Test %, Series 4
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RESULTS

The data from the tests were reduced in two steps. Cne
involved using the strain gage output from the measuring gages;
i.e., the gages at the axial position on the input rod nearest
the crystal as the input to the prcgram of Appendix B or C.
The output from this program included tabulated values of
current-time and energy-time. These values are called the
theoretical valﬁes in subsequent discussion.

The second step in the data reduction was the use of the
measured current-time function to ccmpute the electrical energy
dissipated in a load resistor. This was done by programming
for computation on a digital computer. Appendix E gives a
listing of the program used for this. This program is basic-
ally the last section of the programs in Appendix B and C.

The only difference is that the program of Appendix E uses
experimental values for current, while those of Appendix B
and C use theoretical values for current.

Earlier work had shown that for the values of capacitance
and resistive loading of the circuit (with cables and scope
plug-in) encountered with the circuits used in the experi-
mental work, the current out of the crystal is, for practical
purposes, equal to that which passes through the loading re-
sistors. Consequently, no correction was made for the effect
of the measuring instruments on the current available.

The data from the trace on the oscilloscope picture was
digitized for use with the computer with a Telereader.

Considering first the results of the tests on the x-cut
guartz crystals, it was anticipated that the linearized equa-
tion for the current output (Equation 5) would accurately pre-
dict the experimentally detzcmined current. This is because
the majority of the assumptions made in deriving this equation
are essentially satisfied. The only major assumption which
is not satisfied is the one on the state of strain in the cry-
stal. In the test situation, the crystal is loaded somewhere be-

tween plane stress and plane strain, and it was assumed that the
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crystal was in plane strain for data reduction. The difference
in the charge coefficient between the plane stress and strain
states is about 10%. This is due to the difference in mechani-
cal stiffness between the two states.

The data of three runs were selected for reduction, and
the resulting plots are shown in Figures 66, €7 and 68. These
graphs show that the combination of the simple linear charge-
force relation for quartz, the one-dimensional elastic wave
propagation equation and its computer solutior gave excellent
results for predicting the current output and energy release
for two cases, with results in agreement only to the same
order of magnitude for the third case.

The test data on quartz which was reduced was selected to
permit comparison of the effect of crystal thickness and the
effect of rod material. In Figures 66 and 57, the only differ-
ent pavimeter in the tests was the'bar material. There was
insufficient time to determ.ne if this was the cause for the
disagreement between the numcrical and experimental values for
Figure 67. However, the resulis of a duplicate test of a dif-
ferent series; i.e., run 5 of series 1, was in agreement with
Figure 67.

In Figures 66 and 68, the only different test parameter
was the crystal thickness. A study of these graphs indicates
the crystal output is not a strong function of this parameter.

A study of the oscilloscope trace for all the tests in-
dicates that the crystal output was the same order of magnitude
for all tests, and that the shape of the input pulse may be
the most significant paraiiecer which affects the output for a
particular crystal material. Even minor variations in the
shape of the strain/pulse were noted to have an effect on the
output. It is believed that the best way to investigate the
effect of such things as crystal thickness, material properties
of input and back-up rod, and shape of input pulse would be to
use computer simulation. This is possible due to the apparent

validity of the computer program.
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The results of the tests on the "new" HST-41 crystals;
i.e., from series 4, or which the data was reduced is shown
in Figures 69 and 70. The pressure bar was always in the
elastic range, so the computer program in Appendix B was used
in the data reduction. The high impact speed tests which were
run at AEDC were reduced utilizing the plastic wave propagation
£ program (Appendix C). The results of these tests are shown in
E Figures 71 and 72. The crystals used in these tests were from

the o0ld batch, and this would introduce some discrepancies in

the results. The numerical solutions for all tests were ob-
tained by using the nonlinear charge coefficient determined
from the static tests.

Figures 69 and 70 show that the numerical technique pre-
sented for computing current and energy from the crystal gives
reasonably good quantitative and qualitative agreement with

the experimental results and can be considered adequate for a
first order approximation. Since the work on quartz has shown
that the numerical technique can give excellent agreement, the
difforences in the numer.cal and experimental results for the

HST-41 is attributed to deficiencies in the charge-force rela-
tion, as determined, and/or as considered in the theory. The
most significant reasons for these differences are believed
to be

1. The effect of current generated by radial and

shear waves is not negligible for HST-41, and
must be included for improved agreement. The
one-dimensional wave propagation theory used
precludes easy incorporation of this change
into the program.

2. The effect of the electromechanical coupling
has also been neglected in this one-dimensional
theory.

3. Any effect of strain rate on the force-charge
relation (or current generated) for the crystal
has been neglected. The fuanction determined

under quasi-static loading hes been used for
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Results of Test on HST-41 Crystal 0.125" Thick
with Aluminum Pressure Bar (AEDC Run 1206)
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the dynamic case, where loading occurs in
about 10 usec.

Two additional items of importance are shown in Figure
69. One is the current curve determined from theory utilizing
a linear charge-force relation for the crystal. (The charge
coefficient used was one determined from the end points in
Figure 24). When this curve is compared to the one deter-
mined with the nonlinear relation, it is noted that the quan-
titative agreement is much better when the nonlinear relation
is used.

Also shown in Figure 69 are the plotting data from which
the numerical curve was determined. This plotting data indi-
cates that there was considerable noise in the numerical solu-
tions for the current output. This occurred for both the
quartz and the HST-41 crystals, and the scatter in plotting
dots shown here is typical of that for all compvwted results in
Figures 66 through 70. This scatter was caused by errors in
the data reduction technique used and the subsequent amplifica-
tion of these errors by the finite difference solution of the
wave propagation problem. All of the experimental data was re-
corded by photographing the trace on the oscilloscopes. The
traces on the film were then digitized using a Telereader.
This required approximating the vertical center of the trace
on the film. There are errors in this approximation. Where
the slope of the curve is the greatest, the errors in approxi-
mation were the greatest. These errors were fuirther amplified
by the finite difference technique used. Unfortunately, the
peak current also occurs where the slope of the strain curve
was the greatest and hence the peak values of current are the
least accurately defined. values.

The noise could be greatly reduced and more accurate re-
sults obtained by fitting polynomials piecewise to the strain
data in the same manner as was done to obtain the nonlinear
charge-force relation; i.e., with natural cubic interpolatory
splines. This would require some additional computer work but
would yield much smoother results.
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It should be noted that although there is noise in the
numerical current soiution, the energy computed was relatively
smooth. This is the result of the averaging effect of the
intergration process required to get energ, from current.

The results shown in Figure 71 and 72 were determined for
impact speeds of about 8000 fps, whereas the results in Figures
69 and 70 were for impact speeds of about 50 fps. When the
current and energy for these two curves are compared, it is
noted that they are of the same order of magnitude. It should
be noted that essentially all of the energy from the crystal
is included in the curves of Figures 69 and 70, but such is
nct the case in Figures 71 and 72. For these tests, the energy
given is that dissipated in the 1.33-ohm resistor across which
the voltage drop was measured, but the total energy generated
by the crystal is dissipated in the 1.33-ohm and 52.14-ohm re-
sistor which are in series. When a correction is made for this,
the energy available from the crystal for the high-speed shots
was about 7.8x10—3 joules, as compared to about 1.5x10"3 joules
for the low-speed shots. (Values given are those from measured
currents.)

It is of interest to note that the energy from the quartz
crystal was about 2:{10-8 joules, as compared to 1.5x10°3 joules
from the HST-41 crystal for identical test conditicns.
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SECTICN VII

CONCLUSIONS AND RECOMMENDATIONS

Conclusions based upon the static tests conducted on the

crystals 11sed in this study are as follows:

1. The test set-up developed is adequate for deter-
mining the force-charge relation for piezoelectric
or ferroelectric materials, as indicated by the re-
sults obtained with quartz.

2. The variation of the charge-force relation with
previcus load history is large.

3. There is an indication of a variation in the
charge-force relation with age for ferroelectric
materials.

4. The charge-force relation is highly nonlinear for
the ferroelectrics, but at low-stress amplitudes,
it may be approximated as linear. The stress level
to which the linear approximation may be used is
dependent on the material.

5. When lcaded to high stresses, i.e., 50,070 psi,
the increase in charge developed per increment of
force becomes very small,

6. The variation between the d33 values for the three
materials tested is small; generally, smaller than
variations in values occuring between different
crystals of a given material.

The most significant conclusions based upon the results

of the dynamic tests on the crystals are:

1. The theory and computer pbrograms develoned for
prediction of the current and energy from either
quartz or ferroelectric materials, when loaded in
a split Hopkinson pressure bar, gives agreement
with experimental results which is at least within
the same order of magnitude. The qualitative
agreement was excellent for quartz and good for

the ferrorelectric materials.
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2. The lack of good agreement between computed and
experimental results for the ferroelectric mate-
rials is attributed to the omission of phenomenon
such as electromethanical coupling, the use of a
one-dimensional wave propagation theory, and the
fact that the equation for the short circuit cur-

rent from a crystal may be only an approximation
for ferroelectric materials.

3. With the test geometry used, energy levels up to
about 2xlO-3 joules were obtained from the ferro-
electric materials.

4. The amount of energy obtainable from the test ge-
ometry used in this work, for a given material,
could be increased by

‘ a. Using the optimum size load resistor in series

F with the crystal.

' b. Moving the crystal very near the impact end
of the Hopkinson presure bar. (This would

3 tend to decrease the rise time of the input

pulse.)

. c. Selection of the material for the input and

back-up rods to maximize the stress difference.

5. The computer program developed for predicting cur-

rent and energy release would be of value in maxi-
mizing energy release by ferroelectric materials
through variation and selection of the values of

appropriate material parameters of the pressure

3 bar to accomplish this. Further experimental work
is required to determine the optimum load resistor
size. A two-dimensional wave prcpagation theory
would be required to properly simulate the phe-
nomonon if the crystal were very near the impact
end. (This would be the minimum refinement in
theory. Further refinements in other applicable
theories might also be requifed.)

The recommendations which could be made for further work
in this area are num2rous, since the work completed has been
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i primarily in the exploratory stage.

significant areas for further study would be:

| 1.

e T YR T

Studies of the effect on the crystal behavior

of such phenomena as load history, storage time,
radiation, temperature, and/or other environment
to which the crystal will be subjected in an ap-
plication.

Research to improve the relation for the short
circuit current gencrated by ferroelectric mate-
rial under shock or dynamic loading.

Studies to maximize the energy release by ferro-
electric materials to a load resistor, for the
specific test geometry used in this work; i.e.,
the split Hopkinson pressure bar.

Studies to optimize the -2thod of loading of the
ferroelectric materials in the field (i.e., not
under laboratory conditions) to give the maximum
energy release. For example, it is possible that
crystals in series in a pressure bar could in-
crease the energy level, or it is possible that

a shear deformation could result in a greater
energy release.

14]

It is believed the most
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APPENDIX A

ABSTRACTS FROM LITERATURE REVIEW

NOTE: The numbering system in Appendix A corresponds
to the References (p. 182). Those references that do
not have an abstract either cover introductory material
or have & title that is self-explanatory.
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10.

APPENDIX A
LITERATURE REVIEW

F. W. Nielson, "Ferromagnetic and Ferroelectric One-Shot
Explosive-Electric Transducers,"

"this memorandum presents the theories of operation and
the initial experimental verification of these theories
for ferromagnetic and ferroelectric one-shot transducers
which convert a portion of the energy of a high explo-
sive to electrical energy with suitable power, current,
and voltage.

The transducers are shown to be extremely small, simple,
and versatile."

R. A. Graham, F. W. Neilson, W. B. Benedick, "Piezoelec-
tric Current from Shock-Loaded Quartz - A Submicrosecond
Stress Gauge,"

"Current from X-cut quartz disks may be used to detect
stress-time profiles induced by shock loading. The cur-
rent amplitude and its time dependence are functions of
the dielectric, piezoelectric, anc mechanical properties
of quartz under shock-loading conditions. The results
of an extensive experimental study of the current from
shock-loaded quartz disks are reportec for shock stress
up to 50 kbar. The experiment is performed by impacting
precisely aligned X-cut quartz disks upon each other at
various measured velocities and observing the current in
one of the disks during the first wave transit. Within
the low signal range, the piezoelectric stress constant
ell is found to be 0.174 C-m~ 2. The coefficient relat-
ing current jump to stress jumg in one-dimensional strain
is found to be 2.04x10-%® C-cm—%-kbar~! up to 6 kbar and
2.15x10"% c-cm~%-kbar~! from 9 to 18 kbar. The wave velo-
city was determined to be constant to 25 kbar. The ob-
served current waveform could be fully interpreted in
terms of rate-independent properties. Determinations of
distortions to the current from apparently minor cdevia-
tions from one-dimensional conditions were aiso made.”

W. J. Halpin, "Current from a Shock-Loaded Short-Circuited
Ferroelectric Ceramic Disk,"

"Thin circular disks of polarized ferroelectric ceramics
were equipped with electrodes on their faces, and the
electrodes were connected by a short circuit. Each disk
was traversed by a stress wave, and the resulting current
pulse through the short circuit was measured. The stress
wave was gemcrated by impact and made to propagate along
the disk axis in a direction opposite to that of polari-
zation. Current-pulse data are presented from tests with
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PZT 95/5, both normally sintered and hot-pressed, and
with °SZT 68/7 for impact stresses ranging from a few to
i severul tens of kiiobars. Over this range cf stress both
: the shape of the current pulse and its time integral are
: - found to be strongly stress dependent. It is concluded
that this behavior results from the combined effects of
stress on (1) remanent polarizstion, (2) polarizability,
and (3) conductivity of the ferroelectric material en-
veloped by the wave. In a narrow range of stress where
remanent polarization is reduced to near zero and where
conductivity is negligible, the observed behavior can be
adequately described by means of a mathematical model
which is developed. The model includes the effect of
stress wavefront tilt which occurs in impact experiments
to an extent that influences significantly the character
of the current pulse. Some conclusions are drawn about
permittivity of shock-loaded ferroelectrics and the ex-
tent to which remanent polarization is affected by the
rapidly applied large electric fields which accompany
the process of current production."

1 1l1. C. W. Beadle and J. W. Dally, "Experimental Methods for
3 Investigating Strain-Wave Propagation and Associated
Charge Release in Ferroelectric Materials,"

3 "Study of strain levels associated with electric charge
release in barium-titanate-base ferroelectric ceramic
which may be utilized as single-shot, high-energy power
supply, correlation between charge release and stress
level were made for stress levels up to 16 kbar; in ad-
dition, fracture wave propagation was determined, and

time between fracture and charge release was established.”

12. 0. M. Stuetzer, "Secondary Stresses in a Stress-Pulse-
Activated Piezoelectric Element,"

"Previous treatments of stress-pulse-activated piezoelec-
tric and ferroelectric stress gauges and power generators
neglect the secondary stresses produced by circvit-
enforced fields in not-directly-stressed parts of the

; transducer. It is pointed out that under short-circuit
conditions these secondary stresses generate strong ef-
fects in materiais with high electromechanical coupling
factors. To demonstrate this, a thin plate activated by
a plane rectangular low-amplitude stress front is con-
sidered. A rigorous theoretical analysis is sketched for
this configuration. It is found that short-circuit cur-
rent pulses generated by the stress-front transit are not
rectangular, but vary exponentially in time. The ex-
ponent is proportional to the square of the electro-
mechanical coupling factor and depends on the mechanical
boundary conditions. Supporting experiments are reported."”
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H. Krueger and D. Berlincourt, "Effects of High Static
Stress on the Piezoelectric Properties of Transducer
Materials, "

"Piezoelectric ceramic elements in high-power acoustic
transducers are subjected to high static as well as dy-
namic stress. This is particularly true of well-matched
transducers operating in deep water, since the static
stress in the piezoelectric element may be several times
the water pressure. The present s.ndy was undertaken in
an effort to determine the eftects of static compressive
stress on the piezoelectric properties of two commercial
lead titanate zirconate compositions, P2T-4 and PZT-5,
and of two barium-titanate compositions, commercial
Ceramic B (a barium calcium titanate), and the composi-
tion 88 wt% barium titanate, 12 wt% lead titanate
(BaPbl2Ti). The permanent effects of stress exposure,
determined at zero stress after exposure to a given
stress, were found to be more severe with stress paral-
lel to the polar axis than with perpendicular stres-, as
expected. Under maintained stress, however, the effects
of perpendicular stress are more severe. P2ZT-4 and
BaPbl2Ti, generally better suited for use as radiating
transducers, show effects dependent upor exposure time
but independent of the number of stress cycles. Ceramic
B and PZT-5 show effects dependent upon the numker of
stress cycles and less dependent upon the total period
of stress exposure. Of the compositions tested, PZT-4
and BaPbl2Ti were least affected by high static stress,
suffering relatively little from exposure to stress as
high as 15000 psi. Of these two compositions, P2T-4 has
markedly higher coupling (k33=0.64 compared to 0.365) and
therefore offers higher transducer bandwidth."

D. Berlincourt and H. Krueger, "Domain Processes 1ii1 Lead
Titanate Zirconate and Barium Titanate Ceramics,"

"The amount of 90° reorientation during poling was deter-
mined from mechanical strains measured during the poling
process. With tetragonal lead titanate zirconate 53% of
the possikle S0 reorientation occurred during poling,
but this figure dropped to 44% upon removal of the poling
field. With barium titanate the figures are only 17% and
12%, respectively. Comparison of the polarization of
poled polycrystalline barium titanate with that for
si‘ngle crystals indicates that 180° reorientation is vir-
tually perfect. Application of very high compressive
stress parallel to the polar axis causes 90° switching

of nearly all aligned domains, and, therefore, removes
virtually all polarization. Curves of released charge

as function of mechanical strain are nearly linear, but
curves of released charge as function of stress are
strongly nonlinear. Application of high compressive
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stress perpendicular to the polar axis also causes 90°
domai:r reorientation and a reduction in the total polari-
zation of the ceramic. This domain reorientation may be
interpreted as a shift of the polar axes of some domains
into a position more closely corresponding to the plane
of cross expansion, and typically the total electric
moment is reduced by less than 19%. High electric stress
causes 180° as well as 90° reorientation. With prepoled
specimens dc fields in the same direction as the poling
field cause 90° switching, while reverse dc fields cause
both 90° and 180° reorientation, with the latter pre-
dominating."

D. G. Doran, "Shock-Wave Compression of Barium Titanate
and 95/5 Lead Zirconate Titanate,"

"The shock compression of the ceramics BaTiO3 (5%CaTiO3)
and Pb (Zrg,95Tig,95)0 (1lwt¥NB205) was measured in the
ranges 5-200 kbar and 2-140 kbar, respectively. Barium
titanate exhibits a two-wave structure abovz 30 kbar;

the first wave has a velocity of 6.27 mm/usec. The cusp
in the Hugoniot at 30 kbar is interpreted as a dynamic
elastic limit. Comparisor of the first wave velocity
with the measured longitudinal sound speeds of the tetra-
gonal (ferroelectric) and cubic (paraelectric) phases
(5.4 and 6.2 mm/usec, respectively) suggests, as does
other evidence, that the material begins to transform to
the :-ubic phase in the neighborhood of 7 kbar. Below

7 khar, subsonic velocities are observed and it is specu-
lated that this phenomenon is associated with domain re-
orientation.

The particular lead zirconate composition studied has a
two-wave structure above about 40 kbar; the position of
the cusp in the Hugoniot depends sensitively on initial
density. This cusp is presumably the Hugoniot elastic
limit. A weak cusp is also observed at about 2 kbar.
The wave velocity is essentially sonic below 2 kbar and
subsonic above 2 kbar, increasing to about sonic in the
neighborhood of 40 kbar."

R. K. Linde, "Depolarization of Ferroelectrics at High
Strain Rates,"

"Poled specimens of barium titanate (BT) and lead zircon-
ate titanate (PZT) ceramics have been successfully re-
covered after shock loading antiparallel to the polari-
zation vector (short-circuit configuration) in the 3- to
23kbar range. It has been shown that permanent depcling
as a result of phase transitions or of domain switching
can occur within the microsecond time scale of a shock
experiment. Results of dynamic charge relezse measure-
ments made during shock transit in PZT 52/48 tend to cor-
roborate the finding of other investigations. Techniques
for recovery of shock-loaded specimens were discussed."
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19.

20.

C. E. Reynolds and G. E. Seay, "Two-Wave Shock Structures
in tiie Ferroelectric Ceramics Barium Titanate and Lead
Zirconate Titanate,"

"Pb (2rg_52,Tig, 4g)23 with 1 wt% Nb205 and pure BaTiO3,
were studied under plane shock waves having pressures
ranging from 2 to 175 kilobar which were produced by high-
explosive driving systems; 2-wave structures are character-
istic of elastic properties of materials and are not due

to phase transitions from ferroelectric to paraelectric.

W. J. Halpin, "Resistivity Estimates for Some Shocked
Ferroelectrics,"

"It has been observed previously that the shape of the
current pulse delivered to an external short circuit by

a shock-loaded ferroelectric ceramic specimen undergoes

an abrupt change when a sufficiently high shock stress
level is reached. This change was explained qualitatively
as being due to the onset of electrical conduction in the
specimen. Here a quantitative analysis of short-circuit
current waveshapes from some typical ferroelectric mate-
rials is made on the basis of a previously developed

model that has been extended to include the effect of con-
duction. Finite resistivity is assumed in the stressed
region of a specimen and evaluated in terms of the various
model parameters and experimental quantities, particularly
the short-circuit current itself. With the analysis an
estimate is made that the resistivity of the ferroelec-
tric materials under shock stress in the range of 25 to

35 kbar is of the order of 100 Q-cm with accompanying
fields greater than about 20,000 V/cm."

R. A. Graham, W. H. Halpin, "Dielectric Breakdown and Re-
covery of X-Cut Quartz Under Shock Wave Compression,"

"While a shock wave is traversing a disk of X-cut quartz,
a pliezoelectric current flows in an external circuit con-
nected across the faces of the disk. In this paper mea-
surements of this current are used to study dielectric
breakdown and subsequent recovery which occurs in quartz.
Quartz specimen disks were impacted at various stress
levels in such a way as to produce shock waves that pro-
pagated along the X axis either in the direction of or
opposite to that of the pressure-induced polarization.

In the latter case, short-circuit current measurements
show that breakdown occurs at a threshold stress greater
than 10 and less than 13 kbar. Since the impact experi-
ment produced one-dimensional electrical and mechanizal
conditions in the specimen disk, it was possible to
formulate a mathematical model that permitted solutions
for internal electrical fields and resistiviiy in terms
of the measured current. Computations with this model
show that the field in the stressed portion of the disk
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at breakdown is about 7.0x105 V/cm, which is an order of
magnitude lower than the value observed at atmospheric
pressure. Computations with the model also show that
recovery from breakdown to essentially infinite values
of resistivity occurs during the transit time of the
shock wave when the field in the stressed region of the
disk is "quenched" to a value of about 1.9x105 V/cm.
This critical field appears to be the same for all shock
stress levels investigated from 13 to 35 kbar. The de-
pendence of the initiation of breakdown on the direction
of wave propagation relative to the polarization direc-
tion indicates that the shock-wave front furnishes a
source of free electrons.”

R. A. Graham, "Dielectric Anomaly in Quartz for High
Transit Stress and Field,"

"Neilson and Benedick have reported an anomalous piezo-
electric behavior for negatively-oriented synthetic
alpha-quartz crystals when subjected to transient stress
of about 65 kbar. This paper describes the piezoelectric
behavior of negatively-oriented quartz in the stress re-
gion of from 5 to 50 kbar. The first indication of anom-
alous behavior occurs at 8 kbar. Between 8 and 24 kbar
the negative x-current waveforms show evidence of partial
electric breakdown in the quartz. Between 25 and 34 kbar
disruptive breakdown occurs. Above 34 kbar disruptive
breakdown is followed by gross conduction with positive
currents being observed for stress greater than about 50
kbar. The fields associated with the piezoelectric be-
havior are lower than the field for steady-state electric
breakdown at atmospheric pressure. It is proposed that
the anomaly is triggered by stress-induced dislocation
motion resulting in liberated electrons which are ac-
celerated into the stressed region of the specimen by

the high negative electric field."

R. A. Graham, "Technique for Studying Piezoelectricity
Under Transient High Stress Conditions,"

"An experimental technique is described which is being
successfully used to study the transient high stress
piezoelectric hehavior of synthetic alpha-quartz. Short,
flat-faced cylinders of quartz are impacted upon each
other at high velocity to produce the desired transient
stress in the range from 5-70 kilobar. Precision is
maintained in the alignment of the flat impact surfaces
so that the Hugoniot conservation of momentum and the re-
lationship governing the impact of flat cylinders may be
used to compute the stress imparted to the target cylin-
ders of quartz. Electric charge release data are taken
in conjunction with the initial passage of the stress
wave produced by impact."
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24.

25.

E. A. Ripperger and D. Hart, "Stress-Charge Release Re-
lationships for Ferroelectric Ceramics,"

"The relationship between charge released, electrical
load, and stress has been studied for two ferroelectric
materials, barium titanate (ceramic B) and lead zirconium
titanate (52-48). Stresses which cover the range from
zero to 10 kilobars are applied dynamically, in the axial
mode, by allowing stress waves generated by an impact to
pass through a specimen of the material. The stress ap-
plied is measured by the split pressure-bar technique.

By properly correlating stress and charge measurements
which are recorded as functions of time, stress-charge
curves for a given electrical load are constructed.

These curves show that the two materials investigated
have a dynamic stress-charge relationship. The satura-
tion stress, or the stress at which all the available
charge is released is between 4 and 5 kilobars for both
materials. Charge released is virtually independent of
electrical load for pure ohmic loads between 8 and 1000
ohms. Electrical energy released increases almost di-
rectly with electrical load.

A P2ZT in the "Far Rhombohedral” range (92-8) was also
studied briefly. Charge release from this material
seems to be dependent, on both rate of stress applica-
tion, and stress amplitude."

R. W. Rhode, 0. E. Jones, "Mechanical and Piezoelectric
Properties of Shock-Loaded X-Cut Quartz at 573°K,"

"Properties of uniaxially strained X-cut quartz were
studied at 573°K over stress range of 6 to 21 kbar by
monitoring current output from shock-loaded quartz disk;
in addition to providing fundamental knowledge of be-
havior of quartz under these conditions, results yield
data necessary for application of quartz as submicro-
second stress gage at this temperature; experimrantal
results on temperature-stress dependence of piezoelec-
tric and mechanical properties of uniaxially strained
X-cut alpha quartz ar- presented."

.. A. Krueger, "Stress Sensitivity of Piezoelectric
Ceramics-2, 3,"

"Measurements on two piezoelectric ceramics used for high-
power, high-stress applications for which stabilizing
heat treatment has reduced changes in permittivity;
stabilizing effect shown to be permanent; several stress
cycles to 10 to 20 kpsi stabilize these ceramics; mea-
surements of changes in permittivity, loss and piezo-
electric constants for piezoelectric ceramic transducer
materials subject to high stress perpendicular to polar
axis; difference in stress sensitivity for "hard"

ceramics and "soft" donor-doped ceramics."
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27.

28.

29.

E. Fatuzzo, W. J. Merz, Selected Topics ir Solid State
Physics, Vol. 7, Ferroelectricity,

"A number of books and review articles havc been published
on the subjecc, however, since the advances made ir the
last few years, this book offers an up to date review of
ferroelectricity. Little space is devoted to the "clas-
sical aspects" i.e. dependence of the dielectric proper-
ties on pressure, temperature, strain, etc. and the ap-
plications of ferroelectricity are only briefly summarized.
These intentional omissions apart, the book gives a
thorough physical picture of the ferroelectric phenomena.
The various topics include: microwave and infrared
studies, fatigue effects, thermodynamic theory, static and
dynamic properties of domains, lattice dynamic theory,
theory of polarization and radiation damage. A chapter

is devoted to recent developments in ferroelectric re-
search, these include special effects like optical second-
harmonic generation, semi-conducting properties and tem-
perature autostabilization effects in ferroelectrics.

As shown above tiie book deals with purely scientific prob-
lems and would be of value to the research worker."

D. Berlincourt, "Piezoelectric and Ferroelectric Energy
Conversion,"

"The parameters of the materials involved and the princi-
ples of these electromechanical energy conversion methods
are discussed in general terms. Use of some of these
materials for high-voltage thermoelectric energy con-
version is discussed briefly; power conversion efficiency
appears limited to the 1 percent range."

J. C. Muirhead, W. J. Fenrick, "Studies on Shock Wave
Pressure-Time Gauges III: The Spontaneous Charge Release
Effect,"

"This note describes further studies on spontaneous charge
release and absorption in piezoelectric ceramics. Charges
that are developed by stressing ceramics (or are impressed
on the ceramic from a power source) tend to change the
polarities of individual crystals within the ceramics,
which thereby store charges. Application of pressure
pulses assists in returning these modified crystals to
their normal state. This in turn releases the stored
electrical charges, which show up on pressure-time re-
cords as spontaneous charge release or absorption."”

W. Ohlwiler, "High Temperature Ferroelectric Materials,"
"This report reviews published data on high-temperature
ferroelectric materials. Applicable terms are defined

and some characteristics of this type of material are
given. High temperature ferroelectric materials studied
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32.

were lead metaniobate, lithium tantalate, potassium
niobate, lead titanate, and lead metantantalate. Other
ferroelectric materials with less supporting data are
discussed also."

H. Jaffe, D. A. Berlincourt, "Piezoelectric Transducer
Materizls,"

"Properties of piezoelectric crystals and ceramics are
reviewed as they affect use of such materials in electro-
acoustic transducers. Extensive data on lead titanate-
zirconate ceramics are presented to help in selection of
the appropriate material for a variety of applications

in the lower and medium frequency range, up to several
megacycles per second. Quartz and several recently dis-
covered piezoelectric crystals will share the higher
megacycle range."

Bruce D. Wedlock, "Properties of Piezoelectric Materials,"

"The purpose of this monograph is to provide a source of
data on a wide variety of piezoelectric materials which
will be useful to those conducting research in this area
as well as to the engineer designing ultrasonic trans-
ducers, filters, and other piezoelectric devices. The
numerical data are given in the rationalized MKS system
in accordance with the IRE Standards on Piezoelectricity,
as are the symbols employed. Table I defines the sym-
bols employed and gives their MKS unit. Since a large
amount of literature still uses the CGS system, Takle II
presents the factcocrs to convert CGS units to MKS units.
On the data pages, the digits in the data columns are to
be multiplied by the power of ten in the column immedi-
ately to the right of the symbol to obtain the value in
the MKS system. The compounds are arranged alphabetic-
ally by chemical name. The pure compounds are followed
by the binary alloys, followed by ternary compounds, etc.
The multiple component compounds are arranged alphabetic-
ally by main constituent, secondary constituent, etc.,
and by decreasing amount of main constituent."

I. Lefkowitz, K. Kramer, and P. Kroeger, "Ferroelectrics:
Their Electrical Behavior During, and Subsequent to,
Ionizing Radiations,"

"A study was made on certain ferroelectric materials
which are mong those used extensively in military appli-
cations, both in a polarized condition in such items as
impact fuzes and in an unpolarized condition as capa-
citors. The transient voltages across a load produced
by charge generated on the surface of various types of
ferxoelectric specimens during irradiation have been
measured. These cutputs were found to vary widly in
amplitude and polarity even from specimens ostensibly
alike (i.e., from the same lot of a given manufacturer),
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and even from a single specimen pulsed repeatedly with
ganma and neutron radiation. Pulses were found to vary
from background levels to a high of 300 volts on a large
specimen with a load of 107 ohms and radiation of 5.4 x
1014 fast (Pu) neutrons and associated gammas. The
maximum voltage possible is unknown, as are the factors
causing the variation. Both polarized and unpolarized
specimens showed outputs well above background transients.
Some specimens were identical to those used in impact
fuze applications and were in simulated housings which
reproduce the mechanical environment of the device.

Some fuze circuits in present use are discussed with
reference to their use of ferroelectric materials and

a calculation of the energy transferred by a voltage
pulse to a load is presented."
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APPENDIX B

LIST OF COMPUTER PROGRAM

FOR

ELASTIC WAVE PROPAGATION IN A COMPOSITE BAR
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General:

The program "CRYSTAL" instructs the computer to perform
prog

the following operations in the order listed:

(1}

(2)
(3)

(4)
(5)

(6)

(7)

{8)

(9)

(10)

(11)
Data:

RHO1, RHO2, RHO3

Read in the structural data including geometry and

material properties and circuitry data.

Read in the time increment.

Read in the strain input data from the experimental

scope recordings.

Calcualte the initial values of the field variables.

Calculate the one dimensional wave velocity,

(O

= YE/p for the three media.

Calculate the values of the field variables, o, €, and

v for each mesh point, up to the leading elastic wave
front.

Calculate the stress difference across the crystal faces.

Calculate the short circuit current.

Calculate the energy produced by the short circuit

current.

Print on the field variables at desired mesh points.

Also print on the stress difference, short circuit

current and energy.

Repeat steps (6) through (10) for each time increment.

(1)
(2)
(3)

(4)

El, E2, E3, RHOl, RHO2, RHO3 (FORMAT 100)

IMAX, L1, L2, X2, DIEC, DIA (FORMAT 101)

M1, M2, M3, R, DT, FACT (To be given in the body of
the program).

XINPUT (To be given in the body of the program).

El, E2, E3

Youngs modulus foi medivw» 1,2,3 resp.

Mass density for medium 1,2,3 resp.

IMAX
Ll

Total number of time incremex' =

Spatial increment number to the iront

face of the crystal
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L2 = Spatial increment number to the rear
face of the crystal
X2 = Thickness of the crystal
DIEC = Dielectric constant for the crystal
DIA = Diameter of the bar
ML =1
M2 = Spatial increment number to the middle
of the crystal
M3 = Spatial increment number of teh output
gage in the backup bar
R = Short circuit resistance
DT = Time increment
FACT = Scope vertical gain
XINPUT = Vertical deflection of scope for input
gage
SIG, STS = Stress at tiem = t and (t-DT) resp.
EPS, STR = Strain at time = t and (t-DT) resp.
VEL, V = Particle velocity at time = t and (t-DT)
resp.
CI = Short circuit current
ENERGY = Energy produced by the short circuit
current
T = Time
Di = 1.0/pi*Ci; (i=1,2.3)
Ci = vEi/pi ; (i=1,2,3)

Running time:
If the calcualtion is done for t=o0 to t=30usec

DT=0.25usec, the running time is approxirately 15 seconds.
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JFrRs60s 30+55000.VALATHUR 57915 UNM~
RUN(S)

CRYSiAL.

]

PROGRAM CRYSTAL (INPUT,CUTRUT)
CHERRRIN R NHRR IR RT F ST KR HREHEI TR H RN IR NNN

: C*ELASTIC WAVE PROPAGATICN IN A COMPOSITE BAR *
3650 33 22 3638 5 I 323 I 26 36 3T I OF 3F 3 6 I 26 W I W 3 3F I I I3 I I K 3K I I X H
SIMENSION SIG(501)sEPS(5C1)sVFLI5C1)sSTS(5C1)
1sXINPUT(5C1) sENSRGY(501)5>C1(501) »STR(501)5V(501)
STRAIN INPUT PROBLEM
LENGTH OFMEDIUM]*X1%*
LENGTH DFMEDIUM2*X 2%
DX1 IS THT X INCREMENT IN MEDIUM]
DX2 1S THT X INCREMENT IN MEDTUM?
DX3 IS 1HT X INCREMENT IN MEDIUM3
E IS 77UNGS MODULUS
RHO 1S MASS DENSITY
R IS RESISTANCE OF THE STRAIN GAGES IN OHMS
DT IS THE TIME INCREMENT
Li=1+xX1/DX1
Lz2=L1+;2/DX2
L3=L24X3/DX1
IMAX IS THE TOTAL NUMBER OF INCREMENMTS OF TIME
IMAX=TOTAL TIME / DT
NOTE##FHONSE DT SUCH THAT (L2=-L1)IS AM INTEGUR*#*
DLTA TD BF SUPPLIED FOR THE PROBLEM
.-)H(--)l********************************** 3 %3 %3¢
*¥NOTE ON UNITS#%%*INCHES »POUNDS » SECOMDS¥##
******4** X X ***-k’-****4*%’«********%%*********
UNITS OF DATA, FE=LR/IN¥¥2, RHO=LR-SECH*%2/IN%%4
UNITS OF THE DATA. X2=INes DIFC=AMP-STC/LB.s DIA=IN,
459 READ 1009F1sF297343RHO19RHD2HsRHD2
1997 FORMAT(6E10.3)
READ 101sIMAX,L1sL25X2sDIECSDIA

(NakakaiaNaNaaRaNa ke RaNaaNaNaXh Na!

[0 T WH ]

101 FORMAT(3159F10435sF10633F1042)
C OUTPUT STRAIN GAGT LOCATIONS
C Ml IS INPUT PCINT
Mi=1
@ i2 1S THE MIDPOINT OF MEDIUM 2
C VM3 1S THF SECOND GAGE LCCATION

AREA=2,1417#(DTA%%2,) /4,
R=%3447
CT=0.1RE-06
C DETAILS OF STRAIN INPUT FROM EXPERIMENTS
C VALUES OF FIELD VARIABLES AT TIMF=Q SPECIFIED BY
C SUYasSCRILT (1)
IMAXP1=IMAX+1
T=Ze0
XINPUT 1S THE VERTIC1L DEFLECTION OF SCOPES FOR

]
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T STRAIN GAGES
DO 80" J=1,56
T=T+D7
800 XINPUT(J)=2,6E+05*T
DO 801 J=57s112
T=T+DT
801 XINPUT(J)=2.6+6.0E+04%(T-10.0E-C6)
50 802 J=113,IMAXP]
T=T+DT
802 XINPUTI(J)=3,2
C SCALF FACTOR FOR INPUT IS*FACT*
FACT=2924.CE-06/4,C
C END OF INPUT STRAIM
475 CONTINUE
C THE SPFED OF PROPAGATION IS IN UNITS OF IN./SEC.
Cl=(SQRT(E1/RH4C1))
C2=(SQRT(E2/RHO2))
C3=(SGRT(E3/RHO3))
N1=1.0/(RHO1%*C1)
N2=149/ (RHO2%*(C2)
D3=1.2/(RHO3%C3)
STR{1)=XINPUT(1) *FACT
STS(1)=E1%*STR(1)
VI1)=D1%5TS(1)
ENERGY(1)=0.0
C FIELD YARIABLES FOR TIME T=DT
EPS(1)=FACT®XINPUT(2)
SIG(1)=STS(1)+E1%(EPS(1)=-STR(1))
VEL{1)=V(1)-D1#(SIG(1)-STS(1))
EPS(2)=STR(1)
SIG(2)=5TS(1)
ENERGY(2)=ENERGY (1)
VEL(2)=VI(1)
DRINT 299
C THE NUMBER AND DATE OF THE DATA IS PRINTED BY FORMAT 169
801 PRINT 159
169 FORMAT(15X»23H RUN NUMBER 3 7/10/1968,/)
DRINT 199 s IMAX
PRINT 20 »X2
20 FORMATI(3Xs12H THICKNESS=3F1044)
PRINT 8C8 s DIEC
¢ 8C3 FORMAT(3X921H DTELFECTRIC CONSTANT=3F10e35104AMP=SEC/LB,
1 1/77)
PRIMT 300
PRIMT 310
PRINT 201 » E19524E34RHOLSRHC2sRHO3 L1512
~RINT 311 '
PRINT 312
PRINT 302
T=DT
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PRINT 3C2s THEPS{M1)sSIGIL1)sEPSBMIZFPS(LI)sSIG(L2),
1FPSBM34EPS(L2) sDFSTRSCI(1) sENERGY (1)
MIX=3
DC 200 IX=3,IMAXP]
T=T+C7T
IX1=Ix-1
D0 201 IJ=1,1IX1
STS(1J)=SIG(1J)
STR(IJ)=EPS(1J)
201 v(IJ)=sVEL(IU)
C AREAS 2T THE MEDIA ARE EQUAL
€ AT THE INTERFACF FORCES AMD VELOCITIES ARE SAMF
STR(IX)=STR(IX1)
STSLIX)=STS(IX1)
vIIX)=V(IX1)
EPS{1)=FACT*XIMPUT([X) .
SIG(I1)=STS(1)+F1*(EPS(1)~STR(1))
VEL(1)=V(1)-D1*(S16(1)-STS(1))
SIA(IX)=STS(IX]1)
VEL(IX)=V(IX1)
IF(IX-L1)212+2124214
213 EPS(IX)=SIG(IX)/E2
GO TO 215
214 IF(IX=-L2)212+212,215
215 FPS(IX)=SIG(IX)/E3
GO TO 216
212 FPS(IX)=STR(IX1)
216 DO 202 1J=2,1IX1
IJL=1J-1
1JR=1J+1
IF(1J-L1)203+204,4205
204 pL=1.,0/D1
DR=1.0/D2
GO TO 209
205 1F(1J=-L2)206+207+208
207 pL=1.3/D2
NDR=1.2/D3
209 VEL(IU)=(STS(IJR)=STS(IJL)+DL*¥V(IJL)+DR¥V(IJR))/(DL+DR)
SIG(IIN)=STS(IJLY+nL*(VEL(TIU)-V(TJIL))
EPS(IJ)=STR(ITIJ)+(SIG(IJ}-STS(1J))/E2
GO TO 202
206 PX=DH2
EX=F2
GO TO 210
208 DX=D3
£X=c3
GO 70 21¢C
203 DX=91
EX=r1
210 VSL(TIJ)={V(IJR+V(TJL)+CX*¥(STS(IJR)=STS(IJL)))/2.0
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T RSP 5 P T T

SIGIIJ)I=STS(IJLY+VEL(TJ)=V(IJL))I/DX
EPS(IJ)=STRITII+(SIG(IJ)-STS(1J)y)/EX
202 CONTI®UE
EPSBM1=SIG(L1)/F1
FPSBM2=SIG(L2)/E3
C OFSTR IS THE STRESS NDIFFERENCE ACROSS THE CRYSTAL
DFSTR=SIG(L1)-SIG(L2)
C CONVERSION FACTOR FROWM WATT—-SFC TO JOULES IS *'CON!
CON=1,0
C CI(IX) IS THE SHORT CIRCUIT CURRENT AS CALCULATED BY
C STRESS EQUATION AND THE UNITS ARE AMPERES.
CI(IX)=DFSTR*AREA*#C2*DIEC/X2
C ENERGY IS THE POWER PRODUCED RY THE SHORT CIRCUIT CURRENT
C *%% ENFRGY=DX/3%R*¥ (CI(N)*¥244%CT (N+1)*#%24+CT (N+2) #%2)
IF(IX-MIX1600,600,700
600 COMTINUE
ENERGY(IX)=DT/ 3 ¥R¥CON¥(CI(IX—-2) #¥244 4 #CI (IX—-1)%%2+
TCI(IX)%*2)+ENERGY(IX=-2)

211 PRINT 303s TsEPS(M1)sSIG(L1)sEPSBMLSEPS(L1)Y»SIG(L2)>

1EPSBM2,EPS(L2) sDFSTRsCI(IX)sENERGY(IX)
GO TO 200
700 CONT INUE

PRINT 303y THsEPS(M1)sSIG(L1)sEPSBMLsEPS(L1)»SIG(L2)
1EPSBM2,EPS(L2) sDFSTRSCI(IX)
MIX=MIX+2

200 CONTINUE

299 FORMAT(1H1s10X»a44H ELASTIC WAVE PROPAGATICN IN A
1COMPOSITE BAR/)

199 FORMATI(3Xs6H IMAX=91545/)

300 FORMAT(3X»3H Els7X93H T297X93H E396Xs5H RHO1 95Xy
15H RHO295Xs5H RHO395X93H L1s2Xs3H L2)

301 FORMAT (6FE10435215/77/)

302 FORMAT(//s2Xs5H TIMEs6X96H EPSM1 45X s6H SIGL1 94X,
17H ~PSAM1 95X s6H EPSL195Xes6H SIGLZ2s4XsTH EPSBM3,45X,
26H FPSL295Xs6H DFSTReZX s8H CURRENTs4XsTH ENERGY)

303 FORMAT(S1043510F1164)

310 FORMAT(IX’Z7H....1....(LB/IN**Z)oooooopo’Qx,ZgHoooooo
1(LB=SECH*¥2/IN¥%4)q00ne’

311 FORMAT (14H*¥3 4% SGEND¥ ¥ %Xy /94X 935HEPSM1I=STRAIN AT FI
12ST GAGE LOCATION,/»4Xs40HSIGL1=STRESS IN MEDI
2UM 1 AT CRYSTAL FACEs/»4Xs41HEPSBM]1=STRAIN IN MED
2JUM 1 AT CRYSTAL FACEs/ s4Xs40HEPSL1=STRAIN IN MED
41UM2 AT CRYSTAL FACE s/ 94X933HSIGL2=STRESS AT CRY
5STAL REAR FACEs/94X+41HEPSBM3=STRAIN IN MEDIUM 3 A
6T CRYSTAL FACE s/s4Xs35HEPSL2=STRAIN IN CRYSTAL A
7T RFAR FACE)

312 FORMAT(4X 938HNFSTR=STRESS DIFFERENCE ACROSS CRYST
143L s/ 94X s40HCURRENT=CIRCUIT CURRENT IN UNITS OF AM
2P 9/ 94X 94OHENERGY=CRYSTAL ENERGY INUNITS OF JOULESs/)

1000 CONTINUE
STOP

END
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APPENDIX C

LISTING OF COMPUTER PROGRAM

FOR

PLASTIC WAVE PROPAGATION IN A COMPOSITE BAR .




General:
The program "WAVES" instructs the computer to perform
the following operations in the order listed:

(1) Read in the s ructural data including gecmetry and
material properties and circuitry data

(2) Read in the time increment

{3) Read in the strain input data from the experimental

scope recordings
(4) Calculate the initial values of the field variables
(5) Calculate the one dimensicnal wave velocity, C = vE/p
for the three midia
(6) Knowing the values of the field variables at the pre-
vious instant of time ie t=t-Dt, the slopes of the
characteristics starting from the previous time base
and passing through the mesh points considered are
calculated. This is done by calling the subroutine
"INTERP". This subroutine calculates the field var-
iables at the starting point of the characteristic by
linear polation.
(7) Calculate the values of the field variables, ¢, €, and v.
(8) Repeat steps (6) and (7) for all the mesh points, up
to the leading elastic wave front.
(9) Calculate the stress difference across the crystal faces.
(10) Calculate the short circuit current
(11) Calculate the energy produced by the short circuit
current
(12) Print out the field variables at desired mesh points.
Also print out the stress difference, short circuit
current and energy
(13) Repeat steps (6) through (12) for each time increment
Data:
(1) El, E2, E3, RHOl, RHO2, RHO3 (FORMAT 1(0)
{2) IMAX, L1, L2, X2, DIEC, DIA (FORMAT 101)
(3) XK, XN (FORMAT 99)
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(4) YIELD, R, DT, FACT, Ml (Tc be given in the body
of the program)
(5) XINPUT (To be given in the body of the program)

List of symbols:
El, E2, E3

RHOl1, RHO2, RHO3 -

IMAX
Ll

L2

X2
DIEC
DIA
XK, XN
YIELD
R

DT
FACT
XINPUT

M1

SIG, STS
EPS, STR
VEL, V
CI

ENERGY

Dj

Youngs modulus for medium 1,2,3 resp.
Mass density for medium 1,2,3 resp.
Total number of time increments
Spatial increment number to the front
face of the crystal

Spatial increment number to the rear
face of the crystal

Thickness of the crystal

Dielectric ~onstant for the crystal
Diameter of the bar

Material parameters for the input bar
Yield stress for input bar

Short circuit resistance

Time increment

Scope vertical gain

Vertical deflection of scope for input
gage

1

Stress at time=t and (t-DT) resp.
Strain at time=t and (t-DT) resp.
Particle velocity at time=t and (t-DT)
resp.

Function variable at time=c and (t-DT)
resp.

Short circuit current

Energy produced by the short circuit
current ‘

Time

1.0/p3*Cj; (3=1,2,3)

l64
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Cj = YE3/p3 ; (3=1,2,3)
AN1 = XN-1
¢ XN12 = XN1/2.0

SGI, SGv, Vi, VLV
Running time:

Variable quantities

If the calculation is done for t=o to t=30usec with

DT = O0.lusec., the running time is approximately 106G seconds.
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Sy

JEH96 +50C955000.VALATHUR 5791 sUNM» 3743,
RUN(Sy4999925000)
WAVES,
'
PROGRAM WAVES(INPUTSOUTPUT)
COMMON SGIsSGVIVIsVLVIRHOI sC1sXKsXNsDTsDX19SGL VL
1XE1sCFsRCFaXKN9XN]
cOMMON YIELD
DIMENSION SIG(5C1)HsEPS(501)sVEL({SC1)sSTS(501)sSTR(501)
155(591)sF(5C1) s XINPUT(5C1)sCI(501)+ENERGY(501)sV(501)
C******************* I 3¢9 3¢ I I I I I W I I I 3E I I I I I I H

C*PLASTIC WAVE PRCPAGATION IN A COMPOSITE BAR *

a2 T e N e s T TRy

C MEDIUM 2 IS IN ELASTIC STATE AND MEDIA 1AND3 ARE
€ IN PLASTIC STATE

QLI T T T TR RIS 2

C* STRAIN INPUT PROBLEM*
C**************************
LENGTH OF MEDIUM2%X2%*
DX1 IS THE X INCREMENT IN MEDIUM]
DX2 1S THE X INCREMENT IN MEDIUM2
DX3 IS THF X INZREMENT IN MEDIUM3
STRESS IS EXPRESSED IN KSI UNITS
E IS YOUNGS MODULUS
RHO IS MASS DENSITY
XK AND XNooo e MATERTAL PARAMFTERS(RATE INDEPENDENT
THEORY)
*R* ]S THE RESISTANCE OF THE CIRCUIT IN OHMS
DT IS THE TIME INCREMENT
Li=1+X1/D0X1
Lz=L1+X2/0X2
IMAX IS THE TOTAL NUMBFR OF INCREMENTS OF TIME
3 IMaAX=TOTAL TIME / DT
C NOTE**CHOOSE DT SUCH THAT (L2-L1)IS AN INTEGER#**
C*****-,’f ) Y X 2% 3 *******%**4************** 3¢ 96 3% I 3 3 % ¥ A%
Cx¥%*ERNOTE ON UNITSe e o KIPSs INCHES s SECONDS*#¥3t%%
C********************** SEH I SE IS WA N I HA R RN
C UNITS OF DATAe+oeE=KIPS/IN¥%¥243RHO=K]IPS=SEC*%2/ IN**4
C UNITS OF CATAs . oeX2=INCHESsDIEC=AMP~SEC/KIPsDIA=INCH
C DATA TO Bf SUPPLIED FQOR THE PROBLEM
READ 1CC sE1+E£29E3>RHO19RH02sRHO3
100 FORMATI(6E104.3)
READ 101sIMAXsL 191 2sX2sDIECSDIA
101 FORMAT(3I59F10e39E10e3sF1043)
READ 995 XKsXN
99 FORMAT(2E12.4)
C YIELD STRESS FOR MATERIAL 1 IS EQUAL TO0O30 KSI(YIELD)

aiaNaNaNalaNaNaNalakataXaXaka!
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VBT RSN AT

YIELD=3C.0

DETAILS OF STRAIN TNPUT FRGM EXPERIMENTS
SCALE FACTOR FOR INPUT 1S *FACT*
DT=0,15E-06
R=53e47
IMAXP1=IMAX+1
T=0.0
C XINPUT 1S THE VERTICAL DEFLECTION GF SCOPES FOR
C STRAIM GAGES
READ 80Cs (XINPUT(J)sJ=1sIMAXP1)
800 FORMAT(15F5.2)
C SCALE FACTOR FOR INPUT IS FACT
FACT=2.,985E-03
END OF READING THF iNPUT
AREA=22-O/7QO*DIA**2/QQC
C1=SQRT(E1/RHO1)
C2=SQRT(E2/RHO2)
C3=SQRT(E3/RHO3)
D1=1.7/(RHO1*C1)
D2=1.0/(RHO2*C2)
D3=1e"/ (RHO3%C3)
NI=1."/D2
DX1=C1%DT
nX2=C2%0T
DX3=C3#DT
XE1=1,./E1
XE2=1,0/E2
XKN=XK*XN
XN1=X“'1 . )
XN12=xN1/2,.0
C SPECIFY THE VALULCS OF THE FIELD VARIABLES FOR ZERD TIME
C 8Y SUBSCRIPT(1)
STR(1)=XINPUT(1) *FACT
STS(1)=E1*STR(1)
V(1)=D1%STS(1)
, S(1)=1.0/E1
i ENERGY(1)=0.0
i € FIELD VARIAZLFS FO? TIME T=nT
EPS(1)=FACT*XINPUT(2)
SIG(1)=STS(1)+EI*(EPS(1)=-STR(1))
STRS2=SIG(1)* SIG(1)
F(1)=XE1+XKN®STRS2*#XN12
VEL(1)=V(1)=-D1*(SIG(1)=-STS(1}))
FPS(2)=5TR(1)
SIG(2)=STS(1)
VEL(2)=VI(1)
F(2)=5(1)
ENERGY(2)=0.0

o NaNA]

Yy
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PRINT 299
PRINT 169
169 FORMAT(15X9s24H RUN NUMBER ARD 8/7/1968+/)
PRINT 808 » DIZC
808 FORMAT(3Xs21H DIELECTRIC COMSTANT=9E10.3»
1124 AMP=SEC/KIPs/ /)
PRINT 30CO0
PRINT 301 » E19S2,E39RHC1sRHC29RHO3 4L 1yL72
PRINT 311
PRINY 312
PRINT 302
T=DT
MIX=3
FPM1=1.9/E1
FPM3=1.0/E3
C OUTPUT STRAIN GAGF LOCATICNS
C M1 IS INFUT POINT
Ml=1
DO 200 IX=3,IMAXP1
T=T+DT
IX1=IXx~-1
DO 201 1J=1,s1X1
STS(1J)=SIG(1J)
STR(IJ)=EPS(ID)
S(IJ)=F(1J)
201 v(1J)=VEL(1J)
C AREAS OF THE MEDIA ARE EQUAL
C AT T8E INTERFACE FOR3ES AND VELOCITIES ARE SAME
STR(IX)=STR(IX1)
STS(IX)=STS(IX1)
VIIX)=v{IX1)
S{IX)=S(IX1)
EPS(1)=FACT*XINPUT(IX)
SIG(1)=STS(1)+(EPS(1)-STR(1))/S(1)
STRS2=S5IG(1)% SIG(1)
FOL)=XE1+XKN*®¥STRSZ2*¥XN12
SG6I=STS{1Y .
vi=v(l)
SGV=STS(2)~-5T75(1)
vVLV=V(2)-V(1)
CALL INTERP
VEL(1)=VL-(SIG(1)-SGL)/RCF
SIGIIX)=STS(1IX1)
VEL(IX)=V{IX]1)
IF(IX=-L1)212+2135214
213 EPS(1IX)=SIG(IX)/E2
F(IX)=1le/EZ
GO TO 216
214 IF(IX-L2)212+212,5215
215 EPS(IX)=SIG(IX)/E3
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FOIX)=140/E3
G2 TO 216

212 FPS(IX,=STR(IX1)
FIIX)=S({IX1)

216 DO 232 1J=2.Ixl
TJi=1J=1
IJR=TJ+1
IF(IJ=-L132C352C44205

204 SGI=STSI(IV)
vIi=viiJ
SGV=STSLIJL)=-STS(1J)
VLV=V(IJL)=-VI(IJ)
CALLL INTERP
VEL(TIJ)=(STS(IJR)=SGL+VIIJR)/D2+RCF#VL) /(RCF+DI
SIGIIJ)=STSIIJR)=(VELIIII-V(IJR)}/D2
EPS(IJ)=STRIIUV)+(SIG(1J)=-5TS(IJ))/E2
FlIJ)=XE2
EPBMI=EPBIMMLI+(SIG(IJ)-STS(IJ) 1 *FPi]
5TRS2=SIG(IJ)*SIG(IJ)
FPMI=XE1+XKN¥STRS2*%XN12Z
GO TO 202

205 I1F(1J=L21206+207,208

207 5GI=STS(1J)
vi=v(IJ)
SGV=STS(IJR)=STS(1J)
VLV=VIIJR)=-V(ID)
CALL INTERP
VEL(TJ)Y=(SGL-STSITJLI+RCF¥VL+V(IJL)/D2)/(RCF+DI)
SIGITI)=STS(TJILYH(VELITJIYI=VIIILY /D2
EPS({1J)=STR(IJI+(SIG(IJ)=STS(IJ) ) /2
F(IJ)=XE2
EPRM3=EPRM34+(SIGLIJ)=STS{IJ))I*¥FPM3
STRS2=SIG(IJI*SIG(IJ)
FPV3=XE1+XKN¥STRE2*¥%XN]12
GO 7O 232

206 DX=D2
EX=22

210 VEL(IN ={VITJRIAVIJLY+DXH(STS(TIJR)=STSITIUL) ) ) /240
SIG(IJY=STSUIJL)+(VEL(TIJ)=V(IJL))/DX
ERISH T JH=ST.AN FJ)AUSTENT ) =STSK 1) W EX
FL1J)=XE2
GO TO 242

208 CCNTINUE

203 SGI=STS(IJ)
vi=viiJ)
SGV=STSI(TJR)=STS(T1.0)
VLEV=V({TJR)=V(IJ)
CALL INTERP
SGR=5GL
VR=VL
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CR=CF
RCR=RCF
SGV=STS(IJL)=-STS(1J)
vLv=v{lJL)=-V(1J)
CALL INTERP
CL=CF
RCL=RCF
VEL(TIJ)=({SGR-SGL )/RHO1+CR*VR+CL*VL)/ (CL+CR)
SIG(1J)=SGL+RCL*®(VEL(TJ)=-VL)
EPS(IJ)I=STRUTJ)I+S(TII)*(SIG(IJ)=5TS(1J))
STRS2=SIG(IJ)*SIG(IJ)
FITJ)=XE1+XKNXSTRG2#*¥XN12
304 FORMAT(I5+2E1244)
202 CONTINUE
DFSTR=SIG(L1)-SIG(L2)
C CONVERSION FACTOR FROM WATT-SEC TO JOULES IS *'CON?t
CON=100
C THE UNITS OF CI ARF AMPERES.,
CI(IX)=DFSTR*AREA*C2*DIEC/X2
C ENERGY IS THE POWER PRODUCED BY THF SHORT CIRCUIT CURRENT
IF(IX=-MIX)6005600,700
6CO CONTINUE
ENERGY(IX)=DT/ 3 ¥R¥CON¥ (CI(IX=2) %%244¢%CTI{IX=1)*%#2+
ICT(IX)*%2)4+ENERGY (IX-2)
211 PRINT 303s TsEPS(i11)9SIG(LL1)s EPBM1sEPS(L1)sSIG(L2)
1EPBM3sEPS(L2) s DFSTRSCI(IX)sENERGY(IX)
GO TO 2CC
7G0 CONTINUE
PRINT 303s TSEPSIM1)sSIG(LL)s EPPMYISEPS(L1)sSIG(L2),
1EPBM3 4EPS(L2) s DFSTRHSCI(IX)
MIA=MIX+2
200 CONTINUE
299 FORMAT(1H1+s1CX 44 PLASTIC WAVE PROPAGATION IN A COM
1POSITE BAR/)
300 FORMAT(3X93H Els7X93H E297Xs3H F396X954 RHO195Xs
15H RHO2s5X95H RHO395Xs3H L1s2Xs3H LZ)
301 FORMAT(6E10.35215)
302 FORMAT(4Xs5H TIMESTXs6M EPSM1+6Xs6H SIGL195Xs
2TH “PSBM1s6Xs6H EPSLI6Xs6H SIGL295Xs7H EPSBM3+6Xs
26H EPSL2s6Xs6H DFSTRs2Xs8H CURRENTs4Xs7H ENERGY)
303 FORMAT(11E12.4)
311 FORMAT(14HX¥XXLEGEND*# %%y /94X s35HEPSM1=STRAIN AT F1
1RST GAGE LOCATION,/94Xs40HSIGL1I=STRESS IN MEDI
2UM 1 AT CRYSTAL FACEs/s4X941HEPSBMI=STRAIN IN MED
3I1UM 1 AT CRYSTAL FACEs/ 94Xs40HEPSLI=STRAIN IN MED
4TUM2 AT CRYSTAL FACEs/s4X933HSIGL2=STRESS AT CRY
56TAL REAR FACEs/94Xo41HEPSBM3=STRAIN IN MEDIUM 3 A
6T CRYSTAL FACEs/94Xs36HEPSL2=STRAIN IN CRYSTAL A
7T REAR FACE)
312 FORMAT(4X+38HDFSTR=STRESS CIFFERENCE ACROSS CRYST
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R T A Al e TN e

1AL » /94X s40HCURRENT=CIRCUIT CURRENT IN UNITS OF AM
2PSs/+4X94OHENERGY=CRYSTAL ENERGY INUNITS OF JOULES»/)
sTop
END
SUBROUTINE INTERP
COMMON SGI 9SGV sVIsVLVIRHOL9C1sXK9XNeDT9DX19SGL VL s
1XE1sCF sRCF s XKN» XN1
COMMON 7IELD
. C YIELD STRESS FOR MATERTAL 1 IS EQUAL TO 30 KSI{YIELD)
E IF(SGI+SGV~ YIELD 110551055106
1 105 SGL=SGI+SGV
] VL=VI+VLV
CF=Cl
GO TO 107
106 XN12=XN1/240
DDX=DX1/6040
SGLV=SGV /6040
SGL=5GI
XMUL=040
100 SGL=SGL+SGLV
XMUL=XMUL+DDX
STRS2=SGL*SGL
104 FP=XE1+XKN*STRS2**¥XN12
CF=SQRT(14C/(RHO1*FP))
IF (XMUL/CF~DT) 10251015101
102 GO TO 100
101 VL=VI+XMUL*VLV/DX1
107 RCF=RHO1%CF
: RETURN
1 END
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APPENDIX p

LISTING OF COMPUTER PROGRAM

FOR

CURVE F1T

s s Ly b S
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P ey

T81S PROGRAM COMPUTES THE COEFFICIENTS FOR A NATURAL
CUBIC INTERPOLATORY SPLINE FIT TO EQUALLY SPACED

DATA POINTS,

INPUT AND OQUTPUT VARIABLES ARE AS DEFINED SELOW
N - NUMBER OF SEGMENTS OR SPLINES
H - WIDTH OF EACH SEGMENT (NORMALIZE CLOSE TO 1
TO MINIMIZE COMPUTATIONAL ERRORS)
Y - DEPENDENT VARIABLE INPUT DATA
FACT{I) - THESE ARE THF MULTIPLIERS IN THE GENFRAL
SPLINE FORMULA,s INDEYED FROM 1TO N+1
DIMENSION EM(11)sU(11)sF({11)e3(11)sFACT(13)sY(13)
DITA Y/000’108’503’1004’15.9’20.4’23.6’25.8’27-4’
128-5’29.3929.9’30.1/
H=1.0
N=12
NP1=N+1
NM1=N-1
DO 10 I=1sNM1
EM(1)=H/6.0
U(T1)=2.0%H/3.,0
F(I)=H/6.0
10 CONTINUE
DO 20 J=2,N
JMl=J=~1
JP1=J+1
B(JIML)=(Y(JPL)=2,0%Y{J)+Y(JIM1))/H
20 CONTINUE
- DO 100 I=2,NM]1
IM1=1-1
EM(I)=EM(I)/7U{IM])
0 UCT)I=UCT)-EM(T)*F(IM]1)
100 CONTINUE
FACT(1)=040
FACT(NP1)=0.0
FACT(2)=8(1)
DO 209 I=2sNM]
IP1=1+1
FACT(UIP1)=B(I)=EM{I1)*FACT(I)
200 CONTINUE
FACTI(N)=FACT(N)/U(NM1)
NO 30C J=2,NM1
I=NP1=J
IP1=1+1
IM1=1-1
FACT{I)=(FACT(I)-F{IML)*¥FACT(IP1))/U{IM1)
300 ZONTINUE
PRINT 1s(FACT(I)s I=1sNP1)
1 FORMAT(12F10.3)
CALL EXIT
¢ END
/DATA
/END

aNalaXakaXaXaEaXaXals)
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LISTING OF COMPUTER PROGRAM FOR

DETERMINATION OF ENERGY OUTPUT FROM CURRENT
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A e

General:

The program "ELCENR" computes the energy produced from

the experimental voltage input. This program instructs the

computer to perform the following operations in the order

iisted:

(1) Read in the circuitry data

(2) Read in the time increment

(3) Read in the scope deflection data

(4) Calculate voltage, current for each time increment
(5) Calculate the energy by Simpson's rule

(6) Print out current and energy

Data:

DT, IMAX, SGAIN,

RSC (To be given
List of symbols:

DT =

IMAX =

SGAIN =

R =

TG =

RSC =

DEF =

VvV =

i =

ENERGY =

T =

R, TG (FORMAT 100)
in the body of the program)

Time increment

Total number of time increments
Scope vertical gain

Resistance of the strain gage
Trigger delay time

Short circuit resistance

Scope deflaection data

Voltage

Short circuit current

Energy developed

Time
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JFH96Cs 3L s5CO00C,VALATHURS 5791 sUNM,
RUN(S)
ELCE'\'" .

PROGRAM ELCENR(INPUT,CUTPUT)

C TR T T s N R R 2R 2 T SR T TR S
C *xR°DUCTION OF CRYSTAL DATA FCR ELECTRICAL ENERGY*x
C NN NI EIEIE I IR T I I I I E I N NN
DIMENSION T(501)sV(5C1)+ENERGY(5C1)sDEF(501)
REAL 1
C
C READ IN TIME STEP DT, YOTAL NUMBER OF TIME INCRSMENTS
C 14AXs SCOPE VERTICAL GAIN SGAINs, GAGE RESISTANCE R,
C AND TRISGER DELAY TG
Z DATA MUST BE GIVEN FOR TACH SET ACCORPING TO FORMATS
C 100 AND 101
C DIMENSIONS. SGAIN=VOLTS/CFNTIMETERs R=OHMS+DT=SECONDS
C TG=SECONDS
READ 100sDTsIMAXsSGAINSRTG
100 FORMAT(E1043911093E1C,.3)
C
C RSC = SHORT CIRCUIT RESISTANCE
RS57=1,33
C
IMAXP1=(2%IMAX)+1
C
C READ IN SCOPE DEFLECTIONS AT THE PRESCRIBED TIME
C INTERVALS
C PUNCH 3COPE DEFLECTION DATA AT PRESCRIBED TIME INTERVAL
C AS PETFRMINED BY THE INTEGRATION METHOD
C LET EACH VALUE CORRESPOND TO 1/2 TIME STEP (1/2%DT)
C
C INITIALIZF VALUES T0O ZFR0O
DC 23 J=1,I'"AXP1
NEF(J)=0e0
VIJ)=0e0
1{J)=0.0
33 ENERGY(J)1=0.0
C

AON

(@)

-

READ 101 (DEF(J)sJ=1+IMAXP1)
101 FORMATI(16F5.2)
DO 1 M=1,IMAXP1

CALCULATE VOLTAGE
T(V)=SGAINXDEF (M)

CALCULATE CURRENT
I{M)=v (M) /RSC

CONTINUE
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PRINT 150

PRINT 151
450 PRINT 169
169 FORMAT(15X930HSHOT NO 1206 8/7/68 SCCPE NC 3,/)
180 PRINT 152+ IMAXsSGAINSRSTG

PRINT 153
PRINT 154
C
C CONVERT UNITS OF ENERGY'N) FROM WATT-SEC TO JOULES
CON=1 o0
C
T=0.0

C
C ZERC TIME SPECIFIED 2Y SUBSCRIPT (1),
C

ENERGY(1)=DT/6e¥R¥ (T (1) %244 %1 (2)*¥*2+] (3)%%2)*CON
PRINT 200sTsV(1)s1(1)sENERGY(1)

CALCULATE ENERGY FRCM CURRENT USING SIMPSON:S RULE FOR
NUMERICAL INTEGRATION
ENFRGY=1/3%(B-A)/2N¥R% ([ (N=1)*%2+4% T (N)*#%2+] (N+1)%*%2)
INCREMENTS IN THAT INTERVALe N MUST BE INTEGER.
EXAMPLE
DO 2 N=3sIMAXP1,2
T=T+D1
ENERGY(N)=DT /6 ¥RM( T (N=2)¥#*¥244 4% T (N~1)*¥%¥24+T (N) #%2) *
1CON+ENERGY(N-2)
PRINT 20CsTsV(N)sT(N)SENERGY(N)
2 CONTINUE
150 FORMAT(1H1s1CX934HWAVE PROPAGATICN IN COMPOSITE 8ARs/)
151 FORMAT(15Xs31H EXPERIMENTAL ELZCTRICAL ENERGYs//)
152 FORMAT(S5Xs6H IMAX=9159/45Xe7H SGAIN=3E10e29/ 95X,
13H R=43FB8e395Xs7H DELAY=35E10e34//)
153 FORMAT(S5Xs5H TIME.£Xs8H VOLTAGEs S5X9s8H CURRENT»5X,
17H =NERGY)
154 FORMAT(5Xs6H (SEC)95X98H (VOLTS) 96XsTH (AMP5) 34X,
19H (JOULES)s/)
200 FORMAT(2Y sE1Ce393XsF106393XsF106392X9E1063)
1000 CONTINUE
C
C IMPUT DATA ACCORDING TO FORMATS 100 ANC 101
sToP
END
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EXAMPLE RUN
RSC = 1.33 53.47

DT = 0.183usec TG = 30usec
SGAIN = 5.00 IMAX = 140

TIME CURRENT (AMPS) ENERGY(JDJULES)
_q_o —_ . 00001 9c223€.‘1‘0
3.650E-07 0001 3.505€-13
7.300E-07 e 062 9,763E-13
1.095E~-C6 LCO4 2.081E-12
1.460E-C6 2 0C6 6.204E-12
1. 825¢E-06 L1706 1.313E-11
_ 2419GE-36 11 2.667E-11
2.555€E~06 LGl 5.548E-11
2.920E~-06 (18 1.(2 E-10
3. 650E-066 «0028 3.111E-10
4, C15E-06 5035 L,306E-1D
4.360E-06 of (b1 7¢353E-10
4. TU5E-06 L0 4L7 1..91E-09
g 5+.110E-06 TSHL 1.556E=-09
5«475E-U6 0059 2.155E=09
5o BUGE-06 {063 2.833E-09
. 6.205E-06 £ (68 3+527E=CG9
60 570E-06 169 4.485E=-09

. IE—————— L e
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