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Abstract

A PZT wafer poled in thickness direction is subject to through-thickness electric field cyclic loads at four different loading rates and four
different temperatures. Electric displacement in thickness direction and in-plane extensional strain are measured and plotted during a complete
cycle of polarization reversal. Reference remnant polarization and reference remnant in-plane extensional strain are calculated from the measured
data. Effects of electric field loading rate and temperature on domain switching process and evolutions of reference remnant state variables are
discussed and explained using consecutive two step slow 90° domain switching processes and reduced coercive field at high temperatures.
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1. Introduction

Ferroelectric ceramics, e.g. lead titanate zirconate (PZT),
have excellent electromechanical properties such as excellent
electromechanical coupling, prompt response, low power
consumption, and so on. The materials are classified as two
groups according to their properties: soft and hard materials. Soft
materials have relatively higher piezoelectric constants such as
higher sensitivity and permittivity because of its high domain
mobility. Thus it suits various sensor and low power generator.
Hard materials have relatively lower piezoelectric constants. It is
strong enough to withstand high levels of mechanical and
electrical loading. Hence, it can be applied to high power
applications; for example, high voltage or high power generators
and transducers. In all these applications, the materials are often
subject to strong electric fields at high temperatures. Strong
electric fields at high temperatures induce unnecessary domain
switching and nonlinearity in the materials and thereby the
performance of piezoelectric devices may be deteriorated. In
order to design efficient and reliable piezoelectric devices, it is
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necessary to develop the constitutive models that can predict the
nonlinear behavior of the materials at strong electric fields and
high temperatures [1-5]. The construction of constitutive models
should be based on correct understanding of domain switching
behavior at strong electric fields and high temperatures.
Recently, much experimental work has been carried out to
understand switching mechanisms in the materials and to
provide experimental data needed for the construction of
constitutive models. Nonlinear electromechanical coupling
behavior has been measured and discussed by Cao and Evans
[6] and Lynch [7]. Zhou [8] measured the polarization and
strain (in poling direction) responses of a PZT ceramic under
electric field cyclic loads of different rates and analyzed the
effects of loading rate using different speeds of 90° and 180°
switching. Constant permittivity and linear dependency of
piezoelectric coefficient on remnant polarization of a PZT
ceramic under unipolar electrical loading have been shown
experimentally by Selten et al. [9]. Evolutions of linear elastic,
dielectric, and piezoelectric moduli of a ferroelectric ceramic
during electro-mechanical loading at a constant temperature
have been measured by Liu and Huber [10]. Dependency of
permittivity and piezoelectric coefficient on remnant polariza-
tion and temperature has been measured and evaluated during
polarization reversal of a PZT wafer [11]; state-dependent
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pyroelectric and thermal expansion coefficients have also been
measured and proposed as a function of remnant state variables
and temperature [12]; macroscopic comparisons of domain
switching processes of a PZT wafer under constant electric
fields at various temperatures have been made using reference
remnant state variables [13,14].

In present work, a PZT wafer is poled in thickness direction
is subject to through-thickness electric field cyclic loads that
increase and decrease at four different constant rates and four
different temperatures. Electric displacement in thickness
direction and in-plane extensional strain are measured during
electric field cyclic loading. Evolutions of various linear moduli
during polarization reversal induced by electric field cyclic
loads are either evaluated from measured electric displacement
and in-plane strain data or taken from previous reports [11-14].
By subtracting linear contributions of electric field and thermal
contributions from measured data, the so-called reference
remnant polarization and reference remnant in-plane exten-
sional strain are calculated. Characteristics of nonlinear
behavior of the materials are discussed and analyzed using
evolutions of calculated reference remnant polarization and in-
plane strain state variables. Consecutive two step 90° domain
switching and reduced coercive field at high temperatures are
used to explain loading rate- and temperature-dependent
behavior of the materials. Two- and one-dimensional schematic
diagrams of domain distribution corresponding to each
important state during polarization reversal were proposed
based on consecutive two step 90° domain switching.
Experimental observations and discussion made in the present
work will be useful in constructing reliable macroscopic
constitutive models for nonlinear behavior of ferroelectric
ceramics.

2. Experiment

A commercially available soft PZT wafer (3203HD, CTS,
USA) of dimensions 71 mm x 23 mm x 0.5 mm is used as a
specimen for experiments. The specimen PZT wafer is
commonly used for medical ultrasound devices, inkjet printing,
and hard disk drive markets. According to the manufacturing
company (www.ctscorp.com/components/pzt/supmat.asp), the
Curie point of wafer is 225 °C, the coupling coefficients are
k31 =043 and k33=0.75, and the piezoelectric charge
coefficients are dy=—-320%x 1072 mv™! and
ds1 =650 x 107" m V™', The longitudinal, transverse, and
thickness directions of wafer are designated as xi, x,, and x3,
respectively. They are also often called as 1, 2, and 3 directions,
respectively. Initially, a PZT wafer is poled in —x3 direction and
it is subject to twelve cycles of electric field loading between
E;=—2and 2MV m™!' in thickness direction at each of four
temperatures 20, 50, 80, and 110 °C For each three cycles of
loading at a constant temperature, the rate of applied electric
field increases from 0.01 to 0.1, 1, and then finally to
10MVm™ s

Measurements are made during the last cycle among three
cycles of a given loading rate. The sampling rate is 500 Hz.
During electric field-induced polarization reversals, the wafer

remains isotropic with respect to thickness direction and thus
the in-plane extensional strain of the wafer is the same in the
longitudinal and transverse directions of the wafer. In the
present paper, the in-plane extensional strain is denoted as S;.
Four strain gauges are attached in both sides of the wafer
specimen and they are averaged to evaluate in-plane strain §; of
the wafer. The used strain gauges are fully encapsulated
constantan strain gauges (WA-03-062TT-350, VISHAY, Ger-
many). Electric displacement in thickness direction is measured
using a Sawyer-Tower bridge, where a reference capacitor
(metalized polypropylene capacitor) of capacitance 120 wF is
connected to the specimen in series. This is 1200 times larger
than the PZT specimen capacitance 0.1 wE The voltage across
the reference capacitor is measured by a Keithley 6514
electrometer. Discharge circuits are added to the system to
remove the charges accumulated in the PZT specimen and the
reference capacitor during experiments. All equipment output
signals pass through a data acquisition board (PCI 6221,
National Instruments, TX, USA) and are manipulated using a
LABVIEW software.

In each initial poled state before loading, strain gauges are set
to be zero and discharge circuits are activated to remove
unnecessary charges accumulated in the system. In-plane
extensional strain and electric displacement data measured
during the last cycle of loading in each of four loading rates and
four temperatures are taken, manipulated, and displayed in next
chapter to understand and explain rate- and temperature-
dependent behavior of electric field-induced polarization
reversal using remnant state variables and 90° domain switching.

3. Results and discussion

3.1. Measured polarization hysteresis and strain butterfly
responses

Electric displacement in thickness direction D3 and in-plane
extensional strain §; of a PZT wafer are measured during
polarization reversal induced by through-thickness electric field
E5 whose magnitude increases and then decreases between —2
and 2MV m~! at four constants rates of 0.01, 0.1, 1, and
10 MV m~" s~'. The four loading rates correspond to 0.00125,
0.0125, 0.125, and 1.25 Hz, respectively. All measurements are
made at four temperatures 20, 50, 80, and 110 °C. Measured
data are plotted over electric field for one complete cycle of
polarization reversal in Figs. 1 and 2. Figs. 1(a) and 2(a) show
measured electric displacement hysteresis responses, and
Figs. 1(b) and 2(b) show in-plane extensional strain butterfly
responses of the wafer. The effects of temperature at each
constant loading rate are shown in Fig. 1. In Fig. 1(a), it is clear
that both the coercive field and the magnitude of remnant
polarization at zero electric field decrease with increasing
temperature at each of the four loading rates of electric field,
which agrees with the experimental observations of Chong
[15], Kounga et al. [16], and Wongdamnern et al. [17] and with
the theoretical predictions of Smith and Hom [18] and Mauck
and Lynch [19]. The magnitude of in-plane strain is observed to
increase with temperature for all range of electric field in
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Fig. 1. Responses of a PZT wafer under through-thickness electric field cycling of 2 MV m ™" at each of four loading rates 0.01,0.1, 1,and 10 MV m ™' s~ ', Ateach
loading rate, responses at four temperatures 20, 50, 80, and 110 °C are drawn as solid, dashed, dashed and dotted, and long-dashed lines, respectively. (a) Electric
displacement hysteresis responses and (b) in-plane extensional strain butterfly responses.
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Fig. 2. Responses of a PZT wafer under through-thickness electric field cycling of +2 MV m~! at each of four temperatures 20, 50, 80, and 110 °C. At each
temperature, responses at four loading rates 0.01, 0.1, 1, and 10 MV m~' s7! are drawn as solid, dashed, dashed and doted, and long-dashed lines, respectively. (a)
Electric displacement hysteresis responses and (b) in-plane extensional strain butterfly responses.
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Fig. 1(b), though the maximum value of in-plane strain is
approximately the same at all four temperatures. The observed
increase in in-plane strain with temperature is due to thermal
expansion effect. Fig. 2(a) and (b) shows the effects of loading
rate on polarization hysteresis and strain butterfly responses,
respectively, at each of four constant temperatures. It is shown
in Fig. 2(a) that coercive field increases with electric field
loading rate at all four temperatures, which was simulated by
theoretical models [4,20] and observed by experiments [21].
The magnitudes of remnant polarization and remnant in-plane
strain at zero electric field are approximately the same
regardless of loading rates at each constant temperature.
However, the magnitude of in-plane strain over all range of
applied electric field in the figure seems to increase with
loading rate at each constant temperature. This can be attributed
to slow 90° domain switching at fast electric field loading rates,
which will be discussed later in more detail.

3.2. State-dependent linear moduli and remnant state
variables

A PZT wafer that is poled in thickness direction is subject to
cyclic loading of through-thickness electric field E5. Since the
PZT wafer is composed of different types of variants and each
type of variant has different material properties, the values of
various linear moduli of the wafer such as pyroelectric or
piezoelectric coefficients change during polarization reversal
induced by electric field loading cycle. It is useful to describe
the complicated internal domain structure of the wafer by two
macroscopic state variables: reference remnant polarization in
thickness direction PX® and reference remnant in-plane strain
SRO_The two reference remnant state variables PX° and SX can
be calculated from the piezoelectric equations for a PZT wafer
with state-dependent linear moduli [11,13,14]

D; = K3 (9) E; —|-
S =d31(P§,9) Es +

T(P%,0) (0 — 6y) + P,

(1)
Qv (PX,6) (0 — 6p) + S5,

where /22'9(9) is permittivity in thickness direction at constant
stress and temperature, p; (P§, 0) pyroelectric constant in
thickness direction at constant temperature, d31 (PR,0) piezo-
electric coefficient at constant temperature relating in-plane
extensional strain §; to through-thickness electric field Es,
&f(P’;, 0) thermal expansion coefficient in in-plane direction
at constant electric field, and P§0 and S’fo are reference remnant
polarization and reference remnant in-plane extensional strain,
respectively. Remnant polarization P§ and remnant in-plane
strain S¥ are obtained by subtracting linear electric displace-
ment and piezoelectric strain, both of which are proportional to
electric field, from measured electric displacement and in-plane
strain, respectively. Thus, from Eq. (1), they are given by

P5 = pI(P.0) (0 —6y) + P,

2
SR = aE(PX,0) (6 — 6) +S’f°. @)

According to previous experiments on a PZT wafer [11], permit-
tivity @T ’9(9) in Eq. (1) remains approximately constant during

polarization reversal but it depends on temperature linearly. They
evaluated permittivity at the state of zero electric field marked as
point b in Fig. 3, where the polarization hysteresis responses of
the wafer at 0.01 MV m~'s™' are plotted at 20 and 110 °C.
However, in the present paper, permittivity is evaluated at the
state of maximum electric field marked as e in the figure so that
the effect of domain switching is not included in the evaluation of
permittivity. It is found from present experiments that permittivi-
ty evaluated at point e is almost constant independent of temper-
ature. Thus we get KgT =1.685x 108 C v~!
Pyroelectric constant p} (P¥,6) was proposed as a function of
remnant polarization PR and temperature 6 [12]
R
FPLO) = P ®
P37 (0)

where p3 %! is pyroelectric coefficient evaluated at the saturat-
ed state corresponding to zero electric field and P, sm(@) the
value of remnant polarization evaluated at the saturated state of
zero electric field given as a function of temperature. Thus

AR sat

P77 () is given as

AR sat

Py(0) = pi* (0 —60) + PR, (4)

and we get from measurements that pT 4= —6.08 x
107* C m2°C™" and P =0.341 C m™2. Similarly,
remnant polarization at the state of maximum electric field
in the figures is evaluated at point e, as shown in the top of
Fig. 3. It is given as a function of temperature by

AR.max max ,max
BN 0) = pi™™ (0 60) + PEOM, (5)
where  P{"" =0380 C m™> and p3" = —3.87 x

107 C m2°C~! can be obtained from measurements. Pie-
zoelectric coefficient 331(P§ ,0) in Eq. (1) was proposed as a
function of remnant polarization and temperature by Kim and
Kim [11] and Kim et al. [13], where it is based on piezoelectric
coefficient evaluated at the saturated state of zero electric field.
In the present work, it is based on piezoelectric coefficient
evaluated at the state of maximum electric field marked e in
Fig. 3. Then we get

A/, max PR
ds, (PR,0) = d5"™ (0) <ga— ©)
0

where c?ifn “(0) is piezoelectric coefficient evaluated at point e,
as shown in the middle of Fig. 3. It is found that d5™ i

constant independent of temperature and has the value of
3" = ~1.88 x 107'" mV—!°C~!. Thermal expansion coef-
ficient @¥(P%,6) in Eq. (1) was proposed as a function of

remnant polarization P§ and temperature 6 [12], which is

2
R
~E(pR E sat E0 P3 E0
O[l (P3a9) (al 0‘1 ) (AR,sm > +Ol[ ) (7)
Py (6)
where o7 and o/} are thermal expansion coefficients evalu-

ated at the saturated state of zero electric field and at the state of
zero remnant polarization, respectively. From measured
responses, we get ot =4.49 x 107°°C~'. The value of
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Fig. 3. Measured responses and calculated remnant state variables of a PZT wafer during electric field cycling at (a) 20 °C and 0.01 MV m~ s~ !and (b) 110 °C and
0.01 MV m~' s'. From top, electric displacement and reference remnant polarization versus electric field curves, in-plane strain and reference remnant in-plane
strain versus electric field curves, and reference remnant polarization versus reference remnant in-plane strain curves.

af"o is taken from Kim and Kim [12] and it is given by af"o =

3.45 x 10°%°C!.

Now we are ready to calculate reference remnant polarization
PO and reference remnant in-plane strain S¥° using Eqs. (1)~(7).
The procedure is as follows. First, remnant polarization P§ is
calculated from P§ = D5 — /8?’9 (0)E5 inEq. (1);. Then the value
of P’; isinserted into Egs. (3), (6) and (7) to calculate pyroelectric

coefficient p}, piezoelectric coefficient dgl, and thermal
expansion coefficient o, respectively. The calculated piezo-
electric coefficient is inserted into Eq. (1), and remnant in-plane
strain SF is obtained from S¥ =S, —d, (PK,6)E;. Then,
pyroelectric and thermal expansion coefficients are inserted
into Eq. (2), finally yielding reference remnant polarization P§O
and reference remnant in-plane strain Sf°.
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At reference temperature 20 °C, reference remnant
polarization PX is numerically equal to remnant polarization
PX, that is, P¥ = PR® at 20 °C. Evolutions of D3, P’ and S|,
S®0 over electric field at 20 °C and 0.0l MV m ™ 's™' are
plotted in Fig. 3(a), and evolutions of D3, PX, PX* and S, S%,
SR at 110 °C and 0.0l MV m~'s™' in Figs. 3(b). At the
bottom of Fig. 3, PR versus S¥° curves are drawn for two
temperatures 20 and 110 °C. Reference remnant variables P§0
and SR can be interpreted as state variables that are associated
with micro structural arrangements of domains in the wafer.
Reference remnant polarization PX’ is associated with
arrangement of domains in thickness direction of the wafer;
reference remnant in-plane strain S’fo with arrangement of
domains in in-plane directions of the wafer. Five points from a
to e are marked along the switching curve from —2 to
+2MVm ™ in the bottom of Fig. 3. Point a is where PX° (or
SR0) has the smallest value, point b is where electric field is
zero during polarization reversal, point ¢ is where SX reaches
its maximum, point d is where P§0 is zero, and point e is where
P§O (or S’fo) has the largest (or smallest) value. In the figure, a
dashed straight line is drawn from a to b, where S’fo is
proportional to PR, A similar dashed line of the same
magnitude of slope is drawn in point e. It is believed that only
first step forward 90° domain switching occurs near point a
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and second step backward 90° switching near point e along
each of the two dashed straight lines, respectively. At
maximum SX° point ¢, the amount of domains more parallel
to in-plane directions of the wafer reaches its maximum during
a complete cycle of polarization reversal. At point d, net
polarization in thickness direction of the wafer is zero.
Previous reports of Gerthsen and Kruger [22], Schmidt [23],
and Kruger [24] proposed that first step forward 90° domain
switching occurs from b to ¢ and after point ¢, second step
forward 90° domain switching is dominant. Similar discus-
sions were made by Zhou [8].

Measured and manipulated responses at 110 °C and
0.0l MV m~'s™! are plotted in Fig. 3(b). It is seen that
remnant polarization P§ has smaller magnitude but reference
remnant polarization P° has larger magnitude than electric
displacement D5 due to pyroelectric effect. Similarly, reference
remnant in-plane strain Sf° has lower value than measured in-
plane strain S; over all range of electric field due to thermal
expansion effect. It is interesting that at minimum P§0 point a,
electric field has already passed through its minimum value and
is alittle larger than that. That is, the minimum P§O state at point
a does not coincide with the state at minimum electric field.
Comparing two PX—SR0 curves in the bottom of Fig. 3, one can
see that maximum value of S’fo at point c is lower at 110 °C than
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Fig. 4. Evolutions of calculated reference remnant state variables at four temperatures 20, 50, 80, and 110 °C, which are represented as solid, dashed, dashed and

dotted, and long-dashed lines, respectively, during electric field cycling at 0.01(top) and 10 MV m
field curves and (b) reference remnant in-plane strain versus electric field curves.

~1's7! (bottom). (a) Reference remnant polarization versus electric
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that at 20 °C. It means that less amount of domains is arranged
in in-plane directions of the wafer at higher temperatures during
polarization reversal. More detail discussions will be made in
next section.

3.3. Effects of loading rate and temperature on domain
switching process

The calculated reference remnant polarization and in-plane
strain in the previous section are plotted over electric field in
Figs. 4 and 5. In Fig. 4, PX°—E; and SR°—E; curves at four
temperatures are plotted together for each of two constant
loading rates 0.01 and 10 MV m~'s7!in Fig. 5, the curves at
four electric field loading rates are plotted for each of two
temperatures 20 and 110 °C. Thus effects of temperature can
be observed in Fig. 4 whereas those of loading rate in Fig. 5.
Fig. 6 shows P§0751f0 curves at each constant loading rate on
the left and at each constant temperature on the right of the
figure. In all figures from Figs. 4 to 6, maximum S%° point c is
marked as a solid circle symbol, which can be found clearly
from measured and calculated data. In Figs. 4 and 5, minimum
PR (or minimum $¥°) point a is also marked as a solid circle
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symbol, though it is not found as clearly as point ¢ in calculated
data.PR°—E; and S®°—E; curves for four temperatures at each
constant loading rate are drawn together in the left and right of
Fig. 4, respectively. In both loading rates of 0.01 and
10 MV m~ ' s7!, the curves at four temperatures pass through
the same point at zero electric field marked as b in the figure. It
is because evolutions of pyroelectric and thermal expansion
coefficients during polarization reversal are based on their
values at the saturated state of zero electric field in Eqs. (3) and
(7), respectively. That is, pg'm’ and alE"m’ are measured while
the wafer specimen is heated at P¥ = P under zero electric
field. As temperature increases, the magnitudes of PX at large
magnitudes of electric field increase in Fig. 4(a) and the values
of maximum and minimum S%° get smaller over the entire
range of electric field in Fig. 4(b). Larger magnitudes of PX’
near maximum electric fields indicate that more domains are
aligned in thickness direction of the wafer near the maximum
electric fields; smaller values of S’fO over the entire range of
electric field mean that smaller amount of domains are
orientated parallel to in-plane directions of the wafer during the
whole polarization reversal. The latter is not in contradiction
with the former, because smaller amount of domains parallel to
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Fig. 5. Evolutions of calculated reference remnant state variables at four loading rates 0.01, 0.1, 1, and 10 MV m™! s’l, which are represented as solid, dashed,

dashed and dotted, and long-dashed lines, respectively, during electric field cycling at 20(top) and 110 °C (bottom). (a) Reference remnant polarization versus electric
field curves and (b) reference remnant in-plane strain versus electric field curves.



N. Lee, S.-J. Kim/Ceramics International 38 (2012) 1115-1126 1123

T —Tr
1000f 0.01 c - 1000 -
MVims E
. 500 R - 500 4
E b=
- -
ot T
o [ o
- - - Ee~
7 s ° ]
5001 E -500 E
5001~ . 1o e
L ! (MV/ms) \
sl | 1 e | e | 'l FRTEY I | FEEEY P IEEET FRETE FENEE FENNE SERN1 FREN PRET] FRRET FRAEE FEE
05 -04 -03 02 01 0 01 02 03 04 05 -05 04 -03 02 01 0 01 02 03 04 05
PF® (Cim?) PE° (C/m?)
S ————— —— T
1000 . -1 1000 -
- MV/ms g
. 500} E . 500 -
L E 1 %
o B 1 o
= k | =
(=] o (=]
[ 0 [ 0
-500 . -1 -500 -
L _ e
58 ——-110%T & [ @ (MV/ms) |
I PETEY PRTE PP PRETY PEUTY FETEL PN FETEI PN |\l"\l\|\|||\\||\\|i|\ll\l\ll\llll\\"\\l\
-05 -04 03 -02 01 0 01 02 03 04 05 -05 -04 -03 02 01 0 01 02 03 04 05
PR (Cim?) PR (C/m?)
e — T
1000 1000 -
~—~ 500 ~. 500 -
L @
o o
= =
g 4
3 0 ) 0
L 0.01
I L ---01
5001 -500 - 1 R
I | a (MV/ms) \e
|\|||||\||\||\|||\|l||\\ll\|||||\||\||\|||||||||\ ||\J|\||\||\|||\|\||\\ll‘ll\ll\ll\ll\lllll\\ll\l\
-05 -04 03 -02 -01 0 01 02 03 04 05 -05 04 -03 -02 01 0 01 02 03 04 05
PR (Cim?) PR (Cim?)
s RARALARREL Etadvhass tnd iesas ik aia s s
1000 1000} 110°C L -
~ 500 ~ 500 e
@ ® L
o o
= ol I
2 e [
W 0 w 0
L b
-500 -500 |- e
- ——=10
| a (MV/ms) e
i L IAEVI FRETE FRNEE FRURY ARURY IRENS FRNTS FUNNY FRRWE § vwm
-05 -04 03 -02 01 0 01 02 03 04 05 -05 04 -03 -02 01 0 01 02 03 04 05
PR (C/m?2) PR (C/m?)

(a) (b)

Fig. 6. Reference remnant in-plane strain versus reference remnant polarization curves (a) at each constant loading rate showing the effect of temperature and (b) at
each constant temperature showing the effect of loading rate. Maximum reference remnant in-plane strain point ¢ is marked as solid circle symbol.
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in-plane directions of the wafer naturally results in larger
amount of domains in thickness direction of the wafer.
Therefore, it may be concluded that more domains are
orientated parallel to thickness direction of the wafer at higher
temperatures during an electric field-induced polarization
reversal. How can one understand this effect of temperature on
the evolution of domain structure? The magnitude of coercive
field decreases with increasing temperature in Fig. 1(a). At
higher temperatures, even the same magnitude of electric field
gets more powerful in driving domain switching and
polarization reversal becomes more complete. The period of
time during which domains stay polarized in thickness
direction of the wafer gets longer at higher temperatures,
resulting in larger magnitudes of PX° near maximum electric
fields and smaller values of SR over the entire range of electric
field, as shown in Fig. 4.

Effects of loading rate on evolutions of reference remnant
variables during polarization reversal are shown in Fig. 5. With
increasing loading rate, the magnitude of P§0 decreases near
points a and e but that of S® increases over the entire range of
electric field at both temperatures of 20 and 110 °C in the figure.
That is, PX° decreases but S increases with increasing loading
rate. This can be explained by relatively slow 90° domain
switching. At relatively fast loading rates, 90° domain
switching does not follow applied electric field and always
lags behind it. As a result, more domains stay arranged near in-
plane directions of the wafer, resulting in smaller PX° and larger
SRO at faster loading rates. It is interesting to locate point a with
the smallest values of PX* and SR in Figs. 4 and 5, though their
locations were not clearly defined in calculated data files. One
can see in the figures that electric field at point a has the smallest
value at 20 °C and 0.01 MV m™! sfl, whereas it does not, in
general, at other temperatures and loading rates. That is, in case
of higher temperatures or faster loading rates, point a moves
rightward in the plane of the figure, thus P§° reaching its
minimum a little after electric field hits its minimum. A
possible explanation can also be made by using relatively slow
90° domain switching. At higher temperatures or faster loading
rates, the ability of electric field for driving domain switching
gets bigger. However, since the rate of 90° domain switching is
relatively slow, the change of PX® always lags behind that of
applied electric field Ej.

Fig. 6 shows PX—SR0 curves at each constant loading rate
and temperature with maximum Sf° point ¢ marked as solid

circle symbols. When electric field increases in the positive x3
direction, point ¢ with maximum S is in the region of negative
P§O at all loading rates and temperatures, being consistent with
the observations of Kim et al. [13]. It is interesting to see how
point ¢ moves in the PR%— SR plane with increasing loading rate
or temperature. When electric field loading rate is constant,
point ¢ moves leftward and downward in the PX°—SR plane
with increasing temperature. When temperature is constant,
point ¢ moves upward and rightward in the plane with
increasing loading rate. The movement of maximum S%° point
toward zero polarization axis with loading rate at a constant
temperature was also observed by Zhou [8]. It is useful to draw
two-dimensional schematic diagrams of domain distribution
corresponding to each point in Fig. 6. Schematic diagrams of
two-dimensional domain distribution at a typical constant
temperature when electric field increases from maximum
negative electric field to maximum positive electric field are
shown in Fig. 7. Point a corresponds to a maximally polarized
state in the negative direction at the strongest negative electric
field in the figure. As an electric field at point a is reduced to
zero, some domains are switched back by first step 90°
switching, as discussed by Arlt et al. [25] and drawn
schematically in Fig. 7(b). When electric field increases
further after point b, reference remnant in-plane strain S’fo
increases up to ¢, reaching its maximum value there. According
to previous reports [26,27], most of domain switchings from b
to c are first step 90° switching. It is also reported that some of
the domains still remain in —x3 direction at point ¢ and thus P5°
is still negative there. After c, the domains in negative x3
direction are switched to positive directions, mainly by second
step 90° switching, thus P{° having zero value at point d.
Looking at the schematic domain distributions in Fig. 7(b), (c),
and (d), which correspond, respectively, to points b, ¢, and d in
Fig. 6, one can see first step 90° switching from b to ¢ and
second step 90° switching from c to d. As electric field
continues to increase, most domains are fully polarized to
positive x5 direction at point e, as schematically shown in
Fig. 7(e). The magnitude of slope of the right long-dashed
straight line passing through point e is equal to that of the left
straight line passing through a and b in Fig. 6, which means that
only second step 90° switching occurs near point e.

An obvious comparison of the evolutions of reference
remnant polarization PX’ and reference remnant in-plane strain
SRO at different temperatures can be made in schematic

Fig. 7. Two-dimensional schematic diagrams of proposed switching process along the path from point a to point e in Fig. 3 during a typical electric field-induced

polarization reversal.
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Fig. 8. One-dimensional schematic diagrams of domain switching process along the path from point a to point e in Fig. 3 at four different temperatures during electric

field-induced polarization reversals.

diagrams of one-dimensional net polarization vector during
polarization reversal at four different temperatures, which are
shown in Fig. 8. In the figure, reference remnant polarization PX°
is represented by an arrow in a rectangular block and reference
remnant in-plane strain SR by the height of the rectangular block.
Evolutions of reference through-thickness strain S{eo, which is
not measured here, can be estimated from the changes of
horizontal length of schematic blocks, because domain switching
process is isochoric [7] and the blocks are drawn so that their
areas remain the same. At point b, where applied electric field is
zero, the magnitudes of PI;O and Sfo at all four temperatures are
the same at a constant loading rate of electric field, as shown in
Fig. 4. Thus the sizes of blocks and arrows in Fig. 8(b) are the
same independent of temperature. Points a and e correspond to
maximally polarized state in negative and positive directions,
respectively, having the same size of blocks and polarization
arrows. Atpoint ¢, SR is maximum and thus the height of block is
the largest at a constant temperature in Fig. 8(c). At point d, the
magnitude of polarization is zero, as represented by a dot symbol
inside the block in Fig. 8(d). In general, the vertical height of
block decreases but the horizontal length of block increases with
increasing temperature, representing decreasing 511e0 with
temperature. The length of polarization arrow is seen to increase
with temperature, which can be explained by reduced coercive
field at high temperatures.

4. Conclusions

Electric displacement hysteresis and in-plane extensional
strain butterfly responses of a PZT wafer under through-
thickness electric field at four loading rates and four
temperatures were measured and analyzed. It is observed from
measurements that the magnitude of coercive field increases
with increasing loading rate at a constant temperature but it
decreases with increasing temperature at a constant loading
rate. The magnitude of remnant polarization at zero electric
field remains approximately constant at different loading rates,
whereas it decreases with increasing temperature. Remnant in-
plane extensional strain at zero electric field increases with

increasing temperature at a constant loading rate due to thermal
expansion effect; in-plane strain at a constant temperature
increases with increasing loading rate over the entire range of
electric field in the figure at a constant temperature.

Using piezoelectric equations and state- and temperature-
dependent linear moduli of the PZT wafer, the so-called
reference remnant polarization and reference remnant in-plane
strain are calculated from measured electric displacement and
in-plane strain. In reference remnant polarization versus
electric field plots and reference remnant in-plane strain versus
electric field plots, it is observed that reference remnant
polarization at the states of maximum electric field increases
and reference remnant in-plane strain decreases with increasing
temperature at each constant loading rate. As temperature
increases, the ability of electric field for driving domain
switching gets larger, as indicated by reduced coercive field at
high temperatures. Thus, polarization reversal is more complete
at high temperatures, and as a result, most domains are
polarized in the thickness direction of the wafer at maximum
magnitudes of electric field. This causes smaller amount of
domains arranged in in-plane directions of the wafer during
polarization reversal, reducing reference remnant in-plane
strain over the entire range of electric field at higher
temperatures and increasing the magnitudes of reference
remnant polarization at the states of maximum electric field.

It is also found that the magnitude of reference remnant
polarization at the states of maximum electric field decreases
and reference remnant in-plane strain over the entire range of
electric field increases with increasing loading rate at each
constant temperature. This effect of loading rate was explained
by relatively slow 90° domain switching. 90° domain switching
is relatively slow, and thus reference remnant polarization lags
behind applied electric field at fast loading rates. Macro-
scopically, this effect leads to smaller reference remnant
polarization at maximum magnitudes of electric field and larger
reference remnant in-plane strain over the entire range of
electric field at faster electric field loading rates.

Reference remnant polarization versus reference in-plane
strain plots show that the maximum reference remnant



1126 N. Lee, S.-J. Kim/Ceramics International 38 (2012) 1115-1126

in-plane strain point moves downward and leftward with
increasing temperature at a constant loading rate of electric
field. It is also found that the maximum reference remnant in-
plane strain point moves upward and rightward with
increasing loading rate at a constant temperature. Two-
and one-dimensional schematic diagrams of domain dis-
tribution are proposed based on 90° domain switching to
illustrate domain switching processes during electric field-
induced polarization reversal.
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