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ABSTRACT
Ferroelectric ceramics can be tailored at the microscale
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of ceramic components specifically tailored for an appidat
or device. However, when developing new ferroelectric miate

to have an ordered arrangement of crystal axes. Such grain- als (e.g., lead-free), or for optimization of existing nvétks, the

oriented ceramics can exhibit material properties far stqre

to conventional ceramics with random microstructure. A mi-
crostructurally based numerical model has been developat t
describes the 3D non-linear behavior of ferroelectric gares.
The model resolves the polycrystalline structure direatlyhe

topology of the problem domain. The developed model is used

to predict the effect of microstructural modifications onteia
rial behavior. In particular, we examine the internal resal
stress after poling for idealized configurations of randonda
grain-oriented microstructures. The results indicatetthgrain-
ordered microstructure produces a significant increasesima-
nent polarization without detriment to internal residuéiess.

INTRODUCTION

Microstructurally engineered ferroelectric ceramics taie
lored at the microscale to have an ordered arrangementstitry
axes. Such grain-oriented ceramics can exhibit materigbpr
erties far superior to conventional ceramics with random mi
crostructure. For example, lead-free ferroelectrics Haeen
considered nonviable because of inferior single crystaper-
ties. Carefully selected lead-free compositions can begased
with textured microstructure to compete directly with tHead-
based counterparts [1, 2]. In addition to creating new fHeo
tric materials, and optimizing existing ferroelectriche tabil-
ity to manipulate material microstructure enables the twaa

1

need arises to evaluate the effect of microstructural neaditins
on bulk material response.

The present paper examines via numerical modeling the ef-
fect of microstructural tailoring on the internal stresattfemains
after poling. In what follows, the numerical model is debed

in brief, and the results of simulations on representatirdigu-
rations are presented.

NUMERICAL MODEL

A microstructurally based numerical model has been devel-
oped that describes the 3D non-linear behavior of ferrdetec
ceramics [3]. The model resolves the polycrystalline strec
directly in the topology of the problem domain and uses the ex
tended finite element method (X-FEM) to solve the governing
equations of electromechanics. Each grain in the polyalyst
modeled as a single crystal with its own unique and randordy d
termined material basis. The material response is comated
anisotropic single crystal constants and the volume fastiof
the polarization variants. Evolution of the variant volufrec-
tions is governed by the minimization of internally storedryy
and accounts for ferroelectric and ferroelastic domairicthing
in response to the applied loads.
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The Extended Finite Element Method for Electrome-
chanics

The extended finite element method (X-FEM) is an exten-
sion of the classical FEM to treat functions with arbitrarg-d
continuities and discontinuous derivatives [4]. Inteefaare cap-
tured through a nodal enrichment function that, in this wask
based on a signed distance function.

In classical finite elements, geometric features are resolv
in a conformal discretization so that the mesh must confarm t
external surfaces and internal interfaces. In many case$, s
as with composite structures and multiple phase materitals,
is a formidable task to create a conformal discretizatiome T
X-FEM greatly simplifies the treatment of complex geometrie
by accommaodating interfaces directly in the FEM interpolat
thereby eliminating the need for conformal meshing.

The weak form of the governing equations of electrome-
chanics, i.e., the conditions of mechanical and electiécpli-
librium, is reduced to a discrete system of equations by fhe a
proximations

1)
(@)

u(x) = ZUINI (x)+Za,]NJ (x)n(x)
o(x) = Z(ﬂ N; (x) +ZPJNJ (x)n(x)

whereN; (x) are the finite element shape functions, andand

@ are the nodal displacements and potential [4]. The firstderm
on the right hand side of equations 1 and 2 are the familiaefini
element interpolation used in many conventional finite eem

the arbitrarily intersecting grain boundaries using theEM is
an ongoing effort.

Constitutive Model

For the constitutive response, a micro-electromechanical
material model is used that is similar to the one proposedusy H
ber [6] and used by Kamlah [7]. A more extensive descriptibn o
the model used for this work can be found in [3].

A ferroelectric ceramic subjected to sufficiently largedea
exhibits a nonlinear response due to the reorientationauftiet
dipoles and/or phase transitions. The nonlinearity of thémal
response is accommodated by decomposing the strain anrd elec
tric displacement into their elastic (linear) and inelagtionlin-
ear) parts;

O = Cﬁalj‘—hilej‘ (4)
E = —hijEIj'—l—BiElej‘
where
L R
D" = D; - DF’ ®)

and the inelastic quantitieg} andDR, are a function of the load
history. If there aren possible crystal variants, each variant can
transition to every other variant, giving a possibfetransition

codes. The second terms are due to the extended finite elemensystems. Using the approach of Huber [6], the rate of chamge i

method and accounts for i@ continuity of an element that is
bisected by an interface. In this teray, andp; are theenrich-

mentdegrees of freedom and exist only at those nodes whose

supportis intersected by an interface. The scalar valusctifan,
n(x), is referred to as thenrichment functionThe enrichment
function selected for this work was proposed by Moes [5] a&nd i
defined to be

r1(X)=Z|LIJ||N| (X)—‘Z%Nl () 3)

wherey; are the nodal values of the level set representation of
the boundary. The key feature of this function is that the firs
derivative is discontinuous. It is this attribute that makee en-
riched interpolation of equations 1 and 2 well suited fonsats
with discontinuous derivatives.

In the present work, when voids are present in the problem
domain, the X-FEM is used to capture the discontinuity of the
free surface. Grain boundaries, however, are capturecappr
mately by the classic finite element polynomial basis. Tngat

2

volume fractionsg', is related to the transition ratg, of active
systems by a connectivity matrix,

Cl :Aldr'.](] (6)

where the summation om is implied and ranges from 1 to the
number of transition systems?. The numbering of the transi-
tion systems proceeds sequentially through the possidfesitr
tions from variant N to variantMfoM =1...n.N=1...n. The
connectivity matrix,A, is n x n?, whereinA!® = 1 if activation
of systema increases', Al® = —1 if activation of systenu de-
creaseg', andA!® = 0 if activation of systenu has no effect
onc'. The change in inelastic strain and electric displacensent i
computed according tf = &*n andDR = DRp@ whereef®
andDR® are the change in inelastic strain and electric displace-
ment associated with transition system

The increment ofi? in a given load step is computed by

An® = —1(G*-GY). (7)
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The scaling parameter is given as- (EnH“”)’l, wheren in-
cludes only active systems and

1 ' /
G=Cux u' +uxu’

5 (8)
H=a'sxuT+2ad ' a (9)
where
u = [g; Df] (10)
u' = [-€R* —Df¥] (11)
Gijk _hijk]

x [—hijk Bij (12)

- Ciljkl AIO( _hiljkAla
[ S alse | .

The critical energy level required for activation of eacmition
system is given by

=—0j¢

Ra

G R EFD. (14)

whereaj; andEf are the coercive stress and coercive fields, re-
spectively. Onc&® are computed, the updated values of the bin
fractions,c', inelastic straingf, and inelastic polarizatiorDf,

are computed.

RESULTS

The above model is applied to a hypothetical rhombohedral
ferroelectric polycrystal (see table 1). The polycrystalistruc-
ture is idealized using a Voronoi decomposition of the peabl
domain into 16 grains. Samples are either fully dense orysro
and have aligned or random material bases, resulting incimow

Table 1.
Elastic stiffness¢i1

RHOMBOHEDRAL MATERIAL CONSTANTS.
1.491x 101 Pa

C12 7.109x 10'9Pa
Ci3 5.347x 10'°Pa
Ca3 1.107x 10* Pa
Csa 2.642x 109Pa
Relative permittivity,g11 1450

€33 3350
Piezoelectric constarttgz | 3.91x 10°N/C
ha1 1.32x 108N/C
hoa 1.41x 10°N/C
Lattice parameter, a 4.148A

Lattice parameten 1.566
Spontaneous polarizatiorj 0.37C/nm?

There are eight crystal variants in a rhombohedral fermele
tric, one for each body diagonal of the unit cell, resultingsé4
possible transition systems. The transition strains aatkttion
polarizations are computed as the respective differemcgsan-
taneous strain and spontaneous polarization betweemtaria

Each configuration is subjected to a polarizing electridfiel
of 3.0MV/m along the x axis, perpendicular to the alignment
axis. To accommodate domain switching events without imgit
the load step throughout the calculation, zeroth ordermater
continuation is used so that the maximum change in eleasic d
placement magnitude remains within specified limits.

The electrical response of the aligned and random configu-
rations is shown in figures 1 and 2. As could be expected, im bot
the porous and solid configurations the aligned samplegeehi
a significantly higher remanent polarization (11 percent &b
percent, respectively) due to the alignment of th&l] material
axis.

The electrical response in figures 1 and 2 is a measure of
bulk material response. Perhaps the most useful aspectef sp
tially and temporally resolved numerical modeling is thdigb
to examine local fields. In an effort to quantify the locakintal
residual stresses, figures 3 and 4 show plots of the volurae fra
tion of material at a given von Mises stress after the palagiz
field has been removed. In the figure, the points are the actual

figurations. The porous sample has a single pore at the origin numerical value and the solid lines are a gaussian fit totaksis

resulting in a porosity of approximately two percent. Sasspl
with aligned material bases have fié 1] direction of each grain
aligned with the global z axis, but rotation about this agisan-
domly selected.

eye. The peak residual stresses in the samples do not appear t
be greatly affected by the microstructural modificatiorwheer,

the median von Mises stress decreases appreciably in gredli
samples.
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Figure 1. CALCULATED ELECTRICAL RESPONSE OF ALIGNED AND

RANDOM SOLID MICROSTRUCTURES TO POLARIZING FIELD.
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Figure 2. CALCULATED ELECTRICAL RESPONSE OF ALIGNED AND
RANDOM POROUS MICROSTRUCTURES TO POLARIZING FIELD.

Figures 5 and 6 represent the domain configuration for both
the aligned and random configurations after poling. The pol-
ing direction is atd = 0, i.e., the positive x axis in the figure.
The polar coordinate is the angle from the poling directam]
the radial coordinate indicates tdemain fraction the ratio of
current to initial (unpoled) values of the material volumieose
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Figure 3. CALCULATED RESIDUAL STRESS DISTRIBUTION IN
ALIGNED AND RANDOM SOLID MICROSTRUCTURES AFTER BEING
SUBJECTED TO POLARIZING FIELD.

spontaneous polarization lies within the given range oflemng
For an unpoled sample, the polar plot has a value of one at all
angles. For a typical poled sample, the polarization dpol#i

be distributed about the poling direction with the majoféling
within 45°. In the random configurations a significant amount of
material remains laterally oriented to the poling direatiblow-
ever, the aligned samples achieves a superior alignmemtiet
poling axis and yields a significantly higher remanent pnéar
tion.

CONCLUSIONS

A spatially resolved numerical model is used to examine the
effect of a tailored microstructure on remanent polar@aand
internal residual stress after poling of a hypotheticahmbohe-
dral ferroelectric polycrystal. By aligning tH&11] material di-
rection with the global z axis the remanent polarizatiort tam
be achieved on an axis perpendicular to the alignment axis in
creases significantly. The numerical results indicatettiiaim-
provement in remanent polarization is without penalty imte
of the internal residual stresses introduced during poling
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Figure 4. CALCULATED RESIDUAL STRESS DISTRIBUTION IN
ALIGNED AND RANDOM POROUS MICROSTRUCTURES AFTER BE-
ING SUBJECTED TO POLARIZING FIELD.
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Figure 5. POLAR PLOTS OF THE RELATIVE DOMAIN FRACTIONS
AFTER POLING THE SOLID CONFIGURATIONS.
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Figure 6. POLAR PLOTS OF THE RELATIVE DOMAIN FRACTIONS
AFTER POLING THE POROUS CONFIGURATIONS.
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