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Abstract

Transmission electron microscopy (TEM) was employed to investigated®ain nucleation, growth and interactions of ferroelectric

(Phy _4SK)TiO3 (PSrT) ceramics under electrical loading in the present work. Experimental results imply that as-sintered specimens exhibit
simple domain arrangements. Domain boundaries multiply quickly by nucleating from grain-boundaries and/or defective regions under
electrical loading. A conventional 9domain boundary may dissociate into a set of zigzag domain boundaries with unconventional polarization
arrangements under alternate electrical stimulation. If the zigzag domains grew and were impeded by one or a set of boundaries, leading to
domain pinning, another sets of zigzag domains may nucleate fromdo@tain boundary again. Nucleation, growth and pinning of domain
boundaries repeated and finally highly strained grains with polarization degradation and defects appear during electric polarization cycles.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction fatigue, suggest that electronic or ionic charges are trapped
at domain boundaries,” such as Duiker and Bedlesug-
Ferroelectrics have emerged as an important class of mategests that fatigue is associated with the trapping of electronic
rials due to their incredibly wide diversity of exhibited phe- charge and atomic-scale distortions in the perovskite oxygen
nomena, such as piezoelectricity, pyroelectricity, ferroelec- octahedron.
tricity, electro-optical and acoustic-optic phenomena. The  Recently, the mechanism of mechanical fatigue was con-
properties of ferroelectrics and piezoelectrics are closely re- sidered for ferroelectrics. Most of researchers believe tifat 90
lated to dynamical behavior of their domain structures due to domain arrangements follow “tail-to-head” or “head-to-tail”
polarization variation under working conditions. rules to reduce electrical energy. However, some peculiar do-
The problem of fatigue frequently limits the application main arrangements have been reported to arise after an elec-
of ferroelectric ceramics, since it may markedly degrade tric field and thermal treatment were applid? Tsun and
the switching polarization. Polarization fatigue has been ex- Chol? reported microstructural evolution of ferroelectric tin-
tensively investigated in many previous works using vari- modified lead zirconate titanate ceramics, indicating that po-
ous models: 19 Domain pinning was reported and has been larization degradation is closely related to domain boundary
thought to be an important cause of the fatigue of ferroelectric interactions during polarization switching. Chou and CHen,
materials, and the major mechanisms of domain pinning pro- using PbTiQ single crystals, demonstrated that various high
posed can be classified into two categories: firstly, the defectsenergy polarization configurations may existin the specimens
with charges, such as oxygen vacancies, electronic or ionic if strain field is large, indicating that mechanical strain en-
charges, eté-* and secondly, the mechanical fatigtié. ergy may play more important role than electrostatic energy
Most of works, using the model of space charges and elec-in polarization fatigue of ferroelectrics. Khachatur§amo-
tronic properties to interpret the phenomenon of ferroelectric posed that the degradation of the ferroelectric properties is
a direct consequence of the mechanical fatigue. Demczyk et

- ] al.15 has also claimed that domain pinning occurred at grain
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90°domains during polarization switching is considered. Sec-
ondly, dynamic behavior of domain boundaries after applying
external fields induced by electric polarization. Domain wall
motions under electric and mechanical stress loading were
simulated and microstructural evolution was investigated us-
ing transmission electron microscopy.

2. Experimental procedures

The polycrystalline ceramic materials PhSKTiO3
(x=0.01-0.9) was prepared by solid-state reaction, using
powders of PbO (99.99%), SrG(9.5%) and TiQ (99.9%).

The mixed powders were calcined at 7@for 2 h in air. Af-

ter wet ball-milling, the powders were compacted with a cold-
isostatic press at 40000 Psi and sintered at 225@r 4 h in

an atmosphere of oxygen. The structure of the bulk was elu-
cidated using an X-ray diffractometer (XRD) with a copper
target. During sintering, the lead-containing materials were
completely covered with powders of the same composition,
using a double-crucible method in an oxygen atmosphere, to
prevent possible loss of PbO.

The structure of the bulks was analyzed using a Rigaku
DMAX-B X-ray diffractometer. The ferroelectric properties
of the ceramic samples were measured using silver elec-
trodes. Thé>—E behavior was characterized using a modified
Sawyer—Tower circuit. Fatigue experiments were performed
at 60 Hz and 1 kHz using an electric field of 35-50 kV/cm.
Bulk as-sintered PSrT specimens and fatigue-test speci-
mens were hand-ground to a thickness of 2080 An
ion miller was employed at 5kV, 0.5mA, each gun with
a tilting angle of 18-20 for further thinning. After per-
foration, the specimens were bombarded by the ion beam
with a reduced voltage (3—4 kV) and titling angle (13914
for several minutes. The microstructure of the bulks was
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Fig. 1. TheP-E curves of PhSIp4TiO3 ceramics under an ac-field at a
working frequency of 1 kHz implying the difference of remanent polarization
and coercive field at the initial and fatigue (afte® tycles) states.
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investigated using a Jeol 2000FXIl and a Jeol 4000EX
microscope.

3. Results and discussion

Fig. 1 shows theP—E hysteresis loop for a virgin speci-
men and a fatigued specimen tested at a frequency of 1 kHz
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Fig. evolution of

2. TEM micrographs showing microstructural
Phy 6Sr0.4TiO3 ceramics under polarization switching at a working
frequency of 1kHz and 55kV/cm. (a) as-sintered state; (b) polarization
switching for 1 cycles; (c) 3x 10° switching cycles.
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for up to 3x 10° cycles. The initial properties of the speci- density of 90 domain boundaries within a grain is low, do-
men are as followsP, = 15u.C/cn?, saturated polarization ~ Main boundaries may keep nucleating under a stress in terms
Ps=23uClcn?, and Ec=12kV/cm. For the specimen af- of wedge-shaped domains or zigzag-shaped domains.
When domain switching occurs, field induced polariza-
E.=20kV/cm. In this caseP; drops 20% and the coercive tion of a specimen increases. For an as-sintered ferroelectric

ter fatigue testingP, =12uClcn?, Ps is 15uClcn?, and

field E¢ increases by 83%, indicating that the specimen was
fatigued, according to the commonly ud@dor E criterion.

To correlate electrical properties with microstructures,
TEM investigations were carried out after electrical mea-
surements. Microstructures within grains are quite simple in
as-sintered specimens, as showkiig. 2(a). The amount of
domain boundaries multiplies quickly and domain structures
become complicated after electric polarization switch-
ing applies. Domain boundaries may nucleate from grain
boundaries where high strain accumulates due to material ex-
tension/contraction under an electric field. Intriguingly, small
zigzag-shaped domain boundaries were constantly induced
from a straight 90 domain wall under an ac-field, labeled
as A inFig. 2(b). Simultaneously, the zigzag-shaped domain
kept growing (including forward and lateral directions)
until it intersected with other domain walls, labeled as B in
Fig. 2b).Fig. 2(c), on the other hand, shows a grain with high
dislocation density produced by the intersected domain after
3 x 10° switching cycles with an electric field of 55 kV/cm.
The contrast of the domain boundaries is almost smeared out
by defect strain fields in the present case. The intersection of
domain boundaries reduces the switchability of polarization
domain, and therefore the coercive field increased with the
density of domains boundaries intersection.

Fig. 3is a TEM micrograph showing an intriguing do-
main boundary generation mechanism. A straightifimain
boundary may dissociate into many small zigzag shaped do-
main boundaries under a polarization switching process. The
zigzag domain boundaries nucleate and grow in both out-
ward and lateral directions, and the domain boundaries ex-
pand till they intersect with other domain boundaries. If the
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Fig. 4. Two sets of a-a domain boundaries intersect to form an immobile

Fig. 3. Domain boundary dissociation under a polarization switching cycles variant boundary. (a) A bright field image close to (100) zone;, (b) a bright
of Py 6S1p.4TiO3 ceramics, suggesting an intriguing strain energy absorbing field image near the (110) zone; (c) schematic drawing and polarization

mechanism.

arrangements among the intersected domain boundaries.
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ceramic, remanent polarization may increase at the earlyical fatigue differs from domain pinning related to oxygen
stage of polarization cycling. However, if the domain vacancies. The polarization fatigue of a ferroelectric can be
boundaries accumulate in the grains, domain intersectionsimproved by enhancing the domain mobility and working at
and induced stress field inhibit polarization switching, which an optimum condition, including frequency, electric field and
reduces remanent polarization and increases coercive field ofnterfacial compatibility.

specimens. To elucidate the relation of domain intersection
and polarization switching, a careful analysis of domain
pinning using TEM was carried ouEig. 4 show two sets

of a-a domain boundaries intersect with each other in a
grain of a Pl gSr 4TiO3 specimen. It is clearly observed The authors are grateful to National Science Council of
that a strain contrast occurs at the intersections of the tipsTaiwan for financial support under contract number of NSC
of wedge-shaped domains and the perpendicular domain92-2216-E011-029 and to Ms. Cheng and Ms. Tseng of Pre-
boundaries. The domains were constrained and pinned duecision Instrument Center of National Science Council, Tai-
to a highly distorted region occurring. The strain contrast wan for helping with HRTEM and TEM investigations. CCC
around domain boundaries can be monitored through tilting would like to express his thanks to Sinetek Company Ltd of
during TEM investigation. One may observe a 180main Taiwan for providing excellent electrode materials.
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