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Crystallographic texturing enables the design of piezoelectric polycrystals that outperform traditional random polycrystals by
exhibiting outstanding piezoelectric properties. In this work, phase-field modeling and computer simulation were employed to
study the effect of crystallographic texture on the piezoelectric properties of ferroelectric polycrystals at the domain level. Domain
evolutions for single crystal, random polycrystal, and textured polycrystal are systematically simulated. The simulations reveal
that the [001]-textured polycrystal can fully exploit the intrinsic anisotropic properties of piezoelectric materials by exhibiting a
piezoelectric coefficient that is as large as that of single crystal while being much larger than that of random polycrystal. To better
understand the mechanism of piezoelectricity enhancement by crystallographic texturing, a theoretical analysis based on Landau
theory is provided. In comparison with random polycrystal, the textured polycrystal manifests a flatter energy landscape and thus

possesses a higher piezoelectric coefficient.
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1. Introduction

Piezoelectric materials find widespread use in the electronic,
communication, sensing, imaging, and electromechanical
systems.! In particular, high energy density and ease of min-
iaturization can further lead to the emergence of new piezo-
electric technologies like energy harvesters for the Internet
of Things (IoT) devices.? As one of the most essential factors
in piezoelectric materials, piezoelectric coefficient indicates
the magnitude of strain in response to applied electric field or
voltage in response to applied mechanical stress. To achieve
a large strain or voltage response, high piezoelectricity is
required.

Piezoelectric ceramic materials are usually polycrystals
with random grain orientations and hence exhibit isotropic
macroscopic properties. For single crystals, the piezoelectric
properties usually manifest a strong intrinsic anisotropy, so
a certain orientation may exhibit better piezoelectric prop-
erties than the others. For example, the longitudinal piezo-
electric strain/charge coefficient, ds;, is up to 2820 pC-N-!
in [001]-oriented rhombohedral Pb[(Mg,;Nb,;),_,Ti,]O;
(PMN-PT) single crystals, which is nearly 15 times larger
than that of ds; (190 pC-N-!) along the [111]-direction.* In
order to exploit the intrinsic anisotropic properties of the
materials, single crystals are desired which, however, are
usually expensive or difficult to fabricate. The practical
application of single crystals is often limited by their rela-
tively higher cost, time-consuming synthesis process, as
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well as composition inhomogeneity due to incongruent melt-
ing issues. Therefore, it is the piezoelectric polycrystalline
ceramics with random grain orientations, rather than the sin-
gle crystals, that are most widely used in applications based
on piezoelectric materials. Nevertheless, the random grain
orientations just exhibit averaged piezoelectric properties
which are usually not as good as the properties exhibited by
single crystals.

One approach to exploit the intrinsic anisotropic properties
of piezoelectric materials is crystallographic texturing, and
extensive efforts have been made towards developing textured
polycrystalline piezoelectric ceramics. Crystallographic tex-
ture refers to the collective distribution of grain orientations
towards a preferred orientation in a polycrystal.> Textured
polycrystals offer a better cost—performance ratio for achiev-
ing anisotropic properties. Enhanced piezoelectric prop-
erties in various textured piezoelectric ceramics have been
reported.-'* Recently, an ultrahigh longitudinal piezoelectric
coefficient, ds; ~ 2000 pC-N-!, was reported in [001]-textured
PMN-PT ceramics, which is about two—five times higher
than that of the random ceramics.!S Therefore, textured
piezoelectric polycrystals are of technological importance
for material applications. Understanding the effect of grain
texture on piezoelectricity and the underlying mechanism in
textured piezoelectric polycrystals is an important topic.

In this work, phase-field modeling and computer simu-
lation were employed to study the effect of crystallographic
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texture on the piezoelectric properties of ferroelectric poly-
crystals at the domain level. Domain evolutions or polariza-
tion distributions for single crystals, random polycrystals, and
textured polycrystals are systematically simulated. To better
understand the mechanism of piezoelectricity enhancement
by crystallographic texturing, a theoretical analysis based on
Landau theory is provided.

2. Phase-Field Model of Ferroelectric Polycrystal

Phase-field model of ferroelectrics is adopted to perform the
simulation study. The grain structure of a polycrystal is char-
acterized by a grain rotation matrix field R(r) that describes
the geometry (size, shape, and location) and crystallographic
orientation (texture) of individual grains. The state of such a
ferroelectric polycrystal is described by a polarization vector
field P(r), and the total system free energy under externally
applied electric field Ex is!'6-19
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is the Landau-Ginzburg—Devonshire (LGD) free energy
function of ferroelectric single crystal.?® It is worth noting
that P(r) in Eq. (1) is defined in a global coordinate system
attached to the polycrystal, while P(r) in Eq. (2) is defined
in a local coordinate system aligned with the (100) lattice
axes of a ferroelectric single crystal, and the operation R;P;

in f(R;P;) in Eq. (1) transforms P(r) from the global sample
system to the local lattice system in each grain. The gradi-
ent term characterizes energy contribution from polarization
gradient in domain wall regions, where (3 is the gradient coef-
ficient. The k-space integral terms characterize the domain
configuration-dependent electrostatic energy of polariza-
tion distribution P(r) and elastostatic energy of misfit strain
distribution €°(r), where ¢, is the permittivity of free space,
l3(k) and (k) are the Fourier transforms of the respective
field variables P(r) and &(r). The spontaneous electrostrictive
strain ¢ is coupled to polarization P through the electrostric-
tion coefficient tensor Qyy, € = Qi Pr- Kijy = Cijpy = 1, Cijonn
Q, Cptyr Qi = (Cyynmy)™', Cyyy is the elastic modulus
tensor, and n = k/k. The spatial-temporal evolution of the
polarization P(r,f) in response to varying electric field E®*(¢)
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is characterized by the time-dependent Ginzburg—Landau
equation!'6-19

oP(r,1) §F
a - 6P(r,1)’ )

where L is the kinetic coefficient. In this study, we adopted
PMN-=-30PT as the piezoelectric material, which is in rhom-
bohedral phase at room temperature. For the textured piezo-
electric polycrystals, the templates are made of single crystal
BaTiO;. Thus, the following LGD coefficients are adopted
in the phase-field simulations: o, = 0.745(T + 160.45) x 103
m/F, a; = -0.50 x 108 m%/C?F, o, = —0.5125 x 10% m%/C?F,
ayp; = 0.5567 x 10° m%/C*F, oy, = 1.333 x 10° m%/C*F, and
a3 = 0.24 x 10° m°/C*F for the PMN-30PT matrix?'; o, =
3.34(T-381) x 10° m/F, oyy = (4.69(T — 393) x 106 — 2.02 x
10%) m*/CF, ay, = 3.23%10% m*/C?F, ay,, = (-5.52(T - 393)
x 107 + 2.76 x 10%) m%/C*F, «,, = 4.47 x 10° m°/C*F, and
app; = 4.91 x 10° m*/C*F for the BaTiO, templates.?? T is the
temperature in K. The electrostrictive coefficients are Q,, =
0.055 m*C2, Q,, =-0.023 m*C~2, and Q,, = 0.0315 m*C2.

3. Computational Results and Discussion

Under the texturing treatment, the grains are able to align
with each other along a specific crystallographic orienta-
tion. Such an orientation is usually selected to maximize the
piezoelectric performance, so that the design of polycrystal-
line ceramics can outperform traditional ceramics. Figure 1
schematically illustrates the distributions of grain orienta-
tions in random and textured polycrystals. Directions labeled
with square brackets, such as [100] and [010], are defined in
the “crystallographic coordinate”. For random polycrystals,
all the orientations are randomly distributed, i.e., the orienta-
tions are allowed to rotate around all the three axes. For the
[001]-textured polycrystal, however, the orientations are only
allowed to rotate around the [001] axis, i.e., all the grains are
aligned with each other along the [001] crystallographic axis
with the other two crystallographic axes ([010] and [100])
being distributed randomly.

[001]

Y 14

[001]

[100] ¢

(a) Random

[100]

(b) [001]-Textured
Fig. 1. Schematic diagram of grain orientation distributions in
(a) random and (b) [001]-textured polycrystals. Directions labeled

with square brackets are defined in the “crystallographic coordi-
nate”.
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(b) Textured (5°)

(a) Random (90°)

Fig. 2. Stereographic projections of (001) plane orientation dis-
tributions in representative uniaxial [001]-textured polycrystals: (a)
random (0 = 90°) and (b) textured (6 = 5°). The [001] axes of grains
are randomly distributed within the solid angle of a cone with half
apex angle 6, which measures the degree of uniaxial texture.

In this work, uniaxial [001] texture is considered, which
is important for piezoelectric ceramics and can be achieved
by templated grain growth technique.'%? The grain orienta-
tions are randomly generated with their [001] axes distributed
within the solid angle of a cone with half apex angle 6, which
measures the degree of uniaxial texture, i.e., the smaller the
0, the higher the degree of texture, while the [100] and [010]
axes are randomly oriented around the [001] axis of individ-
ual grains. Figure 2 shows the stereographic projections of
the (001) plane orientation distributions in two representa-
tive uniaxial [001]-textured polycrystals, namely, random
(0=90°) and highly textured (6 = 5°). This stereographic pro-
jection diagram is an intuitive way to evaluate the texturing
degree.

In this computational study, the orientations, shapes, and
sizes of the grains in the polycrystals are separately controlled
by using the grain rotation matrix field R(r), as described in
Eq. (1). To investigate the effects of grain texturing, phase-
field simulations for three representative microstructures,
namely, single crystal, random polycrystal, and textured poly-
crystal, were performed, as shown in Figs. 3-5, respectively.
Figure 1 shows the simulated polarization distribution of sin-
gle crystal PMN-PT after electrical poling treatment along
the [001]-direction. Since the piezoelectric material PMN—
PT we adopted in this study is in rhombohedral phase at room
temperature, there are eight equivalent (111)-directions for
those spontaneous polarizations. Before the electrical pol-
ing treatment, the eight directions usually emerge with equal
probabilities so that the net polarization vanishes. According
to the general rule,?*?’ dy; = 204,P 253, Where Qs is the elec-
trostrictive coefficient, P, is the remanent polarization, and &53
is the dielectric permittivity, the piezoelectricity is negligible
for unpoled ferroelectrics due to the zero net polarization.
Upon electrical poling along the [001]-direction, the eight
orientations become no longer equivalent and four of them
will be flipped. Therefore, for a poled single crystal, there
are four equivalent polarization directions or domains in the
rhombohedral phase, namely, [111], [Tl 1], [1 Tl], and [TTI].
The four equivalent domains are usually well aligned to form
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Fig. 3. (Color online) Phase-field simulated polarization distribu-
tion of the single crystal PMN—-PT after electrical poling treatment
along the [001]-direction. Color in RGB contours the polarization
and arrows represent the in-plane projections of polarizations.

the typical “herringbone” pattern, as shown in Fig. 3. These
domains are separated by either 71° or 109° domain walls.
For example, the 109° domain walls can separate the [111]
and [TTl] domains or the [Tl 1] and [1 Tl] domains, while the
71° domain walls can separate the [111] and [Tl 1] domains
or the [TTI] and[1 Tl] domains, as shown in Fig. 3. If neglect-
ing the correlations between domains, the net polarization is
given by P. = Ps/\/g , where P, is the spontaneous polariza-
tion, and such relation is confirmed by our simulation results.
Therefore, the piezoelectric coefficient is no longer negligi-
ble for electrically poled ferroelectric single crystal.

In this study, the random polycrystal that consists of
16 grains with random orientations was considered. Within
each grain, the polarizations have an equal probability to
align along the eight (111) crystallographic directions for
unpoled rhombohedral ferroelectric polycrystals, so the net
polarization should be zero by averaging all the polarizations
within a large number of grains. Upon electrical poling along
the z-direction, the eight crystallographic directions become
no longer equivalent, so some of the polarizations will be
switched or rotated to align along the directions that are close
to the z-direction. It is noted that x, y, and z in Figs. 4 and 5
are defined in the “lab coordinate”. For different grain ori-
entations, the close directions are also different. Like single
crystals in Fig. 3, multiple domains and domain walls can
be formed within each grain of the poled ferroelectric poly-
crystals. Figure 4 shows the phase-field simulated polariza-
tion distribution of PMN-PT polycrystals with random grain
orientations after electrical poling treatment along the z-di-
rection. As expected, all the polarizations are aligned along
directions that are close to the z-axis and thus the net polar-
ization P, as well as the piezoelectric coefficient ds; are non-
zero. If neglecting the correlation between grains, the average
polarization in the poling direction is P, = \/§Ps/2 for random
ferroelectric polycrystal, which was confirmed by our phase-
field simulations.
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Fig. 4. (Color online) Phase-field simulated polarization distri-
bution of PMN-PT polycrystals with random grain orientations af-
ter electrical poling treatment along the z-direction. Color in RGB
contours the polarization and arrows represent the in-plane projec-
tions of polarizations. Herein, x, y, and z are defined in the “lab
coordinate”.
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Fig. 5. (Color online) Phase-field simulated polarization distribu-
tion of PMN-PT polycrystals with [001]-textured grain orientations
after electrical poling treatment along the z-direction. Color in RGB
contours the polarization and arrows represent the in-plane pro-
jections of polarizations. Small rectangles represent the templates
made of BaTiO;.

Figure 5 shows the phase-field simulated polarization
distribution of PMN-PT polycrystals with [001]-textured
grain orientations after electrical poling treatment along
the z-direction. Herein, z-direction coincides with the [001]
crystallographic direction. In comparison with random poly-
crystals, the grain size of textured polycrystals is usually
larger, as evident in previous experimental measurements.'
This larger grain size is attributed to the special processing
route, templated grain growth, through which the grain tex-
ture engineering is performed. The templates are made of
ferroelectric BaTiO; which is in tetragonal phase at room
temperature, as represented by the small rectangles in Fig. 5.
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Like the single crystal, upon poling along the z-direction,
there are four equivalent polarization directions in the rhom-
bohedral phase, namely, [111], [Tl 11,1 Tl], and [TTI]. These
polarizations can be well aligned to form a “stripe” domain
structure, which is in analogy to stripe domains separated by
109° domain walls in single crystals as shown in Fig. 3. In
fact, such a single-crystal domain configuration appearing
in textured polycrystals is attributed to the fixed [001] crys-
tallographic axis. Nevertheless, because the other two axes
are randomly distributed, correlations between neighboring
grains cannot be neglected. The grain correlation results in
a polarization deviation from its original direction, which
eventually leads to the imperfect “stripe” domains separated
by non-109° domain walls. As expected, such a single-crys-
tal-like domain feature will not appear in random polycrystals
(Fig. 4). Based on our phase-field simulation, those non-109°
domain walls prefer to nucleate from the grain boundary or
BaTiO; templates which, as pinning sites, will also retard the
domain wall motion. If neglecting the correlations between
neighboring grains, the averaged polarization of the poled
textured polycrystal should be P, = PS/\/g , the same with
the single-crystal case, and the same conclusion can also be
applied to the piezoelectric coefficient. The existence of grain
correlation can only slightly modify the piezoelectric prop-
erty if the grain size is relatively large,?® while the templates
may have a larger impact. The detailed study of the template
effect on piezoelectric properties can be found in a previous
work.??

The phase-field simulated longitudinal piezoelectric
coefficients dj; for single crystal, random polycrystal, and
[001]-textured polycrystal are shown in Fig. 6(a). As expected,
the random polycrystal possesses the smallest piezoelectric
coefficient due to the isotropic characteristic. The [001]-tex-
tured polycrystal fully exploits the intrinsic anisotropic
properties of piezoelectric materials and thus exhibits a
piezoelectric coefficient that is as large as that of single crys-
tal. Simulation reveals that the value of d;; for [001]-textured
polycrystal is nearly three times that of random polycrys-
tal. To better understand the mechanism of piezoelectricity
enhancement by crystallographic texturing, we obtained two
energy profiles based on Landau theory. Figure 6(b) shows
the Landau free energy profiles with respect to the polariza-
tion component P, (normalized by saturated polarization P,)
along the poling direction z for random and textured poly-
crystals. Herein, correlations between neighboring grains
or domains are excluded. The minimum-energy points cor-
respond to the average polarization in the poling direction.
For the random polycrystal, the average polarization is
P./P = NEY)) (the average angle between polarization and
poling direction is 30°) while for the [001]-textured polycrys-
tal, the average polarization is P,/P, = 13 (the average angle
between polarization and poling direction is 54.74°, the max-
imum allowed angle for poled rhombohedral ferroelectrics).
As the polarization switched from +z- to —z-direction, the tex-
tured polycrystal will experience a lower energy barrier than
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Fig. 6. (a) Phase-field simulated longitudinal piezoelectric coeffi-
cients d; for single crystal, random polycrystal, and [001]-textured
polycrystal. (b) Landau free energy profiles with respect to the po-
larization component P, (normalized by saturated polarization P,)
along the poling direction z for random and textured polycrystals,
where the inset shows the corresponding d;; increments.

the random polycrystal, so the textured polycrystal manifests
a flatter energy landscape and thus higher &35 and dj;.

4. Conclusion

Polycrystals with random grain orientations exhibit isotropic
macroscopic properties. In order to exploit the intrinsic aniso-
tropic properties of the materials, single crystals are desired
which, however, are usually expensive or difficult to fabricate.
Textured polycrystals offer better cost—performance ratio for
achieving anisotropic properties. In this work, phase-field
modeling and computer simulation were employed to study
the effects of crystallographic textures on the piezoelectric
properties of ferroelectric polycrystals at the domain level.
Domain evolutions or polarization distributions for three
representative microstructures, namely, single crystal, ran-
dom polycrystal, and textured polycrystal, were systemati-
cally simulated. The phase-field simulations reveal that, upon
electrical poling, textured polycrystal exhibits a single-crys-
tal-like domain configuration, which does not exist in random
polycrystal. The [001]-textured polycrystal fully exploits the
intrinsic anisotropic properties of piezoelectric materials
and thus exhibits a piezoelectric coefficient that is as large
as that of single crystal, which is much larger than that of
random polycrystal. To better understand the mechanism of
piezoelectricity enhancement by crystallographic texturing,

J. Adv. Dielect. 12, 2244002 (2022)

a theoretical analysis based on Landau theory was provided.
In comparison with random polycrystal, the textured poly-
crystal has a flatter energy landscape and thus possesses a
higher piezoelectric coefficient.
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