g

T~
A —— S ———
|

AD No

ADAO0467S1

DOC FILE copy

* NRL Report 8159

Effects of One-Dimensional Stress
on MIL-STD-1376 Piezoelectric
Ceramic Materials, Types I, II, and III

L. P. BROWDER
S. W. MEEKS

Materials Section

Standards Branch
Underwater Sound Reference Division

Octuber 14, 1977

GUERERHES I
P
NOV 25 1977 gffs

§
[

SR
A

NAVAL RESEARCH LABORATORY
Washington, D.C.

Approved for public release; distribution unlimited.

et PR 1 7




T T T ST A e s s T TR R

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entersd)

E REPORT DOCUMENTATION PAGE BEF OB COMDL e ONS RM

{ ABBLiLiasans-L )i aam 2. GOVT ACCESSION NO.| 3. RECIPITNT'S CATALOG NUMGER R
| /)| [ f

PRSI —| PEMOD COVERED

EFFE“TS OF ¢ ONE-DIMENSIONAL STRESS ON Final refert dua project.
MIL-STD-1376 PIEZOELECTRIC QERAM:C MATERIALS, )

TYPES LI, AND mn, WG. REPORT NUMBER

[ AUT HOR 8. CONTRACTY OR GRANT NUMBER(s)

.»D P e e s e e e o .
2O .E P rowdetnds W}leeks

ot il LA £ ! s i D At e

/

5. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PlOGRAM E'LEMENT PROJECT TASK
; Underwater Sound Reference Division N‘lL pm:,fe,: ‘ﬁb},f‘d’g nen

Naval Research Laboratory v Program Element 61153N-22
) P.0. Box 8837, Orlando, FL 32806 Proj: RR022-02-01/NR032-569

11. CONTRALLING OFFICE NAME AND ADDRESS / = 44—~ EERORT-DAFE
i Department of the Navy J Octchl.IwT#

Office of Naval Research i T NUNBEROrPwets

Arlington, VA 22217 19

14, MONITQRING AGENCY NAME & ADORESS(If different from Controlling Office) 15. SECURITY CL ASS. (of thie report)

UNCLASSIFIED

18a. DECLASSIFICATION/DONNGRADING
SCHEDUL

16. DISTRIBUTION STAT

;, Approved for public release; distribution unlimited. (/ é K K ; it y L /

NT (of this Report)

17. DISTRIBUTION STATEMENT (of the abatract sntered In Block 20, it dlllouq,[_h‘_—. ’2 ———

—
// 7! d ‘ // //l__zl / :

18. SYPPLEMENTARY NOTES

1 ‘9. KEY WORDS (Continus on reveraes aide !f necessary und identily oy block number)

Dielectric and piezoelectric constants Piezoclectric ceramics 1
S Manufacturer type comparison

] MIL-STD-1376

Oue-dimensional compressive stress

~

0. A}E?ACT {Continue on reverse aldv if necessary and identity by block number)

The effects of one-dimensional compressive stress parallel to the polarized axis of ferroelectric 3
ceramics Type I, II, and IIT (MIL-STD-1376) were tested. Material of each type was ¢ obtamed from five
manufacturers and tested to determine the dependence on stress of the constants g33, d33, and K7¢ and
d‘electric loss tangent. Data and relative comparisons between material types were determined.

DD o™, 1473 EoiTioN OF 1 NOV 65 15 OBSOLETE
S/N 0102-014- 6601

SECURITY CLASSIFICATIOR OF THIS PAGE (When Date Bntered) /'J

IELIS L

B AR “;JOF i e PYVEN




t . BT U SR

SECURITY CLASSIFICATION OF TrIS PAGE (When Data Entered)

I P N Y

Al n oo g

S ikt Gd 26

; :
h:
. i
:
;
‘
4
3 ;
1]
[
: i
‘
£
i
§
l 3
r '

N

SECURITY CLASSIFICATION OF THIS PAGE(When Dats Entered)

TR i

et




™™
™ y T &
e Y ey Lo e
e im et Y AT AT Y g7 TR Y T e S g e . ey i s

CONTENTS

E INTRODUCTION
BACKGROUND

| MEASUREMENT METHOD

o e i i e AR 05 s M e

\ RESULTS AND DISCUSSION. . ... . \0uveeeinnennnnnnn. 3
TypeICeramics .. ......civitivirnninnrenannns ¢
Typell Ceramics. . .........v0 viiiiiniiiininanns ; ’

; TypeIIICerarnics . . .. ..ot er v et nniainnnss (]

COMPARISON OF MIL TYPES

r Piezoelectric Constant g3
: Dielectric Constant KJq
Piezoelectric Constant dgq
Dielectric Loss Tangent tan 8

CONCLUSION

REFERENCES

¢ ey i RS T

| { \ aceissa W ...,__.y/
L - L wie sretot ')
I

A wont devties O
- i Wty Lot

l peveryrit
L Wil ATIOR L e

t
'
)
[
i

b pisrRiaL N, AYALARILITY cenes

o TR T Y

o AVAI andw SPECIML
3
i
!

D T

B e i

iii

Cadf S RRROTTRURRSSA VY
A ek S minai sk oo kB S o re T sATe ham 4o




R P SO —-r

il 4t mac ol

B

r— e an e

TG v e

tan ki

o T e T e ——— o Wt 2w - v
;‘s; Tral vnam i el e e s M
TN LI YR

EFFECTS OF ONE-DIMENSIONAL STRESS ON MIL-STD-1376
PIEZOELECTRIC CERAMIC MATERIALS, TYPES I, II, AND III

INTROLUCTION

It is important to know the effects of compressive stress un polarized ferroelectric
ceramics because their characteristics tend to depend largely on past history, and particularly
on temperature and stress. These ceramic materials are used by the U.S. Navy in most
underwater sound transducers for reasons that include good piezoelectric activity, high di-
electric constant, mechanical adaptability, and relatively low cost. In a practical transducer
design, the stress may be cne-, two-, or three-dimensional and parallel or normal to the axis
of polarization. This report is concerned with the effects of one-¢imensional compressive
stress parallel to the polarized axis on commercial materials of MIL-STD-1376, Types I, II,

and III [1].

Ceramics were purchased from Channel Industries, Edo Western, Gulton Industries,
Marine Resources, Inc., Vemitron Piezoelectric Division, and Hcneywell Ceramics under
their trade name designations which should be equivalent tc Types 1, II, and III. These
ceramics were tested to determine the effects of stress on parameters K43, tan §, g35, and
d3g. Although tlh.e data and conclusions of this report apply only to the samples on which
measurements were made, the results of the samples of the same type from differcnt manu-
facturers fell into ranges that sometimes overlapped those of other types.

In previous work [2], the amount of variation in the data due to manufacturer’s batch
variation was unknown. The present work provides data on ceramics purchased from Gulton
and Vemitron 2 years later, the results for which showed fair agreement with the previous
work, Thus, . prelimina:y indication is that batch variation of data on the reaction to
stress of ceramics from a specific manufacturer does not apnear to be great.

BACKGROUND

The mechanical, dielectric, and piezoelectric properties of piezoelectric ceramics vary
because of different compositions, additives, and production procedures. MIL-STD-1376
was written in 1970 to classify the various ceramics into four general groupings according to
ranges of certain material properties. Types I, II, and III are lead zirconate titanate (PZT)
ceramics with a2 nominal zirconate/titanate ratio of 53/47 (modified with additives). The
types differ according to Curie point ana additives; the Curie point is above 310°C for
Type I, above 330°C for Type 11, and above 290°C for Type III. Each type has additives
consistent with its special material properties. Type IV ceramics are of barium titanate with

special additives.

Manuscript submitted July 21,1977.

e T ettt TS L K S MM w2 s

R

T P S SOV S

o b ok e

b N1y B e b e Al s A et

U

b i B et

e Ak Sk vt o

PO S




BROWDER AND MEEKS

3 MIL-STD-1376 covers the properties, quality requirements, and testing of piezoelectric
ceramics for use in Navy Sonar Transducers, including hydrophones. The small signal pzop-

5 ortles to be measured using the ceramic standard test specimen include dielectric constant
q T, , dielectric loss tangent tan 8, piezoelectric ccupling factor (effective) kg, frequency
% constant N, density p, mechamcal quality factor Q,,, and temperature change of K g

Tests to determine the aging rate of certain properties are conducted in the period 10 to 100
days after poling. The effects of stress on the ceramics are not specified, however. :

The effects of compressional siress on piezoelectric ceramics have been described by ]
several investigators [2-13]. Most of these studies have been limited to a maximum stress of ;
138 MPa (20 000 psi). This renort is a continuation of the work by Meeks and Timme .
[{2,12,13] to completely characterize tive effects of stress amplitude, orientation, and dimen-
sionality on Types I, II, and III materials. The approach is to understand how stresses indi-
vidually and collectively act to affect the characteristics of the ceramic.

i ME.;:3SUREMENT METHOD

!

3 Measurements of piezoelectric constants g5, and dgg, relative dielectric constant K 3T3 ,
3 and tan & were made as a function of stress in a reciprocity-coupier chamber [14] using the
E technique developed by Meeks and Timme [13]. The description of the electronics system

and method of calculating the results is reported separately [15]. The piezoelectric con-
stant is given by the expression

1/2 ‘
1 (21erReCA eCB> ;

333 = ;—t (1) 4

2
pcte, esp

where t is the ceramic thickness; f is the frequency; V is the reciprocity-coupler volume;
R is the current resistor value; p is the castor oil density; ¢ is the speed of sound in castor i
oil; and ec4, ecp, €4, and ey g are four voltages invo'ved in the reciprocity measurement.
The factor of 4 in the denominator is a surface area ratio that comes from the method of
mounting the ceramic sample in a test fixture. The relative dielectric constant K g‘a is re-
lated to the capacitance by the expression

KL = Ct/Ae, (2)

where € is the permittivity of free space, C is the capacitance, t is the thickness, and A is
the cross-sectional area of the ceramic specimen. Dissipation factor tan 8 and capacitance €

E are measured with a capacitance bridge using the three-termi.nal method. Piezoelectric con-

L stant dg3 is calculated using the expression

F_

1

! dg3 = 833KJ3€o- @)
1
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The specimen holder and method of preparing the ceramic sample are as reported by Meeks
and Timime [13]. The meximum hydrostatic pressure in the test chamber was about

80 MPa, but the end cap design of the specimen holder increased the magnitude of the stress
on the ceramic sample by a factor of 4 and conv-rted it from hydrostatic to single dimen-
sional.

RESULTS AND DIMENSIONS

Test results comparing ceramics of the same type er\phasize similarities. The figures
showing representitive curves for g44, dgg, 13, and tan S for the various samples include
data through the first full stress cyc:ie the recovery on release of stress is an indication of the
resistance of the ceramic to depolarization. Datx for ggg, dg;, and K13 have been normalized
to initial values and plotted against the log of stress Tg. The normalized K34 and tan & are
plotted linearly against log T, while normalized g3 and d33 ae further reduced to a dB
[20 log (normalized value)] presentation because this is the way that transducer designers
generally use the information,

Certain general similarities appear in the data. Dielectric constant KT 33 always increases
to a maximum with increasing stress, and therea.fter decreuses approxiimately as the iriverse
cube root of the stress. The sivess at which KJ; becomes maximum diifers from type to
type and to a lesser extent within each type. Dissipation factor tan § is somewhat different
for each of the three ceramic types, but similar within each type. Piezoele~tric constant g3
is relatively independent of applied siress up to a point that is different for cach of the three
ceramic types. Above this stress the g3, constant decreases approximately as the inverse
5/3 power of stress. The piezoelectric constant d33, which is calculated from q. (3) and
thus contains the stress dependencies of both K, 33 and g33, increases to a maxin:um with
applied stress and then decreases as the inverse square of the stress.

Type I Ceramics

Table 1 reviews the five Type I materials studied. Dielectric constunt K 33 peaked at
stresses between 93 and 140 MPa, with an average of 114 MPa. The percentage change of
Kaa from initial value to peak ranged from +54% to +95%, with an average of 656%. The dis-
sipation factor tan & peaked on most samples around 100 MPa with a value less than 0.009.

Table 1 — Comparison of Type I Ceramics

[FUPSIPIR “ESSRPCR N ST S TR RNRP P S SO

KT
Mfg Stress Perceanatagu tan § Stress Stress
Manufacturer Typ.e K;s (max) Change 833 (-3 dB) | @, (-3 dB)
(MPa) Initial- Max. Min. (MPa) (MPa)
To-Peak
—
Channel 5400 93 +55 0.0079 ; 0.0013 95 132
Gulton HDT-21 140 +54 0.0084 | 0.0050 130 178
Marine Resources | TCD-4 102 +56 0.0088 | 0.0048 103 1356
Vernitron PZT-4 132 +65 0.0061 | 0.0027 125 165
Honeywell K-12 105 +95 0.0066 | 0.0012 93 155
Average il4 65 109 153
3
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For gq3 and dg3 the stress value indicated is the point at which the parameter value de-
creased to 0.707 of the initial value; or this corresponds to a deccease of 3 dB for receiving
sensitivity in a hydrophone application. For g33 the stress range was between 93 and 130

MPa, and for dgg the range was from 132 to 178 MPa. Figures 1-6 show data for the Type I

ceramics tested. The characteristics are for the first stress cycle.

The Gulton and Veritron ceramic had the high resistance to depolarization under
stress, characteristic of Type III material. However, because it was purchased as Type I, the
data obtained are included in this section. One way in which Gultcn and Vemitron Type |
ceramics indicate their resistance to stress depolarization is in the good recovery of g33 and
dgyg, as compared to the other Type I ceramics, as stress is released.
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Fig. 1 — Type I ceramic (Channel 5400): depundence on
stress of KJ3, tan §, ggq, and dgq
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Type Il Ceramics

Table 2 reviews the Type II materials studied. Dielectric constant K43 peaked between
stresses of 52 and 62 MPa, with an average of 58 MPa. The change of K45 ranged from
+17% to +31%, with an average of 21%. On most samples, tan § consistently decreased
with increasing stress. Parameter g9, decreased 3 dB from the initial vilue at stresses be-
tween 50 and 69 MPa; the corresponding points for dg; were between 60 and 70 MPa. Fig-
ures 6-10 show the dielectric and pie:oelectric parameters of the Type Il ceramics tested.

Type III Ceramics

Table 3 compares the Type III materials studied. Kkl 33 peaked at st.reuel between 125
and 165 MPa, with an average of 149 MPa. The percentage change of K'\s ranged from
+70% to +95% with an average of 79%. Tan § increased with increasing streas, reaching a
maximum brtween 100 and 160 MPa; it thereafter decreased until maximum stress was at-
tained. Stresses causing g33 to decrease 3 dB from initial value were 111 to 139 MPa, and
for dgg it was 172 to 210 MPa. Figures 11-15 show the dielectric and piezoelectric parame-
ters of the Type IIJ ceramics tested.

COMPARISON OF MIL TYPES
Piezoelectric Constant gg,

Figure 16 summarizes the composite characteristics of 34 for military Types I, 11, and
II1 ceramics. The roll-off of this parameter with increasing stress falls within definite regions
for each of the three types of cersmic. However, the region occupied by the Type ! material
completely overlaps the region of the Type IIl material. The region of g35 characteristics
for Type 1 is divided into two subgroups to emphasize the ceramics having greater resistance
to stress. Type Il material rolls off at stress vaiines about half that of the Types I and II]
material. The piezoelectric constant /735 decreases approximately as the negative 5/3 power
of stress for all three types of ceramic in the roll-off region.

Table 2 — Comparison of Type Il Ceramics

KT
: Mt Strems Pme?We tan 6 Stress Stress
Manufacturer Tvee | KIy(msx) | Change £33 (-3 dB) (-3 dB)
P ype | “pa) Initial. | Max. | Min. {MPa) MPa)
: } To-Peak
3
Channel 5500 69 +19 0.0155 | 0.0078 56 63
Gulton HST-41 60 +31 0.0158 | 0.0071 52 66
Marine Resources | TC )5 52 +20 10.0159 | 0.0096 50 60
‘ Vernitron PZT-5A 62 +20 0.0183 | 0.0094 59 70
i Edo Weatern EC-856 56 +17 0.0177 | 0.0099 650 60
Average 58 21 53 64
‘.
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Fig. 10 — Type II ceramic (EDO Western EC-65): dependence on

stress of Kgg, tan §, ggg, and dgg

Table 3 — Comparison of Type III Ceramics

KT
Mt Stress Perceanstage tan 8 Stress Stress
Manufacturer Ty, | Kig(max) | Change £33 (-3 dB) | dgg (-3 dB)
ype (MPa) Initial- Max. | Min. (MPa) (MPa)
To-Peck
Channel 5800 1256 +95 1 0.0072 | 0.0036 1ib 177
Gulton G1408 165 +70 0.0069 | 0.0030 139 204
Marine Resources | TCD-8 150 +75 0.0062 | 0.0035 111 172
Vernitron PZT-8 162 +80 0.0064 | 0.0034 138 210
Edo Western EC-69 143 +73 Nn.006¢ | 0.0046 129 186
Average 149 79 126 190
10
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Dielectric Constant K

Figure 17 summanzes the composite characteristics KL 33- There was a substantial
spread of the peaks of K33 as a function of stress for each of the three types of material.
However, as an average the Type II material peaked at a stress about half that of Type I
material. Type III material peaked at an average stress abou’, 30% hlgher than the Type 1
material. Type III material had the highest relative increase of KT 33, followed by Types I

and II decreasing succezsively. At stresses higher than the peak, Kgg is approximately a
function of the negative cube root of the stress.

Piezoelectric Constant ¢'gg

The constant dgy is the product of g33 and K§, , @ shown in Eq. (3). Type II material
exhibited only a small maximum with stress, but Types I and III both had noticeable peaks
of similar relative amplitude. There was considerable overlap in the dg3 curves of the differ-
ent samples of Types I and III. The Type III material had slightly higher maxima at slightly

2.0

1.2 TYPE IO

Kn

g -
m o
/

2.0}

]
1.84

+
I .5-4-
Lyl TYPE I

T
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1
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R ] a 20 Y0 &0 100 200 Hoo
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Fig. 17 — Dielectric constant, K33 comparison
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higher stress. The decrease of dj3 above the peak is related approximately to the inverse
square of the stress.

Dielectric Loss Tangent tan 8§

Comparison of the stress effects on tan & for the three types of material reveals simi-
iarily between Types I and III and a difference between these types and Type II. The mag-
nitude of tan 6 and the peak in the stress response of tan § were approximately the same
for Types I and III, with the changes associated with Type I materials being slightly greater.
For the Type II iaterials tan 6 showed a continual decrease with increasing stress. The de-
crease of tan 5 for the Type II materials above 100 MPa is related to the inverse squar: root
of stress, with variations ranging from T-%/% to I'~2/3,

CONCLUSION

This series of stress effect tests of the three types of lead zirconate titanate produced
by several manufacturers shows the degree of variation to be expected between and within
MIL types. There is considerable similarity between the stress characteristics of MIL
T'ypes I and III material, with Type III being a little more stress resistant thaa Type I. How-
ever, some manufacturers’ Type I material is more stress resistant than Type III of other
manufacturers. The shapes of parameter characteristic curves for Type Il material are basi-
cally similar to those for Types I and III materials, but the stress resistance of Type II is 40%
to 50% less than that of the other types.

In a hydrophone, these ceramics will probably operate reliably under one-dimensional
stress up to a maximum determined by the peak of the Kg;, dielectric curve. Approximate
maximum stress values are 100 MPa for Type I, fZ mPa for Type 1II, and 125 MPa for
Type 1Ii. Degradatior. of g3;3 may result if the ceramic is stress cycled to higher stresses
than these. However, selected Type I1I ceramic may be used safely up to 165 MPa,
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