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Lanthanum-modified lead zirconate titanate ferroelectric ceramics

(Phy od-80 02(Zro 40Ti0 600,003 Were synthesized by the conventional powder
processing technique. X-ray diffraction experiments revealed that the samples
belong to the tetragonal phase widh= b = 0.4055 nm¢ = 0.4109 nm, and

c/a = 1.013. After being poled, the samples were indented with a 5-kg Vickers
indenter, and lateral electric fields of 0.4,B.5 E, and 0.6 E£ (E. = 1100 V/mm)
were applied, respectively. Field-emission scanning electron microscopy showed
that 90° domain switching appeared near the tip of the indentation crack under a
lateral electric field of 0.6 E A mechanism of 90° domain switching near the
crack tip under an electric field is discussed.

[. INTRODUCTION degree polarization switch to quantify the toughening
process. By assuming a uniform electric field, they pro-
Perovskite-type ferroelectric ceramics have been usedded a plausible explanation for the fracture toughness
as sensors, actuators, and transducers in smart structurasisotropy and for the asymmetry of fracture toughness
Their properties can be tailored by changing composiunder a positive and a negative electric field. Zhu and
tions and processing conditions. However, ferroelectricvand® extended the model to the case of a concentrated
ceramics are brittle and they may degrade under conelectric field near the crack tip. Fulton and Gamudied
bined electrical and mechanical fields. The lack of reli-the electrical nonlinearity in the fracture of ferroelectric
ability limits the performance of ferroelectric devices andceramics based on a Dugdale type assumption that the
raises the need to understand electrical fracture andomain switching zone near the crack tip takes a strip
toughening mechanisms of ferroelectric ceramics. Vickshape. By using XRD techniques, Mehta and Vifkar
ers indentation experiments indicate that the fractureverified the existence of 90° domain switching in the
toughness of poled ferroelectrics is anisotropic. Uporfractured surface of a single edge notched beam sample
indentation, the crack propagating along the poling dibroken in four-point bending at room temperature. Fan
rection has a shorter length and, consequently, an appagt al® revealed the residual domain switching in a trans-
ently higher fracture toughness; the crack propagatingarent relaxor-type ferroelectric 9.4/65/35 lanthanum-
normal to the poling direction has a longer length and amimmodified lead zirconate titanate (PLZT) under a
apparently lower fracture toughness. Three-point mechanical stress field with an optical microscope.
bending and compact-tension tests on the poled lead ziHowever, direct observation of the 90° domain
conate titanate (PZT) ceramics demonstrated that, foswitching zone near a crack tip for tetragonal ferroelec-
cracks perpendicular to the poling axis, a field applied intric eramics under an electric field has yet to be revealed
the poling direction promoted the cracking, whereasexperimentally.
a field antiparallel to the poling direction inhibited In this paper, PLZT ferroelectric ceramics (RH-a, o)
cracking? (Zro 40710 600.093 Were synthesized by a conventional
The microstructure of ferroelectric ceramics is characpowder processing techniqgue. XRD was used to reveal
terized by ferroelectric domains with different orienta- the lattice structure. After being polished, poled, and in-
tions. They may undergo polarization switches undeidented by a 5-kg indenter, lateral electric fields of 0.4,
electrical or mechanical fields. Theoretical analysés 0.5, and 0.6 E(E, = 1100 V/mm) were applied. Scan-
and an x-ray diffraction (XRD) experiméhindicated ning electron microscopy (SEM) studies on the etched
that 90° domain switching plays an important role in thesurfaces of unpoled and poled PLZT specimens, as well
fracture and fatigue behavior of ferroelectric ceramicsas the poled specimens with indentation cracks under
Yang and Zha proposed a model of stress-assisted 90tifferent lateral electric fields, were carried out. The 90°
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domain switching was revealed on the etched surfaces iHF. The samples were then cleaned ultrasonically in
the (PR odlag 04(Zro 40Ti0 600,05 Sample under a lat- ethanol and examined in a JSM-6301F field-emis-
eral electric field of 0.6 E The observed 90° domain sion SEM.

switching is attributed to the intense electric field near

the crack tip. The mechanism for the crack tip 90° do-

Figure 2 is the XRD pattern of (Rhyelag 04)
(Zro.40Ti0 600.90d5 Ceramics. It reveals that, at room tem-

Il. EXPERIMENTAL PROCEDURE perature, PLZT ceramics adopt a tetragonal perovskite

(Phy 9ela5 00 (Zro 40Tio 600.08Q3 (PLZT) ceramics structure witha = b = 0.4055 nm, and@ = 0.4109 nm.
were synthesized by the conventional powder processingonsequently, the aspect rati@ is 1.013. A SEM frac-
technigue. High-purity powders of BB,, ZrO,, La,0;, tograph of the fracture surface for PLZT ceramics is
and TiO, were properly weighed and mixed by ball mill- shown in Fig. 3, which indicates that the synthesized
ing in alcohol. After they were dried and sieved, thePLZT ceramics is fully densified with a well-formed
powders were calcined in a closed alumina crucible agrain structure. PLZT ceramics with tetragonal structure
800 °C for 1 h. After calcining, the powders were are ferroelectric, with the direction of spontaneous po-
remilled, dried, sieved, and then pressed into a rectanguarization parallel to the elongatedhxis. If thec axis of
lar shape and sintered in a closed alumina crucible @he domain is parallel-normal to the viewing direction, it
1200 °C for 2 h; then they were furnace cooled to roomis termed a c-type—a-type domain. There are four types of
temperature. During sintering, the PbO atmosphere wadomain boundaries in a tetragonal ferroelectric phase: (1)
maintained by pellets of PbZrQwith 1 to 2 wt% excess 90° a—a boundaries, (2) 90° a—c boundaries, (3) 180° a—a
of PbO. The lattice structure of the PLZT sample wasboundaries, and (4) 180° c—c boundaries.
analyzed with a D/max-Ill B x-ray diffractometer using  The etching rates of ferroelectric domains with differ-
Cu K, radiation. ent orientations are different: the positive ends of the

The PLZT ceramic samples were then mechanicallydomain etch at the highest rate, the negative ends of the
cut and ground into specimens§3x 5 x 25mm). One domains etch at the lowest rate, and the domains whose
5 x 25 mm surface was ground and polished. The twgolarization vectors are parallel to the surface etch at an
opposig 5 x 25 mmsurfaces were sprayed with Au elec- intermediate rate. Thus, thé domains appear bright; c
trodes. The samples were then poled under an electridomains appear dark, and the a domains appear gray in a
field of 8 kV over a width of 3.5 mm at 120 °C. After the SEM micrograph® For unpoled PLZT ceramics, the
Au electrodes were removed, the polished surface of 5 $EM morphology in Fig. 4(a) is dominated by lamellar
25 mm was indented under a 5-kg load. Then, the twetrips because of the 90° changes in the polar direction.
opposing surfaces of 3.5 x 25 mm were sprayed with Aurhe 180° domain boundary is also observed in the mi-
electrodes and lateral electric fields of 0.4, 0.5, andcrograph. To minimize the charge at the domain wall, the
0.6 E. were applied. Figure 1 illustrates the specimenpolarization vectors in a ferroelectric phase usually adopt
configuration, the poling direction, the indentation in- a head-to-tail arrangement across the 90° boundary. A
duced surface cracks, and the direction of lateral electrischematic illustration of the M region in Fig. 4(a) is
field. Later, unpoled, poled, and poled PLZT ceramicsshown in Fig. 4(b).
with different lateral electric fields were etched by using
a solution made up of the following mixture: 2.5 &mf 6000 -
HCI, 47.5 cn? of H,O, and two drops of concentrated ]
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FIG. 3. SEM fractograph of PLZT ceramics. (a)

Polycrystalline ceramics that have not been subjecte
to a static field would behave as a nonpolar material
However, by applying a static field, ferroelectric ceram-
ics can be transformed into polar material through the
process of 90° and 180° domain switchings. A switch of
180° causes little strain and is activated by the electric
field. On the other hand, switching of 90° can be pro-
duced by electric or stress fields. It delivers a sizeabl¢
strain of fixed amount and orientation, contracting along
the previous polarization direction and elongating alonc
the current one. When the electric field is removed, re-
sidual elongation and polarization remain. The poling
process of ferroelectric ceramics is illustrated in Fig. 5.
Overall observation of the poled PLZT ceramics undel
SEM indicated that there are no parallel lines of 90°
changes in the polar direction, as shown in Fig. 6. How-
ever, topographic contrasts are still visible among differ-p)
ent crystallites, which are due to the random orientationgg. 4. (a) SEM morphology of the etched surface for unpoled PLZT
of the crystallographic axes of the crystallites. ceramics. (b) Schematic illustration of the M region.

elongation residual elongation
(a) (b) (c)

FIG. 5. Poling process of ferroelectric ceramics: (a) domain structure before poling, (b) domain structure and elongation under a poling electric
field, and (c) domain structure and residual elongation after poling.
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FIG. 6. SEM morphology of the etched surface for poled PLZT (a)
ceramics.

A

After the poled PLZT ceramic samples are indented by
a 5-kg load and then subjected to different lateral electricT
fields, their domain structures near the indentation crack4
may change. The crack tip domain switching zone was
observed by SEM. It was shown that in poled PLZT with
0.6 E. lateral electric field, lamellar 90° domain structure
reappeared, illustrating the formation of 90° domain
switching near the crack tip, as shown in Fig. 7(a).

Similar to any solid-phase transformation, 90° domain
switching is driven by the reduction of free energy. As
shown in Fig. 7(b), the indentation crack forms an incli-
nation anglea with the horizontal axis. The remotely
applied electric fielde directs upward. Denote the elec-
tric field distribution within the specimen by two com-
ponents,E, and E,, along the local coordinates,
(tangential to the crack) and, (normal to the crack),
respectively. The applied electric field can be decom-
posed into a component & sin « parallel to the inden-
tation crack and a componentBtosa normal toit. The  (b)
former causes only uniform field distribution within the
specimen, but the latter causes field concentration near Viewing Direction
an impermeable crack. The electric field concentration *
near the indentation cracks provides a much larger driv-
ing force for 90° domain switching. The singular part of f
the crack tip electrical field can be described by 4‘ T —> |o/tlo]tle| e[t

{El} _ Ke {—sin(e/Z)} O
Ex) ~ \/2nr c056/2) -
wherer and 6 are polar coordinates centered at the
crack tip.Kg measures the intensity of the crack tip elec-
trical field and is given byE cosaVrl, wherel denotes ©
the half length of the insulated crack. Directly ahead of

the crack tip, the field concentration is intense andF!G. 7- (a) SEM morphology of the etched surface for poled PLZT

. . . . . ceramics with 0.6 Elateral electric field, showing 90° domain switch-
aligned normal to the crack extension line, as depicted I g zone near a crack tip, (b) concentrated electric field near a crack

Fig. 7(b). For the_eXperimental Con_dition_s we used, it Wasip, and (c) schematic illustration of the unconventional a—c domain
always perpendicular to the poling direction. Conse-boundary.
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quently, 90° domain switching takes place in several (3) By applying a 0.6 Elateral electric field, 90° do-
strips in the grain ahead of the crack tip, leading to marksnain switching appeared in front of the indentation crack
of straight 90° domain walls. Schematic representation ofip. The configuration and size of the 90° domain switch-
the a—c domain boundary in the domain switching zoneéng zone are influenced by the crack tip field and the
of Fig. 7(a) is shown in Fig. 7(c). This kind of ferroelec- constraint of the neighboring grains.

tric domain boundary was found in doped BaZiCe-

ramics and was termed the unconventional domain
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