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An inverse-pole-figure (IPF) method is proposed to analyze domain switching in polycrystalline ferroelectrics/ferroelastics sub-
jected to electric/mechanical loading. The IPF method fixes the crystallite coordinates and makes electric/mechanical loading direc-
tions vary. Both the accuracy and efficiency of the IPF method are examined and proved superior to the conventional random
statistic (RS) method. Furthermore, using the IPF method, it is very convenient to account for the depolarization field/stress caused

by domain switching, thus predicting the observed incomplete switching in real ceramics.
© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Ferroelectric materials have been widely used in
sensors, actuators, transducers, etc., due to their pecu-
liar electromechanical properties, ultrafast response
and compact size. In practice, ferroelectric polycrystal-
line (or ceramics) are mostly preferred to single crystals
due to their superior mechanical properties and lower
cost. The constitutive response of ferroelectric polycrys-
talline under electric/mechanical loading requires more
attention due to the complex domain switching effect in-
volved. In the existing literature, a ferroelectric polycrys-
talline is usually made up of randomly oriented grains
(or domains) and domain switching is analyzed using a
random statistic (RS) method [1-3]. Generally, a large
number of grains are required in the RS method to re-
move the errors by the pseudo-randomly generated
grain orientations [2,3]. In this paper, we will show that
a proposed inverse-pole-figure (IPF) method is quite effi-
cient for analysis of polycrystalline ferroelectrics/ferroe-
lastics. It can get the equivalent accuracy as the RS
method using two-order less grain numbers. Further-
more, using the IPF method, it is very convenient to ad-
dress the depolarization field/stress caused by domain
switching.
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The proposed IPF method is enlightened by the def-
inition of the inverse-pole-figure in texture analysis [4].
For both tetragonal and rhombohedral ferroelectrics,
the spontaneous strain & is transversely isotropic
around the polarization axis and can be expressed as

1
S‘Y:S()(epep—gl) (1)

where ep is the unit vector along the polar direction and
1 is the rank-2 identity tensor. Sy is the single crystal
deformation [5], Sy = Siatice = ¢/a — 1 for tetragonal
ferroelectrics  and  (8/9)So = Sittice = di11)/dj11) — 1
for rhombohedral. Thus for a tetragonal (or rhombohe-
dral) polycrystalline subjected to uniaxial electric/
mechanical loading, as far as the polarization and strain
are concerned, it is equivalent to fix the crystallite coor-
dinates (x—y—z in Fig. 1) and make the field direction
vary [6]. In the IPF method, each grain in a ferroelectric
polycrystalline is made up of N (N = 6 for the tetrago-
nal, N = 8 for the rhombohedral) types of domains. Be-
cause of symmetry, it is necessary to consider the case
when the field direction falls on the shaded area of Fig-
ure 1. It should be noted that the IPF method proposed
in this paper is based on the symmetric properties of
spontaneous strain and polarization in tetragonal/rhom-
bohedral ferroelectrics. It is used to study the domain
switching process under applied field in polycrystalline
ferroelectrics, while the uniform inverse-pole-figure in
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Figure 1. Illustration of the IPF method and six types of domains in
tetragonal ferroelectrics.

Ref. [6] is only capable of solving the static, saturated
domain orientation textures under infinite large electric
field or stress.

Consider the case of an unpoled tetragonal ceramics
during electric poling. Using an energy-based domain
switching criterion similar to Hwang et al. [1] and
switching option by Berlincourt and Krueger [7], when
an electric field is applied at the shaded area of Figure
1, Domain 2 will switch to Domain 1 via 180° switching;
Domains 4 and 6 will switch to Domain 1 via 90° switch-
ing first, then Domains 3 and 5 switch to Domain 1 via
90° switching. After getting the fractions of each type of
domain switching, the polarization and longitudinal
strain induced by domain switching can be explicitly ob-
tained using integrations over the shaded spherical area
in Figure 1, as expressed in Eq. (2):

48 n/4 arc cot(cos ¢)
=2/ 4
ar /0 ‘P/o

><P0[2f2 24 fai(z+x) + fs(z+y)
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where x =sinf cos¢@, y =sin0sing, z=cosl(x,y,z >
0); Py is the magnitude of spontaneous polarization,
fi—; denotes the fractions of switching from Domain
i to Domain j.

Figure 2 shows the simulated polarization and strain
curves of tetragonal ferroelectric polycrystalline sub-
jected to electric poling using the IPF method and RS
method (where Ec is the coercive field). In the simula-
tions, interactions between domains are neglected. The
energy barriers for 180° and 90° domain switching are
set to be 2Py Ec and V2PyE., respectively, to activate
both types of switching at Ec. It can be seen that the
simulation results by the two methods are completely
overlapped, and both the polarization and strain
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Figure 2. Simulated polarization and strain curves of tetragonal
ferroelectric polycrystalline using IPF and RS methods with grain
number N = 90,000.

approach the theoretical saturated values [6,8,9] with
the increasing field.

To examine the accuracy and efficiency of the IPF
method, the saturated polarization and strain of tetrag-
onal and rhombohedral ceramics after poling are calcu-
lated and compared to that by the RS method, as shown
in Table 1. It can be seen that, by averaging the errors
for both types of ceramics, the accuracy of the IPF
method using 1024 grains is almost equivalent to that
of the RS method using 90,000 grains, which shows that
the error of the IPF method caused by numerical inte-
gration is smaller than the RS method caused by pseu-
do-random number generation. Besides, the RS
method always has a problem to realize the initial, unp-
oled state with zero polarization and strain [3]. Note
that for the same grain number simulation, the time ex-
hausted by the IPF method is about 80% of that by the
RS method. All these indicate that the IPF method is
obviously superior to the RS method in terms of accu-
racy and efficiency.

Using the IPF method, it is convenient to address the
problems where the depolarization field caused by do-
main switching is taken into account; thus switching is
a gradual process with the increasing field and is often
incomplete. This is difficult, however, for the RS method
where usually each grain is assumed to be a single do-
main [1-3]. Bearing in mind the charge screening effect
in real ferroelectrics [10-12], the depolarization electric
field by domain switching can be fully compensated by
free charges. The depolarization stress field by 90°
switching, however, cannot be compensated in a similar
manner and it is acceptable to assume it proportional to
the fraction of switched 90° domains [13]. If further
assuming Domains 4 and 6 always switch to Domain 1
at same fractions (abbreviated as combined switching),
the switching criterion for Domains 4 and 6 to Domain
1 can be written as follows:

EPy(2cos 0 + sinOcos ¢ + sin 0sin ¢p) — kPyEc - f
= 2V2PyE¢ 2)

where f is the fraction of completed 90° switching; k
measures the level of depolarization field.

Figure 3 shows the simulated polarization and strain
curves of BaTiO; ceramics during poling using different
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Table 1. Saturated polarization and longitudinal strain in (a) tetragonal and (b) rhombohderal ferroelectric ceramics: values and relative errors (in

parentheses) by the IPF method and the RS method using different grain numbers
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Polarization (P/Py)

Strain (S/Sy)

Method Grain number
(a) Tetragonal ceramics
IPF 1024
10,000
90,000
RS 1024
10,000
90,000

Accurate values (Ref.[6])

(b) Rhombohedral ceramics

IPF 1024
10,000
90,000

RS 1024
10,000
90,000

Accurate values (Ref.[6])

0.83126 (0.01%)
0.83120 (0.001%)
0.83118 (0.001%)

0.83376 (0.3%)
0.83063 (0.05%)
0.83117 (0.002%)

0.83119

0.86599 (0.005%)
0.86602 (0.001%)
0.86602 (0.001%)

0.86179 (0.5%)
0.86707 (0.1%)
0.86610 (0.01%)

0.86603

0.36767 (0.03%)
0.36756 (0.003%)
0.36756 (0.003%)

(

(

(

0.37126 (1.3%)
0.36653 (0.3%)
0.36753 (0.006%)

0.36755

0.42436 (0.014%)
0.42441 (0.002%)
0.42441 (0.002%)

0.41664 (1.9%)
0.42610 (0.4%)
0.42456 (0.08%)

0.42442

Q
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Figure 3. (a) Polarization and (b) strain curves of BaTiO; ceramics using different levels of depolarization field.

levels of depolarization field represented by varied k.
In the simulations, the material parameters, Ec =4 kV
em™!, Py=26 nC cm 2, So=0.01, are used. It can be
seen that when k =5, the depolarization field is weak,
thus combined 90° switching from Domains 4 and 6 to
Domain 1 can be completed at about 9 kV cm™'. Then
no domain switching occurs until at about 12 kV cm ™',
when combined switching from Domains 3 and 5 to Do-
main 1 activates. The descending polarization/strain
curves upon removing the electric field indicates that
back switching occurs as a result of the depolarization
stress field caused by 90° domain switching. When k is
larger than 15, only the former type of combined 90°
switching can occur under maximum field of 5 Ec. As
the reported remnant polarization and strain in poled
BaTiO; are about 8 uC cm ™2 and 0.02% [7,14], respec-
tively, it can be seen from Figure 3 that k = 60 is close
to the real case.

Similarly, the IPF method can be used for ferroelastic
ceramics under uniaxial mechanical loading. In ferro-
elastic case, only three types of domains exist in tetrag-
onal crystals which can be denoted by 1, 3, 5 in Figure 1.

Making the mechanical loading directions vary on the
shaded area of Figure 1, domain switching in a ferro-
elastic polycrystalline can also be analyzed using a
switching criterion similar to Eq. (2). Figure 4 shows
the simulated stress—strain curves of an unpoled BaTiO;
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Figure 4. Simulated stress—strain curve of unpoled BaTiOs3 ceramics
using IPF method.
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ceramics under uniaxial tension and compression using
the IPF method with the depolarization field level
k = 60. The material shows linear behavior up to almost
40 MPa under compression and up to less than 20 MPa
under tension, which fits the experimental observations
very well [14].

From its definition, it can be deduced that the IPF
can also be used to analyze domain switching in rhom-
bohedral ceramics and morphotropic ceramics (where
tetragonal and rhombohedral phases coexist [15]) sub-
jected to coupled uniaxial electric/mechanical loading.
In fact, the IPF method is valid for all the cases where
domain textures can be fully characterized by a single in-
verse-pole-figure. Also, the IPF method is applicable to
other ferroic polycrystalline materials such as ferromag-
netics, shape memory alloy [16], etc.

In summary, we proposed an IPF method to analyze
domain switching in ferroelectric/ferroelastic polycrys-
talline. Both the accuracy and efficiency of the IPF
method are proved to be superior to the conventional
random statistic (RS) method. Furthermore, using the
IPF method, the depolarization field effect caused by do-
main switching is convenient to be taken into account
while it is difficult to use the RS method.

This work is supported by the 985 Project Founda-
tion of Peking University.
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