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In this investigation, the electric-mechanical response of a PZT ferroelectric ceramic
subjected to the combined electric-mechanical loads was experimentally observed. The
effect of different compressive stress levels on the electromechanical response was
examined. The stress-strain relationship was also measured. The ceramic sample was
isolated from the test frame and the high voltage arcing were prevented effectively in the
setup which promotes the precise measurement and makes the systemic experimental
results available. With a high voltage amplifier and a servo-hydraulic test frame, the
butterfly shaped strain vs. electric field curves and the electric displacement vs. electric field
hysteresis loops of a soft PZT ceramic at different compressive stress levels were measured.
The results show that the electric-mechanical coupled properties of the PZT ceramic are the
function of the compressive stress. The switching criteria are given to account for the
experimental results and to analyze the nonlinear electric-mechanical behavior relative to
the domain switching process in this paper. © 7999 Kluwer Academic Publishers

1. Introduction important for people to understand the deformation and
Lead Zirconate Titanate (PZT), with large piezoelectricfracture behaviors of PZT under coupled electrome-
coefficient, large dielectric coefficient and quick time chanical fields [5]. One way to accomplish this is to re-
response, was found to be excellent piezoelectric cesort to well-established linear elastic fracture mechan-
ramics based on ferroelectric crystals in 1954. Due tdcs [6—10]. On the other hand, a better understanding of
their intrinsic electromechanical coupling properties,the fracture behavior in PZT ceramics was obtained on
PZT ceramics have widely been used as electromehe base of the domain switching mechanisms and re-
chanical sensors, transducers and actuators [1-3]. Jaffated theory of nonlinear fracture mechanics [11, 12].
et al. studied the piezoelectric properties of PZT ce-The crack tip stress fields are singular so that the in-
ramics systemically first [4]. By modifying PZT com- duced strain fields near the crack tip are nonlinear. This
positions with different additives such as lanthanum,mplies that the structure reliability concerns of elec-
specific properties can be tailored to suit specific matromechanical devices call for a better understanding
terials applications. The PZT family can be roughly of nonlinear constitutive laws of ferroelectric ceram-
classified into two groups: “hard” and “soft”. The hard ics as well as related domain-switching criteria. Al-
materials, such as PZT-81, typically can withstand highthough there have had no reasonable theoretical con-
electric fields and mechanical stress. However, they ofstitutive laws so far, the experimental study becomes
fer smaller generated strains. On the other hand, softery important. The relationship between stress and
materials, such as PZT-51, can offer higher sensitivitystrain in PZT ceramics subjected to the uniaxial stress
and piezoelectric activity. field was investigated by Cao and Evans [13] as well
PZT ceramic deforms under an applied electric field.as Schaufele and Hardltl [14]. The hysteresis behav-
Piezoelectricity is a first-order phenomenon of elec-ior of a lead lanthanum zirconate titanate (PLZT) ce-
tromechanical coupling, exhibiting a nearly linear rela-ramic subjected to electromechanical coupling loads
tionship between induced strain and the applied electrizvas studied as well [15, 16]. In this investigation, the
field. However, as the field becomes larger, the strairelectric-mechanical response of a soft PZT-51 ceramic
deviates from linearity, and significant hysteresis ap-under combined electric-mechanical loads was exper-
pears because of the domain switching. The hysteresisentally observed. The effect of different compres-
limits the application of the PZT ceramics, especiallysive stress levels on the electromechanical response was
under the large applied electric or stress field. The studgxamined. With a high voltage amplifier and a servo-
on the hysteresis can exhume the potential applicatiohydraulic test frame, the strain vs. electric field curves
of the materials. and electric displacement vs. electric field hysteresis
PZT ceramics are susceptible to brittle fractureloops of a soft PZT ceramic at different compressive
that can lead to catastrophic failure. Therefore, it isstress levels were measured. The results show that the
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the function of the compressive stress. The switching
criteria are given to account for the experimental re-rigure 2 Schematic of the electric-mechanical loading system.
sults and to analyze the nonlinear electric-mechanical
behavior relative to the domain switching process in
this paper. different constant compressive stresses. When applied
only a mechanical load, the stress field is applied to a
polarized sample.
2. Experimental As showing in Fig. 2, the sample is isolated from
The material chosen for this investigation is a typicalthe fixture by two aluminum blocks and one ethoxyline
soft PZT-51 that has been used widely in modern in-block. The high voltage arcing is prevented effectively
dustry, such as ultrasonic testing, actuators and sensadoy the silicon oil bath and a ringed ethoxyline block
because it has very large piezoelectric coefficients andh the middle of the sample. For protecting the strain
dielectric permittivity. Each grain of the ceramic is a gauges from the high voltage arcing, they must be
single crystal with a tetragonal perovskite structure abonded to the area near the ground electrode and cov-
the room temperature. The published physical properered by a special isolated-glue. To avoid the bending
ties and the measured physical properties of the sofitress and the inhomogeneous distribution of the stress,
PZT-51 ceramic are listed in Table I. The specimensthe upper and bottom faces of both the aluminum blocks
with nominal dimensions 18 10 x 16 mm, were cut and the ethoxyline block are kept parallel (misalign-
from bulk ferroelectrics, and all faces were polished.ment < 0.01 mm). Besides, one spherical cone is in-
The upper and bottom faces of the specimens with acorporated in the setup. Also to ensure the upper and
area of 10x 10 mm were electroded with sputtered Ag. bottom faces to be parallel to each other, the sample
The hysteresis loops of strain vs. electric field as wellwere polished again after two faces were electroded.
as electric field vs. electric displacement are measured A 50 kN load sensor is installed on the test fixture
by a modified Sawyer-Tower circuit as demonstrated irto monitor the force applied to the specimen. The load
Fig. 1. A servo-hydraulic loading fixture is set up for sensor output is recorded through the A/D circuit con-
applying stress field. A silicon oil bath is mounted on nected to the computer. The stress is determined from
the loading fixture to prevent high voltage arcing. Whenthe force and the cross sectional area of the specimen.
applied combined electric-mechanical loads, unpolartongitudinal and transverse strain gauges are bonded
ized samples are subjected to cyclic electric field undeto the center of the area near the ground electrode to

Physical properties Published Measured
) ) — Ethoxyline
Piezoelectric coefficientsss (10712 C/N)  >600 1520 .
Piezoelectric coefficierds1; (1012 C/N) 186 570 | | nghovoltage
Dielectric permittivityess 2200¢g 11300¢q /
(er =#/e0, 50=8.85x 102 F/m) 1" Ethoxyline
Elastic modulugYasas (m?/N) 10712 3.03x 10712 ALOs | [ 1 Cu
Elastic modulusrazi; (m?/N) 1012 29x 10711 Wﬁe /
Remnant polarizatioR" (C/m?) 0.1938
Coercive electrids (MV/m) 0.676 [ Oil bath
—— Capacitor

U

High voltage
amplifier

Computer,

= Capacitor C:

=L

Figure 1 Approach of testing measurements. The electric displacement is monitored by voltage U2 and the electric field is measured by voltage U1.

4002



measure the strain parallel and perpendicular to the paero stress. As the electric field is increased, the electric
larization direction. The strain gauges are connected tdisplacement increases linearly first. When the electric
a Wheastone bridge and A/D circuit connected to thdield reaches a coercive value of 0.67 MV/m, the sam-
computer. The charge per unit area on the electrodple switches to the polarized state and the electric dis-
is equal to the normal component of the electric dis-placementincreases nonlinearly. After several cycles, a
placement. The charge on the electrode is measured ksfable hysteresis loop generates as shown in Fig. 3b and
monitoring the voltage of an capacitor (LJF) con- the polarization of the sample occurs at a slight lower
nected from the bottom electrode of the specimen telectric field than what is required for the first polariza-
the ground. The voltage of the capacitor is monitoredion. This is in full agreement with the results given by
by means of a high input impedance electrometer andlynch [16]. At point A the electric field is zero and the
the A/D circuit connected to the computer. A high volt- sample has a remanent polarization-¢3.194 C/m.
age source triangle wave-80 kV at from 1t0 0.01 Hz) A positive electric field (opposite to the direction of
is connected to the upper electrode of the specimen. folarization) is applied to the sample. At point B, the
reference signal (1/10000 times the output) is providectlectric field reaches the coercive field of 0.67 MV/m
by the source. The reference signal is recorded througand the direction of polarization of the sample begins
the A/D circuit connected to the computer, multiplied to switch. At point C, the polarization is almost aligned
by 10000 times and divided by the thickness to obtairwith the positive electric field. The electric field is re-
the applied electric field. duced to zero at point D and the remanent polarization
is 0.194 C/mM. Then a negative electric field (opposite
to the present direction of the polarization) is applied

3. Results o to the sample and the electric displacement reduces.

3.1. Electric-field vs. electric-displacement At point E the electric field reaches the coercive field
hysteresis curve under applied of —0.67 MV/m and the polarization starts to switch
electric field again. At point F the polarization is aligned with the

The cyclic electric fieldEs, is slowly applied to aini-  present electric field. Finally, the electric field is re-
tially unpolarized sample. Fig. 3a and b show the initialuced to zero and the state of the sample returns to that
and stable electric-displacement-electric-field curvesgf point A.

respectively. In Fig. 3Ds and E3 refer to the electric  As the sample is in the polarized states of point A
displacement and electric field in the direction>@f  and point D, the electric displacement is linearly pro-
axis, respectively. As shown in Fig. 3a, an initial elec-portional to the small change of the electric field. It can
tric displacement vs. electric field curve is developed ahe described by the equation:

D3 = e33E3 1)

180 075 000 075 180
0.30 . — 0.30
That is, the slope provides a relative permittivity of
« 0151 1015 er=¢/g0=11300, whelrze t/he permittivity of the free
space i$p=28.85x 10~ F/m.
E
S 0.004 10.00
Q°°_0'15_ 1015 3.2. Strain vs. e_Iectric—fie_Id I_'lysteresis curve
@) under applied electric field
030 030 When the electric field vs. electric displacement hys-
150 ) _0'75 ’ 0'00 ) 0'75 ' 150 teresis is developed, the longitudinal stradgg, and
' .E (W/ m) ) ' the transverse straimy;, of the sample are simultane-
3 ously recorded. It should be pointed out that the ceramic
450 075 000 075 150 is transversely isotropic. The polarization direction is
03— ——— -0.30 parallel toxs axis. Thus, the direction of axis is spec-
onet ified as the longitudinal direction and tke-x, plane is
~0.15 OMPa < I c atransverse plane. At the first cycle of the applied elec-
N 8T D i 1015 tric field, E3, as demonstrated in Fig. 4a, there is almost
g ’ 1 no longitudinal strain until the electric field reaches the
¢ 0.00 : 410.00 coercive field and then the polarization begins to switch.
= . Afterthe electric field reducesto zero, it reverses. When
Q-O 154 : B 01 the electric field reaches the coercive field, the polariza-
: F j 1015 tion switchesto the current direction of the electric field.
..J.-- {' (b) After several cycles the stable electric field vs. longitu-
0.30 — 0.30 dinal strain curve is developed as illustrated in Fig. 4b.
180 075 000 075 1.50 The points of A, B, C, D, E, Fin Fig. 4b correspond to
53 (W/m) the same points in Fig. 3b in the cycle. At point A the

electric field is zero and the sample has a remanent lon-
Figure 3 (a) Initial electric field vs. electric displacement hysteresis g|tUd|n_a| strain Of_0-0927- As the_po§|t|v¢ eIectr_lc field
loop; and (b) stable electric field vs. electric displacement hysteresis loop{OppOSite to the direction of polarization) is applied, the
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Figure 5 Transverse strain vs. electric field curve without applied stress.

that the transverse straim , is nonlinear to the electric
field, E3, as well and the amplitude is abou0.5 of the
longitudinal strain. The linear piezoelectric coefficient,
ds11, can be gotten too from the slope at the point of
zero electric field.

T T T T T T T O
-1.50 075 000 075 1.50 3.3. Stress vs. strain hysteresis curve under
/:'3 (MV/m) applied uniaxial compressive stress
A compressive stressgs, is applied to the sample in the
Figure 4 (a) Initial longitudinal strain vs. electric field curve (in first polarization direction parallel tgs axis. Fig. 6a and b

cycle), and (b) stable longitudinal strain vs. electric-field curve (after
several cycles).

-3000 -2000 -1000 00

domains in the sample are constricted by the dielectric
effect and the longitudinal strain is reduced. At point B,
the electric field reaches the coercive field and the po-  -30-
larization switches to the direction of the electric field. .~
The longitudinal strain increases suddenly. At point C & 04
the polarization has switched completely and the strain=>
is linearly proportional to the electric field. As the elec- ™,
tric field decreases to zero at point D, the strain returns & -90-
to that of point A. When a negative electric field (op-
posite to the current direction of the polarization) is  _1901 . i ] i i
applied to the sample, due to the dielectric effect, the -3000 -2000 -1000 0
sample is constricted along the direction of the elec- e..(1 0—6)
tric field. The longitudinal strain is reduced. At point 3
E the electric reaches the coercive field and the strain
increases quickly for the polarization switching. The QO 5(‘1) , 1000 . 15ICD 0
switch completes at point F. As the electric field de-
creases to zero, the sample returns to the state of poir
A and the sequent cycles are followed in the same way.  -30- 1-30
When the electric field is zero (such as at point A and ___ ]
point D), the small change of the longitudinal strain is § 60 1/s

R

&

1-90
1185355 (@) |

linearly proportional to the small change of the electric 13 160
field. This phenomenon can be described by:

90. .x\.\ ]
Aezz = d333AE3 (2 > v 1

L _ (b) \
Equation 2 is accurate enough when KE is ranged 120 . , . . ' I 120
from —0.25 to 0.25 MV/m. The linear piezoelectric 0 500 1000 1500
coefficientdsssz can be gotten from the slope of the
typical butterfly shaped longitudinal strain vs. electric e (105)
field hysteresis curve at point A or point D in Fig. 4b. 1

The butterfly shaped transverse strain vs. electrigigure 6 Stress vs. strain curves: (a) longitudinal straig, vs. uniaxial
field hysteresis loop as demonstrated in Fig. 5 indicatestressgss; and (b) transverse straieys, vs. uniaxial stressras.
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show the longitudinal strairess, and transverse strain, the compliances;;33 can be obtained from the reverse
€11, vs. electric field,Es, curves, illustrating that the of the initial slope of the curve in Fig. 6b.

soft PZT-51 ceramic exhibits linear compressive strain

when the uniaxial stress is under 10 MPa. As the stress

exceeds 10 MPa, the polarization begins to switch an®.4. Electric-displacement vs. electric-field

the sample shows nonlinear deformation. This is in full hysteresis curve under combined
agreementwith the results given by Caoand Evans[13].  electric-mechanical loading

After unloading from 110 MPa, the domains partially In the case of applying combined electric-mechanical
switch back to their original poling direction and there loads, a constant compressive stress is imposed in the
are alarge remanentlongitudinal straag, and arema-  polarization direction parallel to they axis while the
nent transverse straie,1. The initial slope relating the electric field is cyclically applied. Fig. 7a—h illustrate
uniaxial stress to the longitudinal strain is the inversethat electric displacemenb;, vs. electric field,Es,

of the compliancessssz as shown in Fig. 6a. Similarly, hysteresis loops are developed at different constant
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Figure 7 Electric field vs. electric displacement curves at different compressive stress levels: (a) 0.0; (b) 5.0; (c) 10.0; (d) 20.0; (e) 30.0; (f) 40.0;

(9) 60.0; and (h) 80.0 MPa.
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compressive stress, indicating that there is significantlepolarization phenomenon will be discussed in detalil
effect of the uniaxial compressive stress on the hysin next section.

teresis behavior. The resulting hysteresis loops show a

steady decrease in both the remanent polarization and

the saturation polarization as the compressive stress &5. Strain vs. electric field hysteresis curve
increased from 0 te-80 MPa. The slope of the loops

under combined electric-mechanical
at zero electrical field, which can be regarded as the loading

permittivity, decreases when the compressive stress ifFhe longitudinal strainess, vs. electric field Es, hys-
creases. The coercive field decreases linearly too as theresis loops in Fig. 8a—h are measured at different con-
uniaxial compressive stress increases. This so-callestant compressive stresses at the same time when the
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Figure 8 Longitudinal strain vs. electric field curves at different compressive stress levels: (a) 0.0; (b) 5.0; (c) 10.0; (d) 20.0; (e) 30.0; (f) 40.0;
(g9) 60.0; and (h) 80.0 MPa.
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electric displacement vs. electric field hysteresis loops
are recorded. The longitudinal strain becomes negative
gradually with reference to the unpolarized state when
the compressive stress becomes larger. The range of
the strain variation becomes smaller and smaller as the
compressive stress increases. And the range turns out
to be almost zero when the stress goes ev@d MPa
which is nearly the coercive stress field. This means
that the 180 domains switch more difficult under the
greater compressive stress. The slope of the hoops at
zero electrical field is not the piezoelectric coefficient
but can be considered as the depolarization coefficient
under different compressive stress levels. The slope is
the function of the stress. The compressive stress actigure 10 Schematic of the domain and the domain wall.

ing in conjunction with the electric field induces 90

tetragonal switching. The ceramic remains in this 90 ) )

switched state until the electric field is sufficiently high unit cell has zero ion dipole moment. When the tem-
to overcome the applied stress and switch the ceramigerature is reduced through the Curie temperature, the
back to the polarized state. Ata stress levet80 MPa, ~ unit cell transfor_ms from a'cublc state to a t_etragonal
the electric field is not able to totally overcome the State and the 8 ion has a displacement relative to the
applied stress and there is very little strain. There jenter of the & ions. The crystal possesses a sponta-
still, however, a substantial component of polarization"€0Us polarization or electric moment per unit volume
switching though it is very small. Finally, it must be due to the displacement. o

pointed out that because the domains switch gradually Below Tc, in the absence of applied field, there are
under the electric field larger than the coercive field, theSix directions along which a spontaneous polarization

slope also is dependent on the frequency of the applieg@n develop. To minimize the depolarizing fields dif-
field. ferent regions of the crystal polarize in each of these

directions, each volume of uniform polarization being
called a domain. The interface of two domains with
different polarization is such a domain wall as demon-

4. Discussion S | )
; . . strated in Fig. 10. The resulting domain structure usu-
Ceramic PZT is produced by high temperature of ag'aIIy results in a near complete compensation of polar-

glomeration of ferroelectric crystals, such as F)bT'O‘%lzation and the crystals consequently exhibit very small

and PbZrO3. After the desired crystal structure is got-_. . : S
e o . .~ piezoelectric effects until they are poled by application
ten by densification and sintering, ceramic PZT |sp y P yapp

: . of a field.
cooled. The single crystal microstructure transforms When the ceramic is subjected to small loads, the po-
from a cubic paraelectric phase to a tetragonal ferroTarization of the domain undergoes a reversible change

electric phase, when itis cooled through the Curie tem: one of two ways: (1) an applied stress deforms the

peratur.e,TC. A ferroelectric phase changg 'representsc ystal structure, resulting in a relative displacement of
a special class of structure phase transition denot

by th ¢ X larization. Ab e positive and negative ions; (2) an applied electric
ytheappearance otaspontan€ous polarization. ADOYg, g changes the relative displacement of the positive
the Curie temperature the ceramic is cubic and belo

and negative ions, inducing deformation of the crystal

the Curie temperature it is tetragonal (see Fig. 9). Thlsstructure. These linear effects induce the linear behav-

ABOs pefr:)hvsklt(?:‘tstrﬁctur%cpntal?tshaﬁ*motn at ;—:‘achh ior of the crystal. When the applied field excesses the
corner of the unit cell, an U 1on at the center ot each ., q ¢y e field, domain switching occurs and the cen-

face, a B ion at the center of the unit cell. The cubic tral ion is moved to one of the six off-center tetragonal
sites. This assigns the direction of the polarization of
the domain to that most closely aligned with the electric
zZ field (180 domain switching and 90domain switch-
ing). And the applied stress field aligns the direction
of the polarization to that most closely perpendicular
Q to the direction of the stress (9@domain switching).
P Fig. 11 shows the schematic of both 2&nhd 90 do-
main switching induced by an applied electric field or
a stress field.
The domain switching results in the nonlinear con-
o Ti+4 §titutive behaviors of_the ceramic. Tr_]e effect'can be es-
N—au ~ 02 fumate_d by representing each_domaln as a piezoelectric
0 X a S inclusion in an effective matrix [17—19]. The volume
Cubic Tetragonal @ m2 average properties of the inclusions give the macro-
scopic properties of the ceramic. This micromechanics
Figure 9 The cubic to tetragonal transition of lead titanate, an ABO analysis can be carried out by means of a constitutive
perovskite type oxide. model that may predict the mechanical and electrical
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From Equations 3 and 4, we have

E
TF’S - lPs TPs g P g=—(E*Za'—{—D*-E—{—%O':M:a—}—%E-k-E+E-d~0')
= ©)

At time t, the Gibbs’ free energy ig(ot, E;). At

timet + dt, the Gibbs’ free energy ig(ot + dt» Et + ot)-

o P P Since there is energy dissipation associated with do-

main switching, the domain-switching driving force
— must be greater than a threshold denotetlVasf do-

TPS R, R, main switching occurs. Thus, the domain switching

1, t To' 7 P driven force,F, can be defined as

L F(ot+dt. Et+at) = max{g(or, Et) — 9(ot 4 at» Et + )}
(6)

For the 180 switching driven by an applied electric
- | R 2} field parallel to the existing polarization such tliatis
equal to or larger thak., the critical field, the sponta-
neous polarization switches fromP° to —P° where
Figur(-? 11 Schematic_ of t_he domain switching induced by an applied PO jg the magnitude of the spontaneous polarization.
electrical or mechanical field. Therefore, the criterion for ferroelectric switching of
each grain under the applied electric field is defined on

the basis of the work done in 18folarization switch-

response of the ceramic [17—19]. The domain switchingng_ When the work done on the system to remove the
process may account for experimental results. Firstly, o) i, ation from its current state plus the work done
when the polarized sample is depoled by compressivg, o system to place the polarization in a new di-
stress, the longitudinal strain is compelled to the negie oy exceeds a critical value, the polarization will
ative values. Under compressive stress, in a tetragon@yyitch to the new direction. The’criterion for the 280
structure there is only 9@omain switchingwhichmay 4 ization switching is thus

reduce the strain along the direction of the stress. SecQ

ondly, the strain vs. electric field hysteresis curve at EiAP > WlfE 7)

zero stress shows the T8@omain switching. After the , o ]

electric field is applied from zero to the maximum andWhere AR is the change of polarization. This change
then reduced to zero, the longitudinal strain remaindncludes the loss of the amouRt from the prior ori-
the same value and the electric displacement remairgtation and the gain of the amoud? in one of the
opposite value. This property is the same as that of thée Possible new directions. According to Equation 6,
180° switching in tetragonal structure. the maximum driving forceFmax, is 2P°E. WhenE

The stress dependence of the hysteresis loops seef@guals the coercive electric fiefet, domain switching

to give some information about the laws governing theStarts, and then we have

domain switching process. Some domain switching cri- Wi — 2pOE )
teria are proposed below to explain experimental re- ET ¢
sults. The piezoelectric equation for a domain is

1eq

In terms of the micromechanics modeling [19], we have
derived a formula to calculate® as
3) pr _ [l ﬁ(n

1
~+2)|P°=082P° (9
+3)] ©

e=e*"+Moc+E-d

— + -

D=D*+do+k-E 4 n
It is interesting to note that Baerwald [20] and Hwang
et al.[15] gave a similar result aB" = 0.83P°. Using
the measured values Bf andE; aslisted in Table I, we
can obtain the driven force of 18@domain switching.

The criterion for stress induced switching is that the
mechanical work must equal or exceed a critical value,

whereD* is the spontaneous electric displacemeiit,
the spontaneous straid, the elastic compliance tensor,
d the piezoelectric compliance tensor datthe dielec-
tric permittivity. It is supposed that the temperature is
constant. Thus the Gibbs’ free energyis a function of
orientation tensoR, stressr, electric fieldE. Accord- .
ing to the second thermodynamics law, a state with éhat IS

higher Gibbs’ energy tends to change to the state with a . f

lower Gibbs’ free energy. The difference of the Gibbs’ oij A8 = Wy (10)

energy of two states is the domain switching drivingWhere Ae; is the change in spontaneous strain. The

force. When the temperature is constant, the GlbbsChange in spontaneous strain is zero for°18itch-
free energy can be expressed as

ing and therefore only 90switching is triggered by

£ stress. Suppose that a stress is applied in the direction
N A ] of the existing polarization that is alone thg axis.

9= /0 e:do /0 D-dE “) According to Equation 6, the driving force is equal to

4008



stress becomes larger, this kind of domain switching
l c l can only occur at a higher electrical field.
In short, because the compressive stress is just at the
level that will cause 90switching of favorably oriented
51 grains, as soon as the electric field is applied, switching
%’ lE and straining of the ceramic commence. In this case
the switching criteria of Equation 12 must be satisfied.
— - However, Figs 7 and 8 indicate that a compressive stress
X can reduce the polarization and a large compressive
T stress can sweep the strain vs. electric field hysteresis
loop, leading to the significant depolarization. For ex-
ample, wherrzz > 92 MPa, the ceramic is nearly fully
l l depolarized. Finally, from Equations 7—12, the differ-
o ences in switching criteria for the electric-field driven
switching and stress driven switching suggest that there
P may be a different energy barrier for the°2hd 180
/ p l switch. The energy of electric field driven switching is
E

Yi

YA

determined from a 180switch whereas stress only in-
volves a 90 switch. The difference may be accounted
for by domain wall dynamics. Therefore, the main con-
X tribution to the hysteresis nonlinearity is the direct ef-
T T fect of polarization switching induced by either electric
o field or stress.

\)

(b)

Figure 12 For 90 domain switching under combined mechanical and .
electrical loading: (a) the stress field impels the switching wiagris 2 condus'ons _
less than 4% and (b) the stress field hinders the switching whdris ~ This paper presents the observed results of the electric-

larger than 45. mechanical behaviors of the soft PZT-51 ceramic sub-
jected to different electromechanical loads. A series of
(c—a/ap)o +0.5(M1111— Mszsgo, whereag,aandc  experiments show the electric displacement vs. elec-
are lattice constants of the cubic and tetragonal strugic field, the strain vs. electric field, and the strain vs.
tures, respectively, ard;11;andMszzzare compliance  the stress exhibit linear behaviors under lower applied
constants in the directions &f andxs axes. Whenthe  field and nonlinear behaviors under high applied field
applied uniaxial stressizs, equals the coercive value, due to domain switching. Under combined electric-
oc, domain switching starts, and then we have mechanical loads, a compressive stress can reduce the
polarization, leading to the significant depolarization.
W, = (¢ — a/ao)oc + 0.5(M1111 — Massgoe  (11) That is, the electric-mechanical coupled behavior of
The switching criterion for combined loading is met the ferroelectric ceramic demonstrates that both the
when the combined electrical and mechanical work excoercive field and the saturated field decrease as the
ceeds a critical value. The direction of spontaneousompressive stress field increases. Furthermore, a suf-
polarization switches when the sum of the electricalficiently large compressive stress can even completely
and the mechanical work exceeds a critical value. Fronsweep the butterfly shaped strain vs. electric field hys-
Equations 7 and 10, the combined switching criterionteresis loop. The experimental results may further be
is given by understood by the proposed domain-switching crite-
ria. Switching is the source of the classic butterfly
EiAP +0jjAgj > W' (12)  shaped strain vs. electric field curve and the corre-
. . sponding electric displacement vs. electric field curve.
whereW! is a_lpproxma'gely equal tOQOEC [15].' Un- s also the source of the nonlinear stress-strain curve.
der the combined electrical "%”d glectrlcal!oad|ng,wheprhe differences in switching criteria for the electric
the angle between the polarization direction and the digg|y griven switching and stress driven switching sug-
rection of the applied compressive stress field is 16§t that there may be a different energy barrier for
than 45, the change in spontaneous strain is negativgne g and 180 switch, which may be explained by
for 90° domam_swﬂchmg as sh(_)wn in F'.g' 12a. Thus domain wall dynamics. The results presented in this pa-
the stress_ﬁeld impels the domain swm_:hmg. When th, er illustrate the importance of considering nonlinear
compressive stress becomes larger, this kind of domaigja ctric-mechanical response when assessing a piezo-

swm:hmg_ may occur at a lower eIectng:aI field. Thu; electric ceramic with a ferroelectric crystal for actuator
the coercive field is reduced as the applied compressiv;

stress increases. On the other hand, when the angle b%gpllcanon.
tween the polarization direction and the direction of the
applied compressive stress field is larger thah #%e
change in spontaneous strain is positive for@@main  Acknowledgements

switching as illustrated in Fig. 12b. Thus the stress fieldSupport from the National Natural Science Foundation

hinders the domain switching. When the compressivef China is gratefully acknowledged.
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