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ABSTRACT

\'
Time-dependent deformation in the sonar transducer ceramic, PZT, has

been studied by stress relaxation techniques, Logarithmic stress relaxa-
tion was not observed but the data could be treated in terms of an analysis
of thermally activated deformation due to Reed-Hill and Dahlberg, The

room temperature activation energy and activation volume of the rate-con-

e

R

trolling deformation mechanism were measured to be 25 kcal/mole and
75 OOOAa, réspectively. A dislocation model of the domain processes re-
sponsible for deformation is presented that is consistent with the experi-

I |

mental data,

41365




e R S —

e e e .

PRECEDING PAGE ELANKeNOT FILMED

v
1 CONTENTS
i ; : Section Page
¥ I INTRODUCTION 1
11 EXPERIMENTAL PROCEDURE 3
'
: I RESULTS 8
v ANALYSIS OF STRESS RELAXATION DATA 11
v A MODEL OF TIME-DEPENDENT DEFORMATION IN 22 _
PZT
VI CONCLUSIONS 26
vII ACKNOWLEDGEMENTS 27
VII REFERENCES 28
b 41365




ottt e giag = - = T T

vi

LIST OF ILLUSTRATIONS

Figure Page
1 Photomicrograph Showing Microstructure of PZT 4
2 Curves Showing the Effect of Machine Relaxation on 6

Stress Relaxation Data

3 Schematic Showing Incremental Unloading Technique for 7
Internal Stress Measurement

4 Stress Relaxation Data for PZT Taken From Two Initial 9
Stress Levels at Room Temperature

5 Stress Relaxation Data for PZT Taken From an Initial 10
Stress Level of Approximately 65.5 MPa at 71°C

6 Variation of the Internal Stress as Measured by the Incre- 17
mental Unloading Technique From an Initial Stress Level
of 65.5 MPa With Temperature

7 Log Tanh (%) Plotted as a Function of Time at Two 18
Temperatures
8 Temperature Dependence of the Activation Volume Mea- 19
sured From Stress Relaxation Data Taken From an Ini-
tial Stress of 65.5 MPa
9 Activation Volume for PZT Plotted as a Function of the 20
Effective Stress at Room Temperature
TeB i
10 Log = Plotted versus 7 for PZT 21
11 Schematic Showing the Geometry of Twinning in PZT 24
3
4
41365




I. INTRODUCTION

When BaTiOg and other piezoelectric ceramics are subjected to an applied

stress a large part of the resulting strain is time dependent and reversi-
1-5

ble.

buted to domain processes=-specifically the stress-induced migration of

This anelastic6 component of the deformation is generally attri-

non-180-degree domain boundaries. There are a number of reasons why
non-180-degree domain processes are considered to be responsible for

the deformation. First, there is no strain associated with the migration of

2,1 Second, time-dependent deformation

2,3

a 180-degree domain boundary.
is absent above the Curie temperature. Finally, time-dependent defor-
mation has been shown to be eliminated in BaTiO3 single crystals if the

crystals are deformed to a strain at which all 90-degree domain boundaries

have migrated out of the crystal.

We should point out at this time that studies of the relation of domain pro-
cesses to deformation in piezoelectric ceramics have practical significance.
This is due to the relation between deformation, domain processes and ag-
ing; i.e., the degradation of the properties of a poled specimen with time.
It is generally concluded that the net polarization of a poled piezoelectric
ceramic decreases with time after poling due to domain processes, specifi-

cally the stress-induced migration of domain boundaries.

Time-dependent deformation in piezoelectric ceramics is known to depend

on stress and temperature, Ly

Thus, a study of the kinetics of deformation
in these materials should yield information relating to the deformation
mechanism itself. A number of marginally successful attempts to relate
the kinetics of time-dependent deformation in piezoelectric ceramics to
domain processes have been made. Syrkin and Elgard2 analyzed the time

dependence of the anelastic strain under constant stress of a number of
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piezoelectric ceramics in terms of an exponential function. For two
BaTiO3
determined and an activation energy of about 7.5 kcal/ mole was measured.

compositions, relaxation times on the order of ten minutes were

Relaxation times measured on a Sr and Nb-modified PZT ceramic were too
small to analyze. Relaxation was attributed to 90-degrees domain boundary
migration but a detailed mechanism was not discussed. Other studies of
time-dependent deformation have been based on stress relaxation tests in
which the stress was measured as a function of time at constant strain.
Prasad and Subbarao5 studied stress relaxation in BaTiO3 single crystals
at room temperature and concluded that time-dependent deformation was
due to 90-degree domain boundary motion. When the stress relaxation

data were analyzed in terms of a logarithmic and an exponential function,
however, a fit was only obtained in both cases over a short time span. No

attempts were made to obtain activation parameters.

In this report we present the results of a study of the kinetics of time-de-~
pendent deformation in PZT based on stress relaxation measurements.

To the authors' knowledge stress relaxation data in this material have not
been reported or discussed previously. In agreement with data on BaTiOS,
a logarithmic time dependence of the stress was not observed over the time
period examined. The results could, however, be treated in terms of a
known kinetic analysis and the activation parameters of the deformation
mechanism were determined. A dislocation model of the domain processes
responsible for deformation in PZT is presented that is consistent with the

measured activation parameters.

5
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II. EXPERIMENTAL PROCEDURE

The PZT used in this study is the same as that used in privious workg' 0

and is a Navy Type III high-drive sonar ceramic* with a nominal composi-
tion of Pb Sr

0. 945T0. 06T 10, 47%%0. 53
position has been confirmed by x-ray measurements in our laboratory to be

O3 plus proprietary additions, The com-

tetragonal below the Curie temperature and is dielectrically "hard". The
material is produced by cold isostatic pressing and sintering and is approx-

imately 94 percent dense., A micrograph illustrating the fine-grained,
equiax microstructure of this material is shown in Figure 1. The grain
size is approximately 4pm,

Test bars for stress relaxation tests were cut from sintered transducer
tubes with a diamond slicing wheel and were surface ground in the long
dimensions of the bars with a 100-grit diamond wheel. All cutting and
grinding was carried out wet. The test bars were 50. 8mm (2 inches) long,
5.08mm (0.2 inch) wide and 1. 78mm (0. 07 inch) thick and were tested in
three-point bending in a table model testing machine** over a span of

43, 2mm (1.7 inches). All specimens tested were in the unpoled condition.
Elevated temperature tests were run with the specimens immersed in a
heated bath’** maintained to + 2°C. Before any test was run at an ele-
vated temperature, the specimen and loading fixture were kept at tempera-
ture for at least 5 hours to allow thermal equilibrium to be approached.

*Honeywell Ceramics Center, Golden Valley, MN
**Instron Corp., Canton, MA

#%%3M Fluorinert Electronic Liquid FC-30
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"HIGH KI" PZT

Figure 1. Photomicrograph Showing Microstructure of PZT.
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Stress relaxation measurements were made by loading the specimen at a
cross-head speed of 0.025 mm/min (0. 001 inch/min) to a predetermined
load, stopping the crosshead, and recording the load as a function of time.
Prior to each run the background relaxation of the system was measured
with a rigid alumina specimen in place and subsequently subtracted from
the relaxation curve of the specimen as shown in Figure 2,

Internal stress measurements were made using the incremental unloading
technique of McEwen et al. L In this technique the stress relaxation over a
finite time internal (e. g., 1 min) is measured at a number of initial stress
levels as shown schematically in Figure 3. At stress levels below the in-
ternal stress level indicated on Figure 3 as Oy the relaxation is negative.
The internal stress represents the inherent resistance of the material to
deformation and opposes the applied stress acting on the rate-controlling

bl

deformation mechanism.,
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III. RESULTS

Figure 4 shows stress versus log time data illustrating typical stress re-
laxation behavior of PZT at room temperature as a function of initial stress
level. Figure 5 shows similar data taken at 71°C. In all cases the curves
are corrected for machine relaxation. The data taken at room temperature
show that the relaxation increases with initial stress and that data taken
from an initial stress of about 65. 5 MPa (9500 psi) at room temperature
and 71°C show that relaxation also increases with temperature., Note the
change in scale on the high-temperature curve shown in Figure 5. The
highest test temperature used in this work was 71°C. Anomalous mechani-
cal effects are observed in many instances at higher temperatures as the
Curie temperature is approached, In all cases the data exhibit linear
stress versus log time behavior over only a portion of the time span of the
test.

Attempts to analyze the data with respect to an exponential time dependence
were similarly unsuccessful. According to Zener6 the time dependence of
anelastic deformation in most solids should be exponential. Furthermore,
experience has shown that the time dependence of deformatio': in plastically
deformed materials is usually logarithmic, ke Neither of these were found
to be the case for PZT. As noted earlier, the results on BaTiO3 are un-
clear, Data taken on polycrystalline BaTiO3 could be analyzed in terms of
an exponential t‘unction2 but stress relaxation measurements on single cry-
stals exhibited results similar to those shown in Figures 4 and 5 for PZT.
These results appear to be general and significant; they imply that straight-
forward kinetic analyses developed to explain exponential and logarithmic

time-dependent deformation?’ & 12

cannot be applied to stress relaxation
data on piezoelectric ceramics. There is, however, an analysis of ther-
mally activated deformation that can be applied to the data shown in Figures

4 and 5, The analysis is discussed in Section IV,
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IV. ANALYSIS OF STRESS RELAXATION DATA

Stress relaxation is a function of both stress and temperature and can be
discussed in terms of the theory of thermally activated deformation of cry-
stalline solids. 3 Since the concepts of thermally activated deformation
h=15 they will be only
briefly discussed here. Plastic and anelastic deformation of crystalline

have been extensively developed and well documented,

solids are known to be thermally activated processes which depend on time,

6,12-15 1, .11 cases deformation occurs by the

temperature and stress.
activation (by stress and/or temperature) of some local deformation me-
chanism over an obstacle. The rates at which the obstacles are surmounted
during deformation define the kinetics of the process, i.e., the strain rate,
Thus, the kinetics of deformation can be studied by measuring the relations
between the strain rate, stress, and temperature. Stress relaxation mea-

surements are one way of obtaining this information. =

During a stress relaxation test under fixed grip conditions the change in the

total strain is zero. Thus if machine extensions are neglected

e:tot Rk e =N

where ¢ is the total strain, €l is the elastic strain and ¢* is the inelastic

tot
(anelastic plus plastic) strain in the specimen. During relaxation the strain

rates are related to the stress rates by

PO -
€el+€ = ™M 0.

where M is a term containing the specimen dimensions and machine stiff-
ness and is assumed to be large. Since the elastic strain rate is
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where Mu is the unrelaxed modulus, the inelastic strain rate can be writ-

ten12

The stress can be written as the sum of an unrelaxed stress, oG and a re-
laxable stress g

¢ = ogt o

where O0g =0 att = ». Inthermally activated deformation oG represents
long-range internal stresses in the material that oppose activation of the

12,13 e long-range stresses are relatively

local deformation mechanism.
insensitive to strain rate and depend on temperature only through the shear
modulus, G. Thus the relaxable strain rate can be written in terms of the

relaxable stress rate by
e = - (1)
if machine relaxations are neglected.

Providing that a single mechanism is rate controlling, the inelastic strain
rate during thermally activated deformation in PZT can be written as an

Ahrennius equation13 » 14

_(@-Vr)
2, 2)

e = Ae
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where the pre-exponential factor, A' contains an entropy term and has di-
mensions of frequency. Q is the activation energy, V is the activation
volume, R is the gas constant and T is the absolute temperature. " is the
shear stress acting on the deformation mechanism and is related to the ap-
plied stress by

(3)

3|2,

where T is an orientation factor with the approximate value of 3. 5 v
is defined as the total work done by the stress during the rate-controlling

event. i

If A, Q and V are assumed constant, Equation (2) can be combined with Equa-

tions (1) nnd (3) and integrated to give an expression of the form12

-0, = B-Dlog (t +C)

where B, C and D are constants. This equation is the one commonly used
to interpret logarithmic stress relaxation in terms of operating deforma-
tion mechanisms. As we have shown in the present work on PZT and others
have shown for BaLTiO35 this analysis cannot be used to interpret stress-
relaxation data observed with these materials. Reed-Hill and Dahlber'g17
have, however, developed an analysis of stress relaxation kinetics in an-
elastic materials based on the concepts of thermally activated deformation
that can be used to interpret the data shown in Figure 4 and 5. A slightly

modified form of this analysis is briefly described in what follows.

In Equation (2) only forward activation of the deformation mechanism was

considered. If forward and reverse activation are allowed the relaxable

strain rate is

41365




14

Q-Vt) _@+Vr)
e = A [e T -e ]

€ (4)
where the second term accounts for the strain rate contribution due to re-
verse motion of the deformation mechanism. This fundamental expression
in reaction rate theory18 was applied to thermally activated deformation by
Kuhlman”’ ¥ who treated only the limiting cases of short and long time
periods. Reed-Hill and Da.hlberg17 have extended the analysis to include
intermediate times thereby making the treatment valid over a wider range

of strains. Equation (4) may be written as:

E Q

: i L “RT _. v

5 e” = 2Ae sinh g5 (5)
Since the relaxable strain rate is given by Equation (1), combining equa-

tions (1), (3) and (4) gives

Q
. - oA P gop B (6)

RT

§|°:
= e

TE—T—

where B =

3| <

We should point out at this time that this analysis differs slightly from that
of Reed-Hill and Dahlberg. 17 1n the latter, only a fraction of the effective
stress was considered to relax. The amount that relaxed was given by an

4 6
expression of Zener's.

(-0

Orelax t=o

41365




|
|
L

15

where M and M are the unrelaxed and relaxed moduli respectively and 1
is the effective shear stress acting on the deformation mechanism. % -
is the totally relaxed stress. If the relaxable stress is given by the above

then B in Equation (6) is as follows:

VM
g = =

Recent work1 1,20

has indicated that the relaxed stress at t = = is the inter-
nal stress, Oq and that it can be measured by long time relaxation runs or
by the incremental unloading technique discussed earlier. In this report we
adapt this suggestion and treat the relaxable stress (o - oy - o) as being

equivalent to the effective stress ¢™ = (o - UG).
Integrating Equation (6) with respect to time gives

fe . L
log tanh S = . +C (7)

where C is a constant of integration and the relaxation time, 7, defined by

oM B -
i u RT
et (8)
€
Bctf:

For small values of SRT Equation (7) reduces to the equation for logarith-
mic stress relaxation. Stress relaxation data such as those shown in Figures
4 and 5 can be analyzed in terms of these equations by plotting log tanh

g%;f versus time. A linear relation is obtained by varying B and using it as

a fitting parameter. Since T is a constant this amounts to determining the
value of the activation volume consistent with each stress relaxation curve.
The effective stresses, ¢ , used in the plots are the differences between

the instantaneous applied stresses, corrected for machine relaxation, and
the internal stress determined at each temperature by the incremental un-

loading technique.

41365
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Most data discussed in what follows were obtained from stress relaxation
runs made on PZT from an initial stress level of approximately 65. 5 MPa
(9500 psi). The internal stresses measured by incremental unloading from
this stress level are shown in Figure 6 as a function of temperature. Note
that the internal stress in PZT is linear with temperature over the tempera-
ture range examined. It was also found that the internal stresses increased

linearly with initial stress level.

The curve-fitting procedure discussed above is shown in Figure 7 for stress
relaxation data taken at room temperature and at 71°C. The figure shows
log tanh ZB—E({’T plotted as a function of time. Each curve on the figure repre-
sents the data plotted with a different value of 3. At room temperature a
linear fit was obtained at a value of B = 90 and at 71°C the fit occurred at

B = 40. Activation volumes calculated in this manner using Equation (7)

and stress relaxation data taken at room temperature, 34°, 52° and 71°C are
shown in Figure 8. Stress relaxation data taken from different initial stress
levels at room temperature were also run to determine the dependence of the
activation volume on effective stress. Figure 9 shows that the activation

volume varies linearly with effective stress.

As noted in Equation (8), the activation energy, Q, of the rate-controlling

deformation mechanism can be obtained from the slope of a linear plot of
T B

log ,} versus -’117 The relaxation times used in the plot are obtained, ac-

cording to Equation (7) from the best-fit linear curves to data such as those

shown in Figure 7. The activation energy calculation is a significant step

in the analysis. If a single mechanism is rate controlling and the analysis
T B

,ff versus 1? should be linear and the value of Q

can be calculated. If not, the analysis is not applicable. As shown in

is valid, then a plot of log

Figure 10 the plot is linear for the data taken on PZT and the experimental
activation energy is 25 Kcal/mole. The error bars on the plot correspond
to the total data spread at each temperature. Two runs were made at each
of the two high temperatures, four runs were made at 34°C and three runs

were made at room temperature.
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V. A MODEL OF TIME-DEPENDENT DEFORMATION IN PZT

The results of this study have shown that stress relaxation in PZT, although
not logarithmic with time, can be treated in terms of an analysis developed
by Reed-Hill and Dahlberg17 that presumes thermally activated deformation
occurs by both forward and reverse motion of a rate-controlling deforma-
tion mechanism over barriers in the material. The activation volume of
the mechanism was measured and found to decrease with temperatue and

to vary linearly with effective stress in the stress and temperature ranges
investigated. When the initial stress for stress relaxation was about
65. 5MPa (9500 psi), the activation volume varied from about 3000} at
71°C to about 7000} at room temperature. The activation energy was de- h;
termined from the experimental data to be 25 kcal/mole (1. 09 ev). In what g
follows we discuss a model for time-dependent deformation in PZT that is [?
consistent with the experimental observations, The discussion differs 5
from those usually used to describe deformation in piezoelectric mater-

ialsl’z’ 5,1

in that it is based on dislocation theory.

As noted in the Introduction, it is a well-established fact that deformation in :
piezoelectric ceramics occurs by domain processes. Furthermore, the f
particular processes involved are the stress (mechanical and/or electrical)- E
induced migration of non-180-degree domain boundaries, We further em-
phasize that the measurements made in this study relate to the kinetics of

domain boundary migration. The model discussed is consistent with both

the mechanism and kinetics of domain boundary motion.

It is important to point out that non-180-degree domain boundaries in piezo-
electric ceramics are twin boundaries8 and that the deformation associated
with boundary migration is a twinning shear. In tetragonal PZT, spontane-

ous polarization is along the c-axis and the domain (i. e., twin) boundary is

41365 i
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a {110} plane. The twinning shear associated with the boundary is in the
10> direction as shown in Figure 11. The dotted lines on the figure show
the position of a tetragonal unit cell after twinning has occurred. The cell
axes before twinning are denoted ¢ and @ and those after twinning are de-
noted ¢! and a'. In rhombohedral PZT spontaneous polarization is along
the <111> directions. One of the twinning shears associated with a domain
boundary in the rhombohedral phase is also shown in Figure 11. The twin
plane is {110} and the twinning shear is in the <001> direction. Since the
PZT examined in this work is predominantly tetragonal, we will limit our
discussion to twinning in that phase. At temperatures below the Curie
temperature, polycrystalline piezoelectric ceramics contain a high density
of ferroelectric domains. 5 The domains (i.e., twins) form to accomodate
the strain associated with the cubic to tetragonal (or rhombohedral) phase
transformation occurring at the Curie temperature. Since the stress to
nucleate new twins is presumably higher than that necessary to propagate
existing onesz0 deformation in these materials occurs predominantly by the
migration of existing domain boundaries. The heavily twinned structure
also accounts for the observatior that time-dependent deformation in piezo-
electric ceramics can occur at the relatively low stress levels shown in

Figure 4.

A number of dislocation models for twin (i. e., domain) boundary migration
exist — the most prominent being the pole mechanism of Cottrell and

. 21,22
Bilby.
and intricate mutual dislocation interactions, its application as a low-tem-

Since the pole mechanism requires high dislocation mobility

perature source of twinning dislocations in oxide ceramics is unlikely. A
more plausible source of twinning dislocations in ceramic PZT is the homo-
geneous nucleation of twinning dislocation loops as proposed by Birnbaum
and Read. &3 In this mechanism a twin boundary propagates by the succes-
sive nucleation of twinning dislocation loops on the lattice plane just in
front of the moving twin boundary. Ordinarily the high strain energy asso-
ciated with a dislocation would make homogenous nucleation of a loop highly

41365
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in PZT
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unlikely. Stresses on the order of the theoretical shear strength are re-
quired, 24 A twinning dislocation, on the other hand, has a Burgers vector
that is only a fraction of the size of a rational lattice vector. Since the
strain energy is proportional to the square of the Burgers vector the energy
of a twinning dislocation is correspondingly lower. The Burgers vector for
the twinning shear in tetragonal PZT is only 0, 154%,

The activation energy, Uc' and critical stress, 0o required to homogene-

ously nucleate a twinning dislocation loop with a radius of . in PZT may

be calculated from expressions given by Cottre1123’ =

szrc rc
W o= 1n (—) -1

c 4 r0

r
o] =Gb ln( c>+1

¢ 4nr \r,

where G is the shear modulus, b is the magnitude of the Burgers vector and

25
r. = 2% TakingG = 2.56 x 10* MPa®®
mined activation energy, a loop radius of 160} is calculated. This corres-

and the experimentally deter-

ponds to a critical stress of 18. 3MPa (2653 psi). Both the size of the loop
and the critical stress are reasonable values. The activation volume can
be estimated from the size of the twinning dislocation loop according to

v = nr b ~ 12,4008°

This value is within a factor of two of the experimentally measured activa-

tion volumes.
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VI. CONC LUSIONS

Stress relaxation in PZT has been found to occur at relatively low values

of stress and to depend systematically on both stress and temperature.

The stress and temperature dependence of the relaxation behavior suggest
that the deformation mechanisrn is thermally activated. The data only ex-
hibit logarithmic stress relaxation over a fraction of the time intervals

used in the tests and cannot be analyzed in terms of the usual Ahrennius
equation. An analysis by Reed Hill and Da.hlbergl'7 was successfully applied
to the results and an experimental activation energy and activation volume
of 25 kcal/mole and 3, 000 to 7, 000} respectively were measured. The ac-
cepted deformation mechanism for piezoelectric ceramics is non-180 degree
domain boundary migration. Since non-180 degree domain boundaries are
twin boundaries, a dislocation model for twin boundary migration is pre-
sented that is quite consistent with the experimental activation parameters.
The data strongly suggest that domain boundary migration in PZT occurs by
the homogenous nucleation of twinning dislocation loops on lattice planes im-
mediately adjacent to the boundary,
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