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ABSTRACT

A computational approach based on electron backscatter diffraction (EBSD) measurement was proposed
to estimate the effects of crystal morphology on the overall response of polycrystalline piezoelectric
ceramics. EBSD-measured crystal orientations of a polycrystalline piezoelectric ceramic, barium
titanate, were applied to a multiscale finite element simulation based on asymptotic homogenization
theory. First, the orientation dependence of material properties, such as elastic compliance constants,
dielectric and piezoelectric strain constants, was discussed for a single-domain crystal of tetragonal
perovskite structure. The computation indicated that piezoelectric strain constants are more sensitive to
crystal orientation compared with other properties. Then the single-crystalline material properties were
introduced into multidirectionally oriented grains in the polycrystalline microstructure, the multiscale
finite element analysis between macrostructure and EBSD-measured microstructure was performed. In
this paper emphasis was placed on the diminution of microstructure. The authors discussed about the
adverse effect on each component of macrostructural homogenized material properties, which is useful
for micromechanics approaches.
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1 INTRODUCTION

Applications of piezoelectric and ferroelectric materials have increased in recent years and
they are fueled by developing advanced mechanical electro devices and information
technology devises, such as MEMS, U-TAS, FeERAM, and so on. The important features of
these materials are produced from noncentrosymmetric crystal structure, which are typified
by tetragonal and rhombohedral perovskite structures. Domain and grain consisting of the
asymmetric perovskite structures, which have spontaneous strain and polarization at specific
directions, show strong anisotropy in mechanical and electrical behaviors. Therefore, it is
important for the material design, processing, and applications, to consider crystal orientation
and its distribution.

For various applications, polycrystalline piezoelectric ceramics and thin films are
industrially important and more attractive than single crystals. There are obvious differences
among polycrystals, thin films, and single crystals in their crystal morphologies. The single
crystals have a uniform orientation. The polycrystalline ceramics and the thin films have
inhomogeneous structure of multidomain and multigrain aggregates, and they consist of
multiple orientations. In general, polycrystalline ceramics include randomly orienting grains
and have the transverse isotropy. In case of thin films, one or some specific orientations
selectively grow on the substrate. Namely epitaxial growth enables us to fabricate the intended
domain and grain configurations and output the remarkable functional performance. At the
viewpoint of crystal morphology, polycrystalline ceramics have a large number of orientations
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and more complicated texture than thin films. In any cases, it is clear that texture plays an
important role in their effective material properties.

Electron backscatter diffraction (EBSD) measurement [1,2] is generally very useful in
analyzing crystal morphology in domain and grain aggregates. In case of piezoelectric and
ferroelectric materials, EBSD measurement has been implemented for lead titanate (PbTiO,)
[3], barium titanate (BaTiO,) [4,5], lead zirconium titanate (PZT) [6,7], lead lanthanum
zirconium (PLZT) [8], and lead magnesium niobium titanate (PMNT) [9]. In addition,
EBSD measurement has been applied to multiferroic materials such as a composite of
BaTiO; and niobium zirconium ferrite [10]. Many previous investigations succeeded in
understanding the complicated domain/grain structures and characterizing domain switching
under external loads. However, investigations on the relation of realistic microstructure with
effective material properties is still lacking for these functional ceramics. On the other hand,
advanced computational approaches, finite element simulations incorporating the
EBSD-measured microstructure were proposed for polycrystalline steels [11,12]. These
approaches succeeded in evaluating material properties and behaviors of actual polycrystal-
line materials. Naturally, the realistic modeling based on EBSD measurement will have
promising result for piezoelectric and ferroelectric materials.

On the other hand, there are a lot of micromechanical approaches related on the piezoelectric
and ferroelectric materials to evaluate the effect of texture on effective material properties.
The effective material properties of unpoled piezoelectric materials have been calculated
through theoretical approaches and mathematical simulations [13—15]. The relation between
microstructure and effective material properties was estimated by the self-consistent approach
for poled piezoelectric polycrystalline ceramics and thin films [16]. For linear piezoelectric
problem, new computational approaches, such as meshless, extended finite element methods
[17,18], and scale-bridging method [19] were proposed. Especially, although limited in
scale-bridging method, the applications to polycrystalline piezoelectric ceramics were
reported [20,21]. For nonlinear static problem including domain switching in ferroelectric
materials, various finite element simulations were reported for single crystals [22] and
polycrystals [23-25]. Additionally phase field simulations were developed for nonlinear
thermodynamic problem of ferroelectric materials [26-28]. Many approaches had some
contributions in understanding expression mechanism of material performance through
microstructural texture. However, all approaches employed some hypothetical models based
on Gaussian distribution and orientation distribution function for microstructural texture.
There is no research to utilize a realistic model based on measured orientation distribution for
piezoelectric and ferroelectric materials.

In our previous studies, we have analyzed the microstructure of BaTiO, [29,30] and
PZT[31] by mean of EBSD. We focused on polycrystalline piezoelectric ceramics because
they have most difficult microstructure for numerical modeling. With the aim of a high
resolution crystal orientation map, a conductive layer of amorphous osmium was utilized to
remove an electric charge on the specimens. Furthermore, we have developed a multiscale
finite element analytical code based on asymptotic homogenization theory [20], which can
enable us to estimate the macroscopic homogenized material properties from heterogeneous
microstructures and evaluate the microscopic mechanical and electrical behaviors in response
to the external load. The developed analytical code was applied to EBSD-measured textures
of polycrystalline piezoelectric ceramics. First [30], macroscopic homogenized material
properties and microscopic response under an electric field were investigated for a two-
dimensional distribution of EBSD-measured orientations and the validity of the proposed
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multiscale simulation using EBSD-measured texture was confirmed through the trial compu-
tation. Second [32], a three-dimensional microstructure model was constructed by stacking
in-plane distributions of EBSD-measured orientations, which were obtained in series along
the out-of-plane direction. The comparison of macroscopic homogenized material properties
between two-dimensional and three-dimensional models was presented by using large micro-
structure models. Although a parallel iterative computing [33] enabled us to calculate large
microstructure models in the above simulations, the diminution of microstructure models
are often constrained because of computation environments and experimental limitations.
The previous studies indicated the whole tendency that the error of homogenized material
properties increases as the microstructure becomes small. However, no attempt has been
made to estimate the adverse effect on each component of macroscopic homogenized material
properties by diminution of microstructure model.

In this work, we will estimate the individual errors of each component of elastic compliance
constants, dielectric constants, and piezoelectric strain constants in the case of reduced micro-
structures. Especially emphasis is placed on increase and decrease of each component compared
with the large microstructure model and difference between in-plane symmetric directions. The
paper is organized in the following manner. Basic equations of multiscale simulations based on
homogenization theory are introduced in Section 2. The outline of EBSD measurement and the
distribution of crystal orientations obtained from a polycrystalline BaTiO, are explained in
Section 3. At the beginning of Section 4, the orientation dependence of single-crystalline
material properties, which are inputted into each grain in microstructure, is discussed to con-
sider the influence on macroscopic homogenized material properties. The validity of
homogenized material properties obtained from the largest microstructure model is then shown
by the comparison with the experimental results. Finally, the computational results and discus-
sion on homogenized material properties of three different-sized microstructures are presented.

2 COMPUTATIONAL TECHNIQUES
A three-dimensional multiscale finite element simulation based on homogenization theory
was employed to investigate the relationship between the macrostructure and the EBSD-
measured polycrystalline microstructure. The details of formulations and computational
approach were presented in the published literatures [20]. The outline of multiscale modeling
is introduced in this section.

Figure 1 illustrates the scheme of multiscale modeling for polycrystalline piezoelectric
materials. A macrostructure is large compared with microstructures and it can be assumed
that microstructures have the periodicity at a microscopic scale. In that case, the multiscale
simulation based on homogenization theory enables us to estimate the macrostructural
homogenized material properties from heterogeneous microstructures. And it also enables us
to evaluate the microscopic mechanical and electrical behaviors in response to the external
load applied to the macrostructure. x = (x,, x,, x3)T andy = (v, ¥y, y3)T are employed for
macrostructural and microstructural coordinate systems, respectively. Both coordinates can
be related by using scale ratio (4) as shown in eqn (1).

x
y== 1
A W

Consider an overall structure (Q* = Q x ¥) of interest, which consists of macrostructure (Q)
and microstructure (Y). Displacement ¥ and electric potential (¢ M of overall structure are
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Representative volume element
External force External charge under a periodic boundary condition

H P

Macrostructure Microstructure

Figure 1: Multiscale modeling of polycrystalline piezoelectric materials. Macrostructure has
the same scale with the overall structure of interest and it has homogenized material
properties. Microstructure is an aggregate of many grains and it has periodicity at a
microscopic scale.

expressed by asymptotic expansion of scale ratio. Only the first-order variation terms are
considered in the present two-scale simulation.

ul =u’ (x)+Au (x,y)+- 2

(])" :¢°(x)+/1¢l(x,y)+--- 3)

where the first terms on the right side (uf’ (x) and ¢ (x)) mean macrostructural displacement
and electric potential, respectively. The second terms (u; (x, y) and f'(x,y)) are microstructural
perturbations of displacement and electric potential, which are caused by inhomogeneous
feature at a microscopic scale. Now, microstructural perturbations are assumed to be
proportionate to macrostructural strain and electric field as shown in eqns (4) and (5).

- du; (x . d9° (x
u (x,9)= Zin (x,y)%l) + xl-f(x,y)%m) “)
B duy (x) B 9¢’(x)
1 — 0 k ¢-E 5
o' (x, )= 1 (x,y)—axl + 207 (xy) - (5)

m

where proportional constants (Xix*> Xin "0 and X5 ") are characteristic functions of
displacement, electric potential, and piezoelectric effect.

The above equations are introduced into the principle of virtual work for the overall
structure. As a result, microstructural equations can be obtained as follows:

J (microCE aX;/:; (x’y) microe - a){lfl_s (x’y)) a5”11 (x’y)
Y

. aou; (x,y)
ijpq ayq rij ayr ayj

dy
9y,

dy =-[ mecp,

(6)
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where microCl.ﬂdE, mimeims, and mi”"emij denote elastic stiffness constants, dielectric constants,
and piezoelectric stress constants of the microstructure, respectively. If all of microstructural
equations are solved under a periodic boundary condition, we can obtain characteristic
functions of the microstructure. On the other hand, macrostructural equations can be written
as follows:

J.Q(macrocfi auk (x)+macroe ) a¢( ))aéu ( )dQ J. t5u ) dr (10)

ki
" ox, " ox, ox,

ou! (x 0¢°(x) )06¢"(x
JQ( macroeikl uakx( ) _ macroegn gx( )J gx( ) dQ J. p5¢ ) I (1 1)
1 m

Macrostructural equations yield to the same formulations with a conventional single-scale
problem, where parameters with upper index ‘macro’ mean homogenized material properties
of the macrostructure. They can be obtained from the characteristic functions of the
microstructure, as given by

macro micro micro a){”_e (x’ y) micro axw_‘p' (x’ y)
ci, = IYIJY( Chy+ e, A g v, LB iy (12

r

. . ‘17 E a u-E
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|Y| 9y, ,
(13)
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1 micro micro
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"] %, ,

An isoparametric solid element with eight nodes at the corners is employed for finite
element modeling of microstructures and macrostructures. A two-scale finite element analyt-
ical code was developed to solve the above microstructural and macrostructural correlative
equations and is used here to evaluate the macrostructural homogenized properties for
EBSD-measured microstructure of polycrystalline piezoelectric ceramics.
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3 EBSD CRYSTAL MORPHOLOGY ANALYSIS
A BaTiO, polycrystalline piezoelectric ceramic (Murata Manufacturing Co. Ltd) was used
for the EBSD specimen. The specimen was a circular disk of 15 mm diameter and 1 mm
thickness, and it was electrically poled along the thickness direction. The crystal structure
was examined by mean of X-ray diffraction (XRD). XRD spectrum indicated that it had a
perovskite tetragonal structure and the lattice constants of a and ¢ axes were 0.3995 nm and
0.4034 nm, respectively.

The observed surface was mechanically polished for 20 min using 3 mm diamond particles
(Marumoto Struers Co., DP-Spray) with a polishing sheet (Marumoto Struers Co., DP-Mol).
And then, it was chemically polished at pH 3.5 for 20 min using colloidal particles (Marumoto
Struers Co., OP-A) with a polishing sheet (DP-Chem). The surface of the insulative specimen
was coated with the electrical conductive and amorphous osmium layer to defend the
electrification due to electron beam. We employed an osmium coater (Meiwafosis Co., Ltd,
Neoc-ST) and set the discharging time in osmium gas to 10s. The estimated thickness of
osmium layer is 0.5 nm/s. In addition, a silver paste (Fujikura Kasei Co. Ltd, type D-500) was
applied to the surface except for the EBSD measurement region to leak the accumulated charge.

Figure 2 shows the crystal morphology of polycrystalline BaTiO, obtained by means of
EBSD (Oxford Instruments PLC, Link ISIS C.7272) implemented in SEM (JEOL
Datum Ltd, JSM-5410). The scanning interval was set to 0.64 um and the scanning area was
90.8 x 90.8 um?’. The mean diameter of grain was estimated to be ~6.71 wm. This figure
demonstrates (a) the crystal orientation map and (b) (001) pole figure. If estimated from the
mean diameter of grain, the sampling area includes ~233 grains. In the crystal orientation
map, the frequency of the [001], [111], and [101] directions is higher than that of the [110]
and [100] directions.

4 MULTISCALE SIMULATION
4.1 Orientation dependence of single crystal
Before we discuss the relationship between the macroscopic homogenized material properties

and the polycrystalline microstructure through the multiscale finite element simulation, it is
necessary to understand the characteristics of grain as a compositional unit of the

90.8 um

Mean diameter : 6.71 mm ¥,
Number of grains : 233

90.8 pm

<110>
Y2

\ <001> <100>
N

(a) Crystal orientation map (b) (001) pole figure

Figure 2: Crystal morphology of a polycrystalline BaTiO, obtained by means of EBSD. The
scanning area is 90.8 x 90.8 um? which consists of ~233 grains.
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microstructure. In the latter computation, the material properties of single-domain crystalline
BaTiO, [34] were inputted into each grain in the polycrystalline microstructure. Every grain
significantly changes the mechanical and electrical behaviors according to its crystal
orientation. Consequently, the orientation dependence of material properties was investigated
for single crystalline BaTiO, with perovskite tetragonal structure.

Figure 3 shows the orientation dependence of material properties for single crystalline
BaTiO,. The material properties were obtained through coordinate transform during 180° rota-
tion in a counterclockwise direction around the second axis of crystallographic coordinate
system. The horizontal axis means rotation angle, which indicates the angle between the direc-
tion of spontaneous polarization and the third axis of global coordinate system. When the
rotation angle increases from 0° to 180°, the crystallographic direction orienting to the third
axis of global coordinate system is changed from the [001] direction to the inverse one through
the [101] and the [100] directions; (a) elastic compliance constants and (b) dielectric constants
indicate the normal tendency of transverse isotropic materials, the extreme values of which
appear according to 90° rotation. On the other hand, (c) piezoelectric strain constants show the
complicated dependence on crystal orientation. The components of d;; and ds,, have the max-
imum peak at the [101] direction. This is the result that normal strains and shear strain caused
by piezoelectric effect join together and make total strain larger at a specific off-axis direction.

4.2 Macroscopic homogenized material properties of polycrystalline microstructure

Figure 4 shows the finite element modeling of EBSD-measured realistic polycrystalline
microstructure. The EBSD-measured crystal orientations within a square region of 90.8 x
90.8 wm? were sampled for computations. Plate-shaped regular cubic meshes, whose number
of elements corresponds exactly to one of measuring points, were employed for microstruc-
tural finite element models. The crystal orientation of each measuring point was independently
mapped into one element. Our previous investigation [32] indicated that the dependence on
the size of sampling area of crystal orientations falls off and the relative error of macro-
scopic homogenized material properties becomes 5% or less if the sampling area is beyond
~60 x 60 um?2. Consequently, the crystal orientation map of 90.8 x 90.8 um? is large enough
to become a representative volume element of microstructure.

Figure 5 shows the full components of macroscopic homogenized material properties
obtained by the multiscale simulation using the EBSD-measured microstructure. This
figure demonstrates (a) elastic compliance constants, (b) relative dielectric constants, and
(c) piezoelectric strain constants which include the experimental values described in a bro-
chure of Murata Manufacturing Co. Ltd. Because of averaging grain properties with various
crystal orientations in polycrystalline microstructure, most of macroscopic homogenized
material properties lead to an intermediate value between the maximum and the minimum of
single crystal as shown in Fig. 3. The computational values of piezoelectric strain constants,
macrod,,, and M"°d. .. have reliable correspondence to experimental values, although "™““"°d., .
has relatively large error. Then, if we focus attention on the transverse isotropy, the percentage
variation between the respective components of a pair is also denoted in this figure. As most of
percentage variations are smaller than 1%, the respective components of a pair of macroscopic
homogenized material properties shows good agreements with respect to one another.

In case the size of sampling area of EBSD-measured orientations was minified, the variation
of macroscopic homogenized material properties was investigated. Three different-sized areas,
such as 29.8 x 29.8 um?, 55.2 x 55.2 um? and 80.6 x 80.6 um?, were sampled from the central
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Figure 3: Orientation dependence of material properties for single crystalline BaTiO;. These
were obtained through coordinate transform during 180° rotation in a counterclockwise
direction around the second axis of crystallographic coordinate system.
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Figure 4: Finite element modeling of the EBSD-measured polycrystalline microstructure.
The crystal orientation of each measuring point was independently mapped into
one element.
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Figure 5: The full components of macroscopic homogenized material properties obtained
from the multiscale finite element simulation using the EBSD-measured
polycrystalline microstructure. The experimental values of piezoelectric strain
constants were provided in a brochure of Murata Manufacturing Co. Ltd.

region of the abovementioned 90.8 x 90.8 um?. These sampling areas include 25, 86, and 184
grains, respectively. The crystal orientations of three sampling areas were individually intro-
duced into regularly divided finite element meshes with correspondence between numbers of
elements and measuring points. Then macroscopic homogenized material properties were ana-
lyzed for three different-sized microstructures. When computational results were compared to
those of the largest microstructure 90.8 x 90.8 um?, Fig. 6 shows the percentage variation of
macroscopic homogenized material properties. According to miniaturization of microstruc-
ture, the percentage variation of every component increase by graduation. If paying close
attention to signs of variation, some components of elastic compliance tensor, sEl e sEzzzz’
S5 120s 8533030 855131 8% 510> Were overvalued; by contrast, the other components were underval-
ued in case of smaller microstructure. Additionally, in-plane components of dielectric tensor,
€ Tl € T22, were undervalued and out-of-plane component, € T33, was overvalued if micro-
structure is not large enough. On the other hand, there was no distinct tendency in normal
components of piezoelectric strain tensor, such as dm, d322 and d333, although shear
components, d223 and d, 13> Were undervalued in case of smaller microstructure.

In order to discuss the contributing factors of Fig. 6, it is necessary to review the orientation
dependence of single crystalline material properties in Fig. 3. We focused on the variation
within the range of rotation angle from 0° to 90° because microstructure is under approximately
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Figure 6: Comparison of the percentage variation of macroscopic homogenized material
properties among three different-sized microstructures, which was calculated by
difference from those obtained from the largest microstructure of 90.8 x 90.8 um?.

full-poled state. Figure 6 indicates that material properties can be classified into three types:
monotone increasing constants (s ,,,, s%5,, s, s€ 5,5, and €7,), monotone decreasing
constants (%3333, 555303, %5131, €711 €75, dyyy, and d, 1), and the others (s%) 33, 555555,
d,,, and d,5). In general, single crystal has strong anisotropy and it shows the maximal and
the minimal values of material properties. The monotone increasing and the monotone decreas-
ing constants of polycrystalline material properties become the intermediate values bet-

ween the maximal and the minimal values of single crystal because they are averaged by
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multi-orientations of grains. If microstructure becomes larger, the number of grains increases
and the averaging effect becomes stronger. In contrast, if microstructure is not large enough,
monotone decreasing components are overvalued and monotone increasing components are
undervalued because of incomplete averaging by multi-orientations. This orientation depend-
ence can compatibly explain computational results of monotone changing components of
elastic compliance, dielectric, and piezoelectric strain tensors in Fig. 6. On the other hand, the
other components, such as 5% 1., 55,5, ds, |, d5,,, and d,;, show no steady tendency among

311> %322 333
different-sizes microstructures because of the complicated orientation dependence.

5 CONCLUSIONS

In this paper, we presented a multiscale finite element simulation based on EBSD-measured
crystal orientations and reviewed the adverse effect of diminution of microstructure on
macroscopic homogenized material properties. As a computational result, the macroscopic
homogenized material properties approximately correspond to experimental values and they
satisfy the transverse isotropy in case of large microstructure. The specified components of
elastic compliance, dielectric, and piezoelectric strain tensors are overvalued or undervalued,
according to miniaturization of microstructure. This adverse effect of diminution of microstruc-
ture could be explained by the orientation dependence of single crystalline material properties.
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