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ABSTRACT

Ferroelectrics are widely used for a broad array of technological applications due to their attractive electrical and electromechanical properties.
In order to obtain large functional properties, material compositions are often designed to favor the coexistence of multiple ferroelectric phases.
For such compositions, the macroscopically observed properties are variously attributed to easier domain switching and/or phase transition.
Nevertheless, modeling of concurrent domain switching and phase transition in mixed phase ferroelectrics remains a challenging task. Here, a
methodology is presented to quantitatively evaluate the volume fractions of different domain variants in a mixed phase ferroelectric under
complex electromechanical loading. The methodology combines the phenomenology of Landau free energy of ferroelectric phases with
Boltzmann statistical analysis and is presented for Pb(Zr,Ti)O; near the morphotropic phase boundary (MPB). It is shown that specific grain
orientation has a significant effect on how proximity to phase boundary affects microscopic phenomena at the single-crystal level. An estimate
of phase and domain switching behavior in a polycrystalline aggregate is subsequently obtained, and the resultant polarization and strain
responses at the macroscopic level are computed for a material with random texture. The results indicate the progressive evolution of domain
and phase fractions in a material near MPB with mixed ferroelectric phases. We show that in polycrystalline materials with compositions
slightly on the tetragonal side of the MPB, grains that exhibit large 90° domain switching have a larger contribution to the macroscopic strain
response as compared to grains that undergo tetragonal-to-rhombohedral phase switching.
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I. INTRODUCTION broadens, they are subjected to more extreme conditions, including
higher electric fields, large multiaxial stress fields, or wider tempera-
ture variations.” Second, with increased complexity of engineering
components that is facilitated by the recent developments in additive
manufacturing technologies, different parts of even the same material
component can experience widely different external stimuli, for
example, stress or electric-field concentration, at nodes in an archi-
tected ferroelectric component.'®'' The combination of microscopic

Ferroelectrics are widely used in many modern technologies
including high-power capacitors, memories, precision actuators and
sensors, MEMS, pyroelectric energy harvesters, and electrocaloric
cooling."™ In order to undertake a precise design of engineering
components for these applications, it is important to develop appro-
priate modeling tools for predicting the performance of ferroelectric

materjals under different operating conditions. Although consider- mechanisms over such extreme conditions can deviate from the
able works have been undertaken toward this end in the past, more well-known mechanisms based on which the current models
improvement over past approaches is desired for various reasons, as are proposed. Third, driven by a desire to achieve higher engineering
follows. First, as the scope of applications of ferroelectric materials performance, ferroelectric compositions are often placed in close
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proximity to phase boundaries for both Pb-based Pb(Zr,Ti)O5 (PZT)
as well as Pb-free ferroelectrics, such as solid solutions of BaTiOs,
(K,Na)NbO;, and (Na,Bi)TiOs.'”"® The microscopic mechanisms
operational near the phase boundaries can be diverse and may also
change with small changes in composition or temperature, which
have not been explored fully. All of the above factors necessitate the
development of new modeling tools.

The functional properties of ferroelectrics fundamentally arise
from their spontaneous electrical polarization, whose state can be
changed by the application of an electric field, stress, or tempera-
ture variations.'""'® The development of spontaneous polarization
in a ferroelectric material below its Curie temperature (T¢) is, in
turn, accompanied by its transformation from a high-temperature
cubic phase to one or more non-centrosymmetric low-temperature
polar crystal phase(s). For temperatures lower than T, the material
can exist in either single or multiple ferroelectric phases as defined
by their crystallography symmetries, such as tetragonal, orthorhom-
bic, or rhombohedral. For each of these phases, there can exist mul-
tiple domain variants in which the polar vectors are misoriented by
either 180° or non-180° depending on specific crystallography sym-
metry. For example, the polarization vectors in adjacent domains
can be misoriented by 90° in the tetragonal phase and 71°/109° in
the rhombohedral phase, in addition to the possible misorientation
of 180° for both these phases. Under the application of an external
stimulus, such as an electric field or stress, the polarization vectors
can be reoriented in a reversible or irreversible manner into direc-
tions that are allowed by crystallography symmetry, which is defined
as domain switching. In cases where multiple phases co-exist, or
where it is energetically favorable, the application of an external stim-
ulus may also trigger a broader realignment of polarization vectors
through phase transformation. The contributions from domain
switching and phase transformation to the functional response of
a ferroelectric are generally categorized as the extrinsic response.
In addition, a part of the macroscopic response of a ferroelectric
also comes from lattice strain caused by the piezoelectric effect,
which is categorized as the intrinsic response. In reality, many of
these mechanisms can simultaneously occur, and all of them
should ideally be considered while evaluating the macroscopic
response of a ferroelectric material. However, for computational
ease, in some cases, only the major contributions may be consid-
ered to obtain approximate solutions.

From a thermodynamic viewpoint, the overall behavior of a
ferroelectric can be divided into a rate-independent reversible
component and a rate-dependent irreversible component.'
Different modeling approaches have been developed to model
these components independently. Within the framework of
Landau-Ginzburg-Devonshire (LGD) theory, the rate-independent
reversible behavior of a single-crystal ferroelectric can be predicted
from thermodynamic models in which the Gibbs free energy of a
material is expressed as a Taylor series expansion of appropriate
order parameters, such as spontaneous polarization or spontaneous
strain.'~* In principle, minimization of the free energy function can
then be used to predict the stability of a particular phase or possible
distortions within a single phase under different conditions of
temperature, stress, or electric field. Note that minimization of the
free energy function can result in multiple solutions for minima
within the three-dimensional orientation space, which can be
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interpreted as different polar domains within a single-crystal mate-
rial. Similar models based on strain spinoidal were also presented,
which can determine the possible number of different strain states
under thermodynamic equilibrium.”” In general, these models have
not been used to predict the evolution of the volume fractions of dif-
ferent polar states in a polycrystalline material, especially under dif-
ferent conditions of the applied electric field or stress.

In contrast to lattice distortion, domain switching is considered
as the major contributor to the rate-dependent irreversible compo-
nent of the total response of a ferroelectric material. To deal with
the rate-dependent irreversible component, mainly, two different
approaches have been developed. In one approach, the switching
between different domain variants is predicted based on the rate of
dissipation of the Helmholtz free energy term due to the changes in
remanent strain and polarization states.””"’ This approach is based
on irreversible thermodynamic models that were originally developed
to describe crystal plasticity. A switching criterion can then be
developed, which requires that this energy dissipation under
external driving forces must be non-negative. An alternate
approach is to use phase-field models in which rate-dependent
Landau equations are applied to model the evolution of domain
and phase microstructures.”’ ” Both of these approaches can be
computationally intensive for polycrystalline samples that take
into account all possible grain orientations, especially if one considers
the possibility of a wide range of polarization states, such as is the
case for co-existing ferroelectric phases. In order to expedite the com-
putation process, Daniel et al. proposed an alternative approach in
which the population of different domain variants is calculated based
on Boltzmann statistical distribution.” Inspired by similar formula-
tions for ferromagnetic materials,”® Daniel et al. proposed that the
relative volume fractions of the different domain variants are related
to their Helmholtz free energies, that is, the useful work performed
by the applied electric field and/or stress.”® This method allows for
the calculation of anhysteretic reversible changes in domain popula-
tions under an applied electric field or stress. The rate-dependent
irreversible part to the domain switching fraction can then be cal-
culated by secondary phenomenological approaches, such as in
Refs. 37-40.

The method described in Ref. 34 is appealing because of its
simplicity and computational ease; however, it requires modifica-
tion for application to more complex scenarios, such as co-existing
multiple phases, temperature changes, or induced phase transitions.
This is because the Helmholtz free energy terms used in the formula-
tion of Boltzmann statistical distribution in that work does not incor-
porate the effect of temperature changes or free energy changes due
to phase transition. In order to take into effect these later aspects, we
propose here an extension of the approach described in Refs. 34-36.
Specifically, we propose incorporation of the Landau free energy
for the application of Boltzmann statistical law for the computa-
tion of the volume fractions of the different domain or phase var-
iants. The use of the Landau free energy, instead of only the
Helmbholtz free energy terms, broadens the applicability of the
model proposed in Ref. 34 to more complex scenarios for actual
materials in service, which often encounter electric fields or stress
in combination with temperature changes and can experience
multiple microscopic phenomena including domain switching
and/or phase transitions.
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The objective here is to quantitatively evaluate the volume
fractions of domain variants with different polarization orienta-
tions in a material with mixed ferroelectric phases. We propose a
methodology that combines the phenomenology of Landau free
energy of ferroelectric phases with Boltzmann statistical analysis.
We present the application of this methodology for the case of the
coexisting tetragonal and rhombohedral ferroelectric phases near
a morphotropic phase boundary (MPB) of the solid-solution of
Pb(Zr,Ti)O3. The methodology presented is generic and has the
potential to be applied for more complex systems, such as more
than two coexisting phases or even highly disordered systems
such as relaxors. First, we lay down the basic phenomenology for
the application of Landau free energy within the framework of
Boltzmann statistical distribution to predict the reversible changes
in domain and phase fractions in a ferroelectric material near the
morphotropic phase boundary (MPB) at the single-crystal level.
Second, we apply the methodology to predict the collective behav-
ior of a polycrystalline aggregate with random orientation distri-
bution. The modeling results are compared with the reported
experimental measurements of domain and phase switching in
PZT ceramics near MPB composition.

Il. BASIC PHENOMENOLOGY

We first examine how the proportion of the various possible
polar distortions changes while traversing across a phase transition
point. We start with the thermodynamic expression of the Gibbs
free energy, AG, in the framework of the Landau-Ginsburg-
Devonshire (LGD) phenomenological model, under zero electric
field and zero stress, and expanded to order 6,77

AG = a; [P} + P3 + P§| + o1 [P} + P + P§]
+ a [PIP; + P3P} + P3Py| + o [P} + PS + P§)
+ a2 [P} (P2 + P2) + Pi(P2 + P?) + P4(P? + P2)]
+ a123P?P2P3, (1)

where Py, P,, and P; refer to the components of polarization P of
a ferroelectric phase along the three axes of the coordinate system
of its parent cubic paraelectric phase. In Eq. (1), coefficients & refer
to the respective dielectric stiffnesses at constant dielectric displace-
ment and constant stress. The stability of the various ferroelectric
phases can be determined by equating %A—P? = 0, while applying spe-
cific symmetry conditions for the different polarization components;
for example, P =P, =0 and P; # 0 for the tetragonal phase,
P, =0 and P, = P; # 0 for the orthorhombic phase, and so on.
Also, in Eq. (1), a is assumed to be temperature dependent, while
all other coefficients are considered to be temperature independent.
LGD phenomenological theory has been successfully used to
describe composition-dependent phase transition across a morpho-
logical phase boundary (MPB), such as in lead zirconate titanate
Pb(Zr,Ti)O5,' " as well as temperature-dependent phase transi-
tion across a polymorphic phase boundary, such as in BaTiOs.""**
However, in many practical cases, one encounters the coexistence
of different phases and, therefore, an important objective is to
determine how the relative volume fractions of domains with
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different polar states change under applied electric fields and/or
stress—this is the problem we address below.

lll. COMPUTATION AT THE SINGLE-CRYSTAL LEVEL

We can apply Eq. (1) to evaluate the three-dimensional
Landau energy surface for different compositions of Pb(Zr,Ti)Os.
The schematic in Fig. 1(a) illustrates the possible deviation of the
polarization vector from the 001 axis, which is defined in terms
of angles y and 6, where y represents the rotation angle from the
100 axis and 0 represents the azimuthal angle from the 001 axis.
The free energy for each orientation of the polarization vector is
calculated following Eq. (1). The values of the coefficients o are
obtained from Haun et al.”' ™ (see the table in Appendix C).
Figure 1(b) shows the profile of Landau free energy G (in J/m®) as
a function of different Zr/Ti ratios in Pb(Zr,Ti)O3 solid-solution
for the (010) plane, that is ¢ = 0°. For this plane, the minima in G
are observed at 6=0° 6=190° and 8=+180° which represent
the orientations of the polarization vector within the different
domain variants of the tetragonal phase. Note that the minima
become sharper with increasing Ti ratio, which indicates that the
tetragonal polar states become highly stable against possible devi-
ations for a higher Ti content. Figure 1(c) shows the profile of
Landau free energy G as a function of different Zr/Ti ratios in
the Pb(Zr,Ti)O; solid-solution for the (110) plane, that is ¢ = 45°.
For the (110) plane, the minima in G are observed at 6 =0° and
6 = +180°, which represent the 180° domain variants of the tetragonal-
like polar states, as well as at 6 =+54.7° and 0 = £125.3°, which
represent the orientation of the polarization vectors within the
different domain variants of the rhombohedral-like polar states
that are oriented along the (111) crystallographic directions.
The energy for the minima with tetragonal and rhombohedral-like
polar distortions has the same value for a Zr/Ti ratio of 52/48;
however, the minima for the rhombohedral polar distortions increase
relative to the tetragonal polar distortions with increasing Ti content.
For intermediate values of ¢ between 0° and 45°, the free energy
profile shows a gradual transition between these two extremes.
Figures 1(d) and 1(e) show the complete energy surfaces for
Pb(Zr,Ti)O5 with reference to the Cartesian coordinate system of
the parent cubic phase for compositions of Zr/Ti ratios of 52/48
and 46/54, respectively.

In order to determine the probability of the various orientations
of the polarization vector, we introduce an internal variable at the
single-crystal level, f,. Here, f, represents the volume fraction of a
family of domains, which has the same orientation of the polariza-
tion vector that is defined by a. The value of f, under an equilibrium
condition can be explicitly calculated following the Boltzmann prob-
ability function, Eq. (2), such as described earlier for both ferromag-
netic and ferroelectric systems,”"36

_ exp(—A.Gi=,)
fa= Zfil exp(—A.G) @

In Eq. (2), G; is the free energy for a probable orientation of the
polarization vector, which is based on one of the K minima in
the free energy surface. A is an adjustment parameter, which can
be related to the range of compositions over which the phase
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FIG. 1. (a) lllustration of a modeling setup for the calculation of Landau free energy, G, corresponding to certain orientation of the polarization vector, which is defined by
two angles ¢ and 6. (b) G for polarization vector orientations within the (010) crystallographic plane, as a function of angle to the 001 axis, 6, and for various Zr/Ti ratios
in Pb(Zr,Ti)O3. (c) Same as in (b), for the (110) crystallographic plane. In (b) and (c), the letters T and R in bold refer to the particular polar orientations corresponding to
the domains in the tetragonal and rhombohedral phases, respectively, (d) and (e) Landau free energy surface for Zr/Ti ratios of 52/48 and 46/54, respectively. (f) Volume
fraction of polar states corresponding to the tetragonal and rhombohedral distortions, as a function of Ti content.

transition occurs as well as the slope of the dielectric susceptibility
of a particular phase near the zero electric field, as we will see
below. In Eq. (2), the denominator is obtained by the summation
of the factor exp(—A.G;) over all probable orientations of the
polarization vector that are defined by the minima in the free
energy surface.

For example, for ¢ =45°, there are six minima (counting one
of either +180° or —180° orientations), which have the same value
of G for the composition Zr/Ti=52/48. Hypothetically, if all the
polarization vectors within the single-crystal are to reside within
the crystallographic plane defined by ¢ =45°, then the application
of Eq. (2) predicts equal volume fractions for each of the six orienta-
tions of the polarization vector. Considering the polarization vectors
with 8 =+54.7° and 6 =+125.3° to belong to the rhombohedral-like
states and 6 = 0° and 6 = +180° to belong to the tetragonal-like states,
the relative volume fractions of the rhombohedral and tetragonal
phases are 2/3 and 1/3, respectively. However, in order to calculate
the relative proportions of all the probable orientations of the polari-
zation vector, we must identify all the local minima from the three-
dimensional energy surface, such as shown in Figs. 1(d) and 1(e),
and subsequently apply Eq. (2) over all the probable polar states. For
the Zr/Ti=52/48 composition, there are six possible tetragonal-like

polar distortions and eight possible rhombohedral-like polar dis-
tortions, all of which have the same minimum energy value.
Accordingly, the application of Eq. (2) predicts the volume frac-
tion of the tetragonal domain variants to be equal to 6/14 and
that for the rhombohedral domain variants to be equal to 8/14.
With increasing Ti content, the minima for the rhombohedral
states are higher as compared to that of the tetragonal states, and
accordingly, as per Eq. (2), the relative volume fraction of the
rhombohedral domains will decrease. The rate of change in
volume fractions of the tetragonal and rhombohedral states as a
function of composition depends on the value of A. The fractions
of the tetragonal and rhombohedral domain variants as a function
of composition, calculated for A=1x 107° m3/], near the MPB
are shown in Fig. 1(f). The exact value of A can be adjusted to
match the temperature range over which the coexistence of multi-
ple polar phases is observed experimentally. Alternately, A can be
adjusted to match the slope of the dielectric response of the mate-
rial at low electric fields.”* Ideally, the value of A can be adjusted
to consistently satisfy both the above criteria. For the current
chosen value of A, the relative volume fraction of the rhombo-
hedral variants asymptotically approaches zero for a Zr/Ti ratio
of ~46/54.
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A. Application of electric-field

As shown by Damjanovic," the LGD phenomenological model
can be used to predict the susceptibility of polar distortions from the
ideal symmetry of a specific ferroelectric phase under small distur-
bances. For example, in the tetragonal phase, one can characterize the
susceptibility for rotation of the polarization vector from the ideal
polar 001 axis by evaluating the complete energy surface in the cubic
coordinate system and considering the flatness of the energy surface in
the three-dimensional orientation space. Here, we explore the use of
Boltzmann statistics to predict the change in fractions of different
polar states under the application of an electric field.

In order to identify the possible polar distortions under the
application of an external electric field, Eq. (1) can be further
expanded as follows:

(a)

Grain1
001

Grain2
111

ARTICLE pubs.aip.org/aip/jap

AG = o [P} + P} + P}] + o [P} + P; + Py]
+ a2 [PLP; + P3PS + PP] + annt [P + PS + P
+au [P{(P; + P3) + Py (P5 + PY) + P3(P{ + P3)]
+ a123P;P3P; — P\E; — P,E; — P3E;, (3)

where E; refers to the electric-field components along the three axes
of the coordinate system of the parent cubic paraelectric phase.

Note that in a polycrystalline material, the orientation of the
electric field for each single crystallite will be different depending
on its relative orientation with respect to the macroscopic electric-
field direction. This is illustrated in Fig. 2(a). For Grain 1, the
electric field is applied parallel to the 001 crystallographic axis,
while for Grain 2, the electric field is applied parallel to the 111

Zr/Ti: 52/48

E =1kV/mm
001

(c)

E 1 001

001

E Il 111

FIG. 2. (a) lllustrative example of the orientation of two different grains with respect to the applied electric field. (b) Definition of the electric field direction with respect to
the crystallographic directions, as defined by angles &g and 6. (c) lllustration of the distortion of the Landau free energy surface for two different directions of an applied

electric field, E.
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crystallographic axis. In order to determine the responses of these
two different grains, we will need to evaluate the components Ej,
E,, and E; of electric field E along the three axes of the Cartesian
coordinates of the parent cubic phase. To generalize the situation, we
can determine the distortion of the Landau energy surface for differ-
ent orientations of the electric field, as illustrated in Fig. 2(b), where
&g and O define the orientation of the electric-field direction with
respect to the cubic coordinate axes. Figure 2(c) shows the dis-
tortion of the Landau energy surface for the composition 52/48,
and for E| 001 and E| 111. The relative distortions of the
energy surfaces in these two situations influence the minima in
energy corresponding to the different polar distortions and, con-
sequently, the relative volume fractions of the tetragonal and
rhombohedral domain variants. The degree to which the energy
surface is distorted under an applied electric field also depends on
the relative value of the electric-field energy term —P.E with
respect to the minima in the energy surface under the zero field
condition.

Figure 3(a) shows G for polarization vectors within the plane
(010) and with orientation 6 with respect to the 001 axis, for three
different values of the electric field applied parallel to the 001 direc-
tion [as illustrated for Grain 1 in Fig. 2(a)]. It is clear that with
increasing electric-field magnitude, the domains with polarization
vectors parallel to 001 have a lower free energy as compared to
those with polarization vectors having orientations of 6 = +90° and
0 =+180°. For polarization within the (110) plane [and electric
field as illustrated for Grain 1 in Fig. 2(a)], Fig. 3(b) similarly
shows changes in the energy levels of the different possible polar
states under the applied electric field. For the latter case, the energy
level corresponding to the polarization vector parallel to 001 (that is,
0=0° is lower than that corresponding to the orientations of ©
equal to *54.7°,+125.3°, and +180°. However, the difference in
energy levels corresponding to 6=0° and 6 =+54.7° is lower than
the same calculated for 6 =0° and 6 = +90°. Accordingly, depending
on the changes in their relative energy levels, the volume fractions of
different domain variants as a function of electric-field magnitude
can be calculated using Eq. (2). Figure 3(c) illustrates the different
possible orientations of the polarization vectors within the tetrag-
onal and rhombohedral domain variants, and their relation to the
applied electric field direction. The polar domains are defined as
per the orientation of their polarization vectors with respect to
the electric field direction. For example, domains marked R1 and
R2 have their polarization vector oriented at +54.7° and +125.3°
with respect to the electric-field direction, respectively. Similarly,
domains marked T1 have their polarization parallel to the applied
electric field direction, while those marked T2 and T3 have their
polarization vector oriented 180° and +90° with respect to the
electric-field direction, respectively.

Figure 3(d) shows changes in the volume fractions of these
different domain variants with increasing electric field. For the
tetragonal domain variants, the polarization vector for T1 is favor-
ably oriented with respect to the electric-field direction and, there-
fore, domains with this polarization orientation grow in volume
fraction with increasing electric field at the expense of domains T2,
T3, and R2. Interestingly, the volume fraction of domains marked
R1 initially increases with the increasing electric field but, subse-
quently, decreases for higher electric-field magnitudes. In
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physical terms, this can be interpreted as a process whereby
switching between 90° domain variants of the tetragonal phase
proceeds through an intermediate transition from unfavorably
oriented tetragonal domains (T2 and T3) to favorably oriented
rhombohedral domains (R1). For electric-field magnitudes
higher than 1kV/mm, the polarization process is solely deter-
mined by the transition from R1 to T1 domain variants.

Figure 3(e) presents the changes in different domain variants
under the same set of conditions as described above, but for the
Zr/Ti ratio of 50/50. In this case, the overall volume fraction of the
rhombohedral phase variants is much lower as compared to that
for the 52/48 (Zr/Ti) composition. Consequently, as can be seen
from Fig. 3(e), the dominant process for polarization switching in
this case is the direct transition from T3 domains to T1 domains,
that is 90° domain switching.

Figure 3(f) shows the relative volume fraction of the tetragonal
and rhombohedral phase variants as a function of electric field for
two different compositions. It is clear that phase switching plays an
important part for electric-field-induced polarization change in the
52/48 composition, but almost no role for the 50/50 composition.
In other words, the predominance of a specific mechanism toward
polarization switching, viz., switching between the domains of a
ferroelectric phase or switching between different ferroelectric
phases is dependent on the relative stability of these polar states as
determined by Boltzmann statistics.

Figure 4 presents the results for the changes in different
domain variants of the tetragonal and rhombohedral phases for the
electric field applied along the 111 direction, that is, for the situa-
tion illustrated for Grain 2 in Fig. 2(a). For the electric field applied
along the 111 direction, Figs. 4(a) and 4(b) illustrate changes in the
G profile for polarization vectors within the (010) and (110) planes,
respectively. Figure 4(c) illustrates the polarization vectors for dif-
ferent possible domain variants, and their relative orientation to
the applied electric field direction. In this case, the application of
an electric field creates a positive energy bias for certain domain
variants. For example, the polarization directions of 001 and 100
within the (010) plane have lower free energy G as compared to
directions 001 and 100, as illustrated in Fig. 4(a). Similarly, the
polarization direction of 111 is the most favored and has the
lowest value of G among all other directions within the (110)
plane, as shown in Fig. 4(b). The change in different domain vari-
ants, calculated based on Eq. (2) and the relative free energy
changes, are shown in Figs. 4(d) and 4(e) for compositions, 52/48
and 50/50, respectively. In contrast to what is shown in Fig. 3(d),
Fig. 4(d) shows that the application of an electric field along the
111 direction favors a growth of the R1 variant of the rhombohe-
dral phase, at the expense of other rhombohedral and tetragonal
domain variants. However, for the 50/50 composition, the tetrag-
onal domain variant T1 initially grows for lower values of electric
field applied along the 111 direction, followed by the growth of
the rhombohedral R1 domain variant at higher field magnitudes.
The results shown in Figs. 4(d) and 4(e), therefore, illustrate that
for grains that experience an electric field along the 111 direction,
the rate of electric-field-induced transition from the tetragonal to
the rhombohedral phase depends on the Zr/Ti ratio near the
MPB. This is made clear from the plot shown in Fig. 4(f), which
indicates relative volume fractions of the rhombohedral and
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tetragonal phases as a function of electric field and for two differ- shows the different polarization responses of grains with their
ent compositions. 001 axes oriented parallel to the electric-field directions, for two
The rate of different microscopic processes is expected to influ- different compositions of 52/48 and 50/50. Notably, grains of this
ence the electric-field induced response of a material. For example, as orientation show a more gradual increase in polarization with
shown in Fig. 3, the switching between tetragonal and rhombohedral increasing electric field for the 52/48 composition than that for
ferroelectric phases plays a dominant role for the 52/48 composition, the 50/50 composition. However, this situation changes for the
while the switching between different domain variants within the grains with their 111 axis parallel to the electric-field direction.
tetragonal phase, instead, plays a more dominant role for the 50/50 As shown in Fig. 4, for this specific orientation, switching

composition. The consequence of this is illustrated in Fig. 5(a), which between the tetragonal and the rhombohedral phase variants is
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FIG. 5. Polarization response of grains with two different orientations, (a) electric field parallel to the 001 direction, (b) electric field parallel to the 111 direction, plotted for
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the predominant mechanism for both 52/48 and 50/50 composi-
tions; however, this process progresses more gradually with
increasing electric field in the latter case. The consequence of this
is illustrated in Fig. 5(b), which shows for grains with their 111
axis parallel to the electric-field direction; polarization increases
more gradually with increasing electric field for the 50/50 compo-
sition as compared to the 52/48 composition.

Figure 5(c) shows the corresponding normal strain €33
response of grains with their 001 axes oriented parallel to the
electric-field direction, for two different compositions of 52/48 and
50/50. The method for calculating the total spontaneous strain
matrix for a mixture of different domain variants is described in
Appendix A. The values plotted in Fig. 5(c) indicate the strain for a
certain grain relative to its state at zero electric field. Figure 5(d)
similarly shows the corresponding normal strain €33 response of
grains with their 111 axis oriented parallel to the electric-field direc-
tion, for two different compositions of 52/48 and 50/50. Note that for
the above calculations, we considered polarization and strain changes
as a result of domain or phase changes alone. For clarity, the induced
polarization and strain responses due to linear dielectric and pie-
zoelectric effects are not included, which are, at least, one order
of magnitude lower than the corresponding effects due to the
domain/phase changes. Switching among the tetragonal domain
variants produces a larger strain as compared to the switching
among the rhombohedral domain variants, due to a lower value
of spontaneous strain Sy for the latter (see Appendix A). A comparison
of the results shown in Figs. 5(c) and 5(d) indicates that the €33 strain
response measured along the 001 axis is larger for the 50/50 composi-
tion, while the €33 strain response measured along the 111 axis is
larger for the 52/48 composition.

B. Application of mechanical stress

In many different applications, ferroelectric ceramics are also
subjected to mechanical stress, either solely or in conjunction with
electric field.*”™*> For example, actuator components are likely to
experience some pre-existing mechanical loads, even if uninten-
tional. In addition, intergranular stresses are known to exist in
polycrystalline ceramics.*® Therefore, it will be interesting to know
how much such stresses affect the volume fractions of the different
domain/phase variants.

In order to identify the possible polar distortions under the
application of an external stress, Eq. (1) can be further expanded as
follows:

AG = ay [P} + P2 + P3| + a1 [P} + P2 + PY]
+ a1 [PLP; + P3PS + PiPY] + o [P} + P + PS)]
+ o2 [Py (P + P3) + Py (P5 + PY) + P5(P + P3)]
1
+ a13P P3P — 5s11 [X] + X3 +X3]

= Sn[XiXs + X0 X5 + X3Xi] — %&;4 [X;+ X2 +X¢]
—Qu [lef +X2P§ + X3P§]

—Qu[X, (P2 + P2) + X, (P2 + P?) + X, (P? + P)]

— Qu[X,P2Ps + XsPsPy + X;P1 P2, (4)
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where Xj,..., X¢ refer to the components of the stress tensor
as X, =01, Xo =0», X3=033, X4=023 Xs=o013 and
Xs = 013, Sjj refers to the elastic compliances at constant polariza-
tion, Qj; refers to the electrostrictive coupling between ferroelectric
polarization and stress, and all other variables have the same
meaning as described for Eq. (1). The volume fractions of the dif-
ferent domain/phase variants are then calculated based on the
value of AG under applied stress and by applying Eq. (2) in the
same manner as described in Sec. IIT A.

We evaluated the effect of normal stress, X, applied parallel
to either 001 or 111 crystal axes, and for two different compositions
52/48 and 50/50, as illustrated in Figs. 6(a) and 6(d). Figure 6(b)
shows changes in the volume fractions of the tetragonal and rhom-
bohedral domain variants under tensile and compressive stresses.
It shows that the application of either tensile or compressive stress
favors an increase in the tetragonal domain variants at the expense
of rhombohedral domain variants. Similarly, Fig. 6(c) shows that the
application of normal tensile or compressive stress, X3, along the 111
crystal axis favors rhombohedral domain variants at the expense of
tetragonal domain variants. In both cases, there exists asymmetry
whereby phase transition is stronger under tension than the same
under compression. The resulting strains arising from ferroelastic
domain-switching/phase transition under tensile/compressive stress
applied along the 001 and 111 crystal axes are shown in Figs. 6(c)
and 6(f), respectively. Note that linear elastic strain resulting from the
application of stress is not included in this calculation for clarity, but
they can be superimposed to the corresponding ferroelastic and phase
transition strains. For stress applied parallel to the 001 crystal axis, the
ferroelastic strains under both tensile and compressive stress are larger
for the composition 50/50 than the same for composition 52/48.
In comparison, for stress applied parallel to the 111 crystal axis, the
strains under both tensile and compressive stresses are larger for the
composition 52/48 than the same for composition 50/50. In addition,
the saturation strain is also larger for tension as compared to that for
compression. This reflects the fact that for the stress applied along
001 and for a positive value of spontaneous strain, a maximum of
2/3 of the tetragonal non-180° domain variants can be reoriented
under tensile stress, while a maximum of 1/3 of the tetragonal
non-180° domain variants can be reoriented under compressive
stress, relative to the zero stress state. Similarly, for the stress
applied along 111 and for a positive value of spontaneous strain, a
maximum of 3/4 of the rhombohedral non-180° domain variants
can be reoriented under tensile stress, while a maximum of 1/4 of
the rhombohedral non-180° domain variants can be reoriented
under compressive stress, relative to the zero stress state.

C. Simultaneous application of mechanical stress
and electric field

In reality, ferroelectric devices often experience a combination
of mechanical loads and electric field.*”~** Even when only an elec-
tric field is applied to a ferroelectric ceramic component, differently
oriented grains can experience intergranular stresses.’ It is, there-
fore, of interest to examine how domain switching and phase tran-
sition proceed under such a combined electromechanical loading
scenario. We examine here a particular case of application of the
incremental electric field under a constant compressive stress for
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the MPB composition 52/48, and for two different crystal axes, as
depicted in Figs. 7(a) and 7(e). For the evaluation of the Landau
free energy under combined electromechanical loading, we combine
Egs. (2) and (3). Thereafter, the procedure followed to evaluate the
equilibrium volume fractions of the different domain variants is the
same as described above.

For the simultaneous application of mechanical stress and
electric field along the 001 crystal axes, the change in the volume
fraction of the tetragonal and rhombohedral phases is shown in
Fig. 7(b). Under increasing magnitudes of compressive stress and
for electric-field amplitudes greater than 1kV/mm, the volume
fraction of the tetragonal phase decreases, while that of the rhom-
bohedral phase increases. Interestingly, the volume fraction of the
tetragonal (rhombohedral) phase initially decreases (increases) with
the application of smaller electric fields, before eventually increasing
(decreasing) under higher electric fields. The resultant polarization
and strain responses are shown in Figs. 7(c) and 7(d), respectively.
The electric-field-induced polarization is lower for increasing magni-
tudes of compressive stress under intermediate electric-field values,
although saturation polarization is approached under higher
electric fields. A similar behavior is observed for the induced
strain due to combined domain-switching and phase transition
mechanisms, as shown in Fig. 7(d). Note that the apparent strain
is slightly larger at higher electric fields under compressive
stress, which is due to the fact that the overall strain is computed
relative to the initial state and the material is initially com-
pressed under zero electric field.

Figures 7(f)-7(h) show the changes in phase volume fractions,
as well as polarization and strain responses under the simultaneous
application of compressive stress and electric field parallel to the
111 crystal axis. In this case, as shown in Fig. 7(f), the volume
fraction of the tetragonal phase increases, while that of the rhom-
bohedral phase decreases under increasing magnitudes of compres-
sive stress. Additionally, both electric-field-induced polarization and
strain values are lower under intermediate electric-field values
and for increasing magnitudes of compressive stress, as shown in
Figs. 7(g) and 7(h); however, saturation is approached in both
cases under higher electric fields. Note that the effect of a com-
pressive stress on electric-field-induced polarization/strain is rela-
tively weaker for the situation depicted in Fig. 7(b), as compared
to the same for what is shown in Fig. 7(a). This is caused by how
the differences between the energy minima of the different
domain variants are relatively affected under different electrome-
chanical loading scenarios.

D. Generalization to all orientation states

At this point, we can generalize the methodology to compute
the extent of phase transition for any relative misorientation between
the crystal axes and the axes of the applied electric field and/or
stress. A convenient way to represent the results is through the use
of inverse pole figures, as shown in Fig. 8. The stereographic pro-
jections are made with respect to the (001) cubic axes as indicated
in Fig. 8. Various points on the stereographic projection indicate
the directions of the applied electric field or the axis of the
applied uniaxial stress with respect to the crystallographic pseudo-
cubic 001 crystal axes.

ARTICLE pubs.aip.org/aip/jap

The top two panels in Fig. 8(a) indicate changes in the tetrag-
onal and rhombohedral volume fractions for different directions
of the applied electric fields and for different field magnitudes.
The changes in phase volume fractions become more prominent
for applied electric fields higher than 1 kV/mm. This is consistent
with the general experimental observations, such as in Ref. 47.
The plots indicate the different regions within the orientation space
that favors an increase/decrease in either the tetragonal or rhombohe-
dral phase volume fractions. The tetragonal phase fraction increases
for electric field directions closer to the (001) crystal axes, while it
decreases for electric field directions closer to the (111) crystal axes.
Conversely, the rhombohedral phase fraction increases for electric
field directions closer to the (111) crystal axes, while it decreases for
electric field directions closer to the (001) crystal axes.

Figure 8(b) indicates the extent of changes in relative phase
fractions for applied tensile/compressive stresses and for the com-
bined application of an electric field and stress. In the case of
applied compressive stress, the separation between the regions with
preference for either the tetragonal or the rhombohedral phase is
more diffused as compared to what is observed for an applied elec-
tric field or tensile stress alone. In the case that an electric field and
stress are applied simultaneously, a convolution of the effects
observed for each of these cases can be expected, as depicted in
Fig. 8(c). For the simultaneous application of a positive electric
field and compressive stress, the boundaries between the regions
with different phase preferences are very much diffused and the
rhombohedral phase has a higher preference, in general. In contrast,
for simultaneously applied positive electric field and tensile stress,
the different regions in the orientation space with preference for
tetragonal and rhombohedral phases are more clearly defined.

IV. APPLICATION TO POLYCRYSTALLINE ACGREGATES

Once the behavior of single crystallites for all different orienta-
tions (with respect to macroscopic electric field and/or stress) are
determined, we can proceed to estimate the functional response of
a polycrystalline aggregate by averaging over all orientation states.
In a simple approach, the electrics field and stress can be assumed
to be uniformly applied to each single crystallite in a polycrystalline
ensemble. In this case, one can obtain the response of the polycrys-
talline aggregate by simply averaging over all the orientation states,
such as those adopted in Refs. 48 and 49. In a further refinement,
one can take into account the grain-to-grain interactions and
re-optimize the level of the localized electric field and stress that
are internally experienced by each single crystallite; such models
have been used, for example, in Refs. 28, 34, and 50. Here, we use
the former approach, that is, we consider the electric field and stress
to be uniform for all single-crystal grains, as a first-approximation to
characterize the progressive evolution of domain and phase volume
fractions in a material. The effect of field and stress localization will
be provided in a subsequent article.

A. Domain and phase switching

First, we simulate the microstructure of a polycrystalline
ceramic with 20 000 grains with a random texture. This is done
by assigning random values to the three Euler angles ¢, v, and
¢,, as described in Appendix B. The computed results are
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presented by grouping different orientations in terms of their Figure 9 shows the changes in volume fractions of the ¢- and
azimuthal angles y into bins of 10° intervals. This is done to cor- a-domains of the tetragonal phase, as well as the rhombohedral
relate the modeling results with the results of in situ x-ray diffrac- phase volume fraction, for various azimuthal (y) angle bins, for
tion measurements, which typically follow this convention, such composition with a Zr/Ti ratio of 52/48. The various azimuthal
as in Refs. 46 and 51-53. angular bins with respect to the electric field direction are
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indicated in Fig. 9(a). Within the azimuthal angular range of
0°-40°, the volume fraction of the c-domains increases while that
of the a-domains decreases; the opposite is observed for the
angular range of 70°-90°. For the azimuthal angular range of
30°-70° the relative volume fraction of the a- and c-domains
exhibit relatively smaller changes. Additionally, for the angular
range of 30°-70° an increase in the rhombohedral phase volume
fraction with an applied electric field can be observed, especially
for electric fields higher than 1 kV/mm. In order to quantitatively
represent the microstructural changes, we further compute the
following two quantities:

Vi
n=——, ©)
Vooz + Vano

\%
R= —*_, (6)
Vr+ Vi

where Vi, and Vo represent the c- and a-domain volume fractions
of the tetragonal phase, respectively; Vr and Vi represent the
volume fractions of the tetragonal and rhombohedral phases, respec-
tively. An and AR represent changes in the values of these variables,
with respect to their original values at zero applied electric fields.
In effect, An represents the degree of 90° domain switching and
AR represents tetragonal <> rhombohedral phase switching under the
application of an electric field and/or stress. Figure 9(k) shows An as
a function of y for various magnitudes of applied electric fields.
The dotted line indicates the baseline of An =0 for zero applied
electric fields. The computed angular distribution for An is consistent
with that of the experimental measurements reported for PZT
ceramics near MPB composition.” """

Figure 9(I) similarly shows the angular distribution of AR
for various applied electric field magnitudes. The results provide
a phenomenological understanding of the experimental reports of
electric-field-induced phase transformations for materials near MPB.
For example, Fig. 10(a) shows changes in the {002} diffraction peak
profile in PZT ceramics with composition near the MPB under an
applied electric field along the direction that is rotated 45° from the
002 diffraction wavevector.”” This is made clear by the illustration on
the right (added by us), which indicates that the 002 diffraction peak
in Fig. 10(a) arises from specific sets of grain families for which the
pseudocubic 001 crystal orientation is rotated 45° with respect to
the electric-field direction, without any distinction for the crystal
orientation transverse to the diffraction wavevector k. The result
in Fig. 10(a) is correlated to the predicted response shown in
Fig. 9(f), which shows an increase in the rhombohedral phase
fraction with a corresponding decrease in the tetragonal phase
fraction. Similar results were also reported for the solid-solution
system of PbTiO;-BiScOs,”* which exhibits an MPB similar to
PZT. Note that, in our modeling, we have considered the polariza-
tion states near (111) directions as “rhombohedral;” however, the
flatness of the energy profile means that small deviations from the
ideal rhombohedral states with (111) polarization directions can
occur, which can be interpreted as “monoclinic,” such as reported
in Refs. 47 and 54. For y = 0°—30°, our modeling indicates large
negative values of AR, that is, a rhombohedral-to-tetragonal phase
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FIG. 10. (a) Change in the 002 diffraction peak profile from a PZT ceramic of
MPB composition under the application of an electric field, E, which is rotated
45° from 002 diffraction wavevector; reproduced with permission from
Hinterstein et al, Phys. Rev. Lett. 107, 077602 (2011). Copyright 2011
American Physical Society. (b) Change in the 002 diffraction peak profile from a
PZT ceramic of MPB composition under the application of an electric field, E,
which is parallel to the 002 diffraction wavevector; reproduced with permission
from Liu et al, J. Am. Ceram. Soc. 88, 210-215 (2005). Copyright 2005
American Ceramic Society. The crystallographic illustrations are added by us to
indicate the diffraction geometry. 001, refers to the pseudocubic 001 crystal
axes, while k indicates the diffraction wavevector.

transition for grains of these orientations. This is also validated
by the results from in situ XRD experiments, such as reported by
Ref. 55 and shown in Fig. 10(b). Note that, for this case, the 002
diffraction peak in Fig. 10(b) arises from specific sets of grain
families, for which the pseudocubic 001 crystal orientations are
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approximately parallel with respect to the electric-field direction,
without any distinction for the crystal orientation transverse to
the diffraction wavevector k, such as illustrated in the bottom
panel (added by us). As shown in Fig. 10(b), for a PZT ceramic of
MPB composition, the rhombohedral domain variants have a
larger contribution to the overall 002 diffraction peak intensity at
zero electric field, as compared to that under electric field E that
is applied approximately parallel to the 001 crystallographic poles.
These results can be compared to the predicted response shown
in Fig. 9(b), which shows an increase in the tetragonal phase frac-
tion with a corresponding decrease in the rhombohedral phase
fraction.

The domain and phase switching behavior in polycrystalline
PZT with a Zr/Ti ratio of 50/50 is shown in Fig. 11. For Zr/Ti= 50/50,
the volume fraction of the rhombohedral phase is much lower as com-
pared to that observed for Zr/Ti=52/48. However, the angular distri-
bution of An observed for Zr/Ti=50/50 is similar to what is
observed for Zr/Ti=52/48. This is not surprising since the
change in free energies of the polarization states for the a- and
c-domains remains unchanged with composition, although the
absolute values of their volume fractions are changed. In addition, we
can note from Fig. 11(1) that the extent of rhombohedral-to-tetragonal
phase transition is reduced as compared to Zr/Ti=52/48, while the
angular range for tetragonal-to-rhombohedral phase transition is
broadened.

The domain and phase switching behavior can be also subject
to change under the simultaneous application of an electric field
and stress. An example of this is illustrated in Fig. 12, which shows
electric-field-induced evolution of various domain volume fractions
for different azimuthal angular ranges under the simultaneous
application of an electric field and a constant compressive stress
of —10 MPa. Interestingly, for y = 0°—30° and y = 70°—90°, one
can observe an initial increase in the rhombohedral phase fraction
for electric-field magnitudes lower than 1kV/mm, followed by a
subsequent decrease of the same under higher electric fields.
The angular distribution of An and AR are shown in Figs. 12(k)
and 12(1), respectively. It shows that An or domain switching is
initially suppressed for field magnitudes below 1kV/mm, but
then accelerates under higher electric fields. Also, for angles
closer to the electric-field direction, there is an increase in
the rhombohedral phase fraction for electric fields lower than
1kV/mm, which is subsequently reversed for higher electric-
field magnitudes.

B. Contribution to macroscopic response

The modeling results presented above correlates with the
earlier experimental reports and indicate that grains with different
orientations within a polycrystalline aggregate can exhibit different
domain/phase switching behaviors depending on their specific ori-
entations with respect to the macroscopic field/stress direction.
Depending on specific grain orientations, the dominant microscopic
mechanism can be either 90° domain switching or rhombohedral-
to-tetragonal or tetragonal-to-rhombohedral phase transition.
Therefore, a pertinent question is which one of these mechanisms
is the most significant contributor to the macroscopic functional
response of a polycrystalline ceramic. In order to answer this, we
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next calculate the relative contributions of grains with different
orientations to the macroscopic material response, based on the
results of An and AR, such as presented in Figs. 9, 11, and 12.
Once the values of An and AR are calculated for a specific grain
orientation, the corresponding polarization and strain contribu-
tions from domain/phase switching are obtained through a tenso-
rial transformation as explained in Appendixes A and B.

Figure 13 shows the contributions to the macroscopic polari-
zation and strain from single-crystal grains of different orientations,
which are defined with respect to the range of azimuthal y angles,
as defined in Appendix B. It is convenient to define the relative
contributions from grains of different orientations based on their
relative azimuthal orientation angle y, since a polycrystalline ceramic
can be assumed to be transversely isotropic with respect to an
applied electric field or uniaxial stress direction. The azimuthal
sectors represented in Fig. 9 also correlate well with the conven-
tion typically used for in situ x-ray diffraction measurements,
such as in Ref. 51. Figures 13(a) and 13(b) compare the polariza-
tion and strain contributions from grains of different azimuthal
orientations for the two different compositions of Zr/Ti=52/48
and Zr/Ti=50/50. Figure 13(c) compares the contributions to
polarization and strain from grains of different azimuthal orienta-
tions for the composition 52/48 under applied electric fields and
a constant applied stress of —10 MPa.

The macroscopic polarization and strain curves shown in
Fig. 13 can be compared with the corresponding, experimentally
determined anhysteretic curves, such as described in Refs. 56
and 57. The anhysteretic curve refers to the predicted material
response in the stable equilibrium state for certain values of the
applied electric field and/or stress, without the effects of dissipative
microscopic phenomena such as defect pinning of domain or phase
boundary motion. Further details for the determination of anhyste-
retic polarization/strain curves can be found in Refs. 56 and 57. The
computed values for macroscopic polarization and strain (Fig. 13)
match reasonably well with those of anhysteretic curves measured
for commercial PZT ceramics with composition near the MPB
(52/48 ratio for Zr/Ti) (Ref. 57), as shown in Fig. 14. The experi-
mentally measured maximum electric-field-induced anhysteretic
strain is slightly lower than that obtained from the current model,
which is likely due to the effect of intergranular constraints.’">
The effect of intergranular constraints on macroscopic response
will be considered in future studies.

Furthermore, we can separate the relative contributions from
grains with different orientations into three separate groups: (a) group
I for y = 0°—30° (~13% of grains for random texture) that exhibits
positive(negative) values for An (AR), (b) group II for y = 30°—70°
(~52% of grains for random texture) that exhibits positive values for
AR and relatively smaller An, and (c) group III for y = 70°—90°
(~35% of grains for random texture) that exhibits negative values for
both An and AR. Groups I and III represent grain orientations in
which 90° domain switching and rhombohedral-to-tetragonal phase
transition are the dominant microscopic mechanisms. Group II repre-
sents grain orientations in which tetragonal-to-rhombohedral is the
dominant microscopic mechanism. In all cases, the relative contribu-
tions to macroscopic polarization from grains of Groups I, II, and III
roughly scale with their relative volume fractions. However, it is not
the case for their strain contributions.
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The relative contributions to strain from grains of Groups I, 52/48 and 50/50, respectively; however, both these values approach
I, and IIT are depicted as a function of electric field in Fig. 15. ~0.37 for an electric field of 2 kV/mm. This provides an estimate of
The contributions to macroscopic strain from grains of Group II the relative contributions to the overall strain from grains in which
for small electric fields are ~0.41 and ~0.32 for compositions of  the tetragonal-to-rhombohedral phase transition constitute a major
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FIG. 12. Same as in Fig. 9, but for the simultaneous application of an electric field and a constant compressive stress of —10 MPa.

electric-field-induced microscopic phenomenon. The remaining
contribution comes from grains in which 90° domain switching
and rhombohedral-to-tetragonal phase transition are the dominant
microscopic mechanisms, that is Group I and Group II It is notable

that the relative contribution from Group II grains increases under a
compressive stress as compared to the zero stress condition; however,
it also decreases with increasing electric fields. Overall, for PZT
ceramics of compositions slightly on the tetragonal side of the MPB,
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we can estimate that (a) grains with net tetragonal-to-rhombohedral
phase transition (~52% of grains for random texture) contribute
roughly 30-40% of the overall strain, and (b) grains with net
rhombohedral-to-tetragonal phase transition and large 90° domain
switching (~48% of grains for random texture) contribute roughly
60%-70% of the overall strain.
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50/50, (b) a Zr/Ti ratio of 52/48 under combined applied electric fields and cons-
tant compressive stress.

V. CONCLUDING REMARKS

In summary, we presented here a generic model based on a
combination of LGD phenomenological theory and Boltzmann sta-
tistics, which can be used to predict domain switching and/or phase
transition in complex ferroelectrics with multiple coexisting polar
phases. The methodology allows for the examination of material
behavior under different loading conditions, such as electric field
and/or stress, as well as taking into account the relative grain orienta-
tions. Additionally, it is possible to incorporate more complex sce-
narios such as temperature variations, as long as the temperature
dependence of the Landau coefficients is known.

The results presented here are noteworthy in underlining the
significance of specific grain orientations while discussing the relative
importance of either domain switching or phase transition phenome-
non toward the functional response of a ferroelectric material. The
results indicate that generalizations relating enhanced properties in
the ferroelectrics of certain composition to solely domain switching
or phase transition need to be properly examined. In order to inter-
pret the macroscopic response of a polycrystalline material, it is nec-
essary to consider grains of all possible orientations and weighing
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their relative contributions to the macroscopic behavior. The method-
ology for the same is provided here in the framework of a polycrystal-
line aggregate with random texture, which allows for the estimation
of relative contributions from the families of grains that undergo dif-
ferent degrees of phase transition and domain switching phenomena.
An important result from our model is that, for PZT composition
near the MPB, grain families that exhibit a larger 90° domain switch-
ing and a net rhombohedral-to-tetragonal phase switching have a
larger contribution to macroscopic electric-field-induced strain, as
compared to the grains that exhibit a net tetragonal-to-rhombohedral
phase switching.

One limitation of the current model is that the effect of inter-
granular constraints on polarization and strain responses has not
been included. This will be important for comparative studies of
material behavior over a broader range of crystallographic distor-
tions or to consider the effects of different grain sizes. A possible
means for the inclusion of intergranular interaction effects has
been described in Ref. 34; the application of which to the current
model will be explored in future studies. In addition, the expansion
of the current model to include hysteresis effects will also be under-
taken in the future.
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APPENDIX A: CALCULATION OF DOMAIN-SWITCHING
STRAINS

In a tetragonal crystal, the six possible polarization directions
are along the (001) pseudo-cubic crystal axes, which are indicated
in Fig. 16(a). The spontaneous strains corresponding to each of
these six possible polarization directions are as follows: ™

(b)

001

FIG. 16. Definition of the polarization directions for (a) tetragonal domains, (b) rhombohedral domains, with respect to pseudocubic crystallographic coordinates.
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s [-1 0 0] s [0 1 -1
el == _—1 o, =B o 1], (A2)
3lo o 2 311 -1 o0
20 0 where Sy = (%) (% - 1), di11, and dy;7 correspond to 111 and
£T3 — T4 _% 0 -1 0 |, 111 plane spacings, respectively. For rhombohedral domains,
3 0 0 —1 we used Sy = 0.63%.
N N For a given condition, the total spontaneous strain matrix of a
crystallite is obtained by the summation of the spontaneous strain
1 0 01 matrices of domains corresponding to each of these fourteen dif-
s 6 S0 ferent polarization states (six for tetragonal domains and eight for
£ =€ =3 0 2 0, (A1) rhombohedral domains), weighted by their respective volume
L0 0 —1] fractions.

where Sy = (% — ), dpo1, and djop correspond to 001 and 100

plane spacings, respectively. For tetragonal domains, we used
Sop = 2.15%. T1 and T2 are referred to as c-domains, while T3, T4,
T5 and T6 are referred to as a—domains.

In a rhombohedral crystal, the eight possible polarization
directions are along the (111) pseudo-cubic crystal axes, which
are indicated in Fig. 16(b). The spontaneous strain correspond-
ing to each of these eight possible polarization directions are as
follows:”

APPENDIX B: TENSORIAL TRANSFORMATION
FOR POLYCRYSTALLINE ENSEMBLE

A polycrystalline microstructure is simulated by introducing
relative orientations between the crystallographic axes (or the LGD
frame) and the macroscopic frame that is used to define the direction
of the applied electric field/stress. To accomplish the above, we define
the three Eulerian angles that define the mutual orientation between
the two set of axes: (1) one that is defined by the pseudocubic crystal-

01 1 lographic axes (or the LGD frame), and (2) the macroscopic frame
Rl — R — % 1 0 11, that is convenient to define the applied electric field/stress or induced
3111 0 polarization/strain response. The three Eulerian angles are defined as
follows: g
In the illustration shown in Fig. 17, the crystal axes are 2
s |0 -1 1 kept fixed while the macroscopic frame is rotated with respect §
=21 1 o0 1], to the fixed crystal axes. The first rotation is a counterclockwise §
3 1 -1 0 rotation around axis Z; by angle ¢;, which is defined by the 5
transformation matrix 5
S 0 -1 1 cos¢, sin¢g; 0
L=l =2|_1 0o 1], ar= | —sin¢; cos¢; 0
3 1 1 0 0 0 1

Rotated
[
S)Z:ta - coordinate
(LGD frame) system to define

1st rotation

2nd rotation

stress/strain

3rd rotation

FIG. 17. Definition of Euler angles that define the mutual orientation between the crystal axes (fixed) and the macroscopic sample coordinates.
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The second rotation is a counterclockwise rotation around a
new axis Z; by angle v, which is defined by the transformation
matrix

1 0 0
apr= |0 cosy siny
0 —siny cosy

The third rotation is a counterclockwise rotation around a
new axis Z; by angle ¢, which is defined by the transformation
matrix

cos¢, sing, 0
agp = | —sin¢, cos¢, 0
0 0 1

The product of the above three rotations is given by

cos¢p, sing, 0|1 0 0
a=|—sin¢g, cos¢p, 0|0 cosy siny
0 0 1 0 —siny cosy

cos¢p,  sing, 0
X | —sin¢; cos¢p; 0
0 0 1

The relationships defining the electric field (E)/polarization
(P)/stress (o)/strain (g) state in the coordinate system of the crystal
axes (LGD frame) and the electric field (E'), polarization (P’)/stress
(07)/strain (£') state in the rotated coordinate system, as depicted in
the above figure, are given by

E = aE,

P =aP,
E=4"F,
P=a'P,
¢ =aca’,
& =agd”,
o=ad"ca,
e=d'¢a.

ARTICLE pubs.aip.org/aip/jap

FIG. 18. Inverse pole figure depicting the relative orientation between the
crystal axes and the orientation of the applied electric field.

The above relationships are reversed if the crystal axes are
rotated with respect to a fixed macroscopic frame. For convenience,
one can choose whether to fix the orientation of the crystal axes
(such as for the calculation of inverse pole figures, viz., Fig. 8) or to
fix the macroscopic frame (such as for the calculation of material
response, viz., Figs. 9, 11, and 12). Both approaches provide identi-
cal results.

The inverse pole figure in Fig. 18 depicts the relative orienta-
tion between the crystal axes and the macroscopic coordinates for a
simulated microstructure with 20 000 grains. Each dot represents
the angular orientation of the applied electric field with respect to
the (100) crystal axes.

The simulated random texture is checked for isotropy by com-
puting the polarization responses for different directions of the
applied electric fields for a polycrystalline material, as shown in
Fig. 19.

0.43

Electric

0.428
0.426
0.424
0.422

0.42

Polcrystalline aggregate

3

FIG. 19. Polarization response of a polycrystalline material with random texture
for different directions of collinear electric fields. The maximum deviation in the
overall polarization response is within +0.5%, which confirms the isotropic char-
acteristic of the simulated random texture.
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APPENDIX C: MATERIAL PARAMETERS
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The value of the Landau coefficients for certain compositions of PZT is given below,”' which can be used to compute stiffness values
for intermediate values of the Zr/Ti ratio using regression analysis within definite composition ranges.

Mole fraction of PbTiO; in PZT*

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
P, (C/m?) 0.57 0.66 0.65 0.50 0.50 0.57 0.64 0.70 0.74 0.75
Tc (°C) 256.5 300.6 334.4 364.4 3926 418.4 440.2 459.1 477.1 492.1
C (105 °C) 2.050 2.083 2.153 2424 4247 2.664 1.881 1.642 1.547 1.500
ap (107 m*/C*F) 41.25 31.29 22.30 13.62 4.764 3.614 0.6458 -3.050  —5.845  —7.253
ay, (10° m®/C? F) —4222  —0.0345 1.688 2391 1.735 3.233 5.109 6.320 7.063 7.500
apq; (10° m°/C*F) 5.068 4.288 3.560 2.713 1.336 1.859 2.348 2475 2,518 2.606
a1, (10° m°/C*F) 34.45 18.14 1527 12.13 6.128 8.503 10.25 9.684 8.099 6.100
a3 (10° m°/C*F) —-8.797 —7.545 —7.052  —5690  —2.894  —4063  —5003  —4.901 —4359  —3.660

*Antiferroelectric composition is not included.

a; = (T —T¢c)/(2 x C x &).

The elastic and electrostrictive coefficients used in the calculations are obtained from Refs. 21 and 60.
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