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Dielectric, piezoelectric, and pyroelectric anisotropy in
KCl-modified grain-oriented bismuth vanadate ceramics
K. Shantha and K. B. R. Varmaa)

Materials Research Centre, Indian Institute of Science, Bangalore-560 012, India

(Received 20 October 1997; accepted 8 June 1998)

The effect of the additive KCl, on the structural, microstructural, and polar properties
of bismuth vanadate (BiV) ceramics is investigated. The scanning electron microscop
(SEM) studies reveal a remarkable modification in the microstructure and the occurre
of high grain-orientation (75%) on KCl addition. The energy dispersive x-ray (EDX)
analyses indicate the presence of chemically inhomogeneous distribution of KCl, with
core-shell-like grain structure. The KCl-modified BiV samples exhibit a broad and
depressed phase transition, with no frequency dispersion, as a result of the increased
internal stress and the formation of core-shell-like grain structure. Significant anisotrop
are observed in the dielectric, piezoelectric, and pyroelectric responses of these
grain-oriented ceramic samples. These samples are characterized by near rectangula
ferroelectric hysteresis loops, with a significant anisotropy in thePr (Pr'yPrk  2.43, at
300 K) andEc (EckyEc'  2.22, at 300 K) values between the directions parallel and
perpendicular to the cold-pressing axis.
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I. INTRODUCTION

The formation of bismuth vanadate, Bi2VO5.5 (BiV),
crystalline phase, which is a vanadium analog of
n  1 member of the Aurivillius family of oxides, has
been reported in the Bi2O3 –V2O5 binary system.1– 4 It
crystallizes in a non-centrosymmetric, polar orthorhom
bic class and is ferroelectric at room temperature. S
tematic studies carried out, on both the single a
polycrystalline samples, confirm that BiV exhibits tw
reversible phase transitions at 725 and 835 K.5,6 BiV,
by virtue of its high ionic conductivity in the high tem
perature tetragonal phase, has attracted the attentio
many researchers for solid state fuel cell applications7,8

However, the use of these ceramics for polar dev
applications is inhibited by its high dielectric loss (0.3
300 K and 3.5 at 725 K, measured at 100 kHz), arisi
from its high ionic conductivity, as it hinders effectiv
electrical poling. Our investigations into the effect o
various dopants and additives on the physical prop
ties of BiV ceramics have demonstrated that potassi
chloride (KCl) as an additive, is effective in modifying
the microstructure as well as reducing the electric
conductivity.9,10

Moreover, the electrical poling of the ceramic sam
ples of the Aurivillius family of oxides is found to be in-
effective in enhancing their piezoelectric response, sin
the rotation of the spontaneous polarization is confin
to two dimensions, i.e., to the a-b plane. In such ceram
samples, the piezoelectric properties can effectively
improved by the process of grain orientation, achiev

a)Address all correspondence to this author.
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via techniques such as hot-pressing and hot-forgin
The preferential grain orientation facilitates easier polin
in the plane normal to the pressing direction.11–13 Our
earlier investigations have revealed that the KCl add
tion, apart from considerably reducing the conductivity
leads to appreciable grain orientation (75%) in BiV
ceramics.10 Therefore, it is envisaged that these grain
oriented ceramics with reduced electrical conductivi
will exhibit better polar properties. In this paper, we
report the results of our investigations pertaining t
the structural and polar properties of KCl added, grai
oriented, BiV ceramic samples.

II. EXPERIMENTAL DETAILS

A. Sample preparation

Bismuth vanadate polycrystalline powder was pre
pared by heating a stoichiometric mixture of bismut
oxide, Bi2O3 and vanadium pentoxide, V2O5 at 1070 K
for 24 h, with intermediate grinding and sintering step
The formation of the desired phase was confirmed
x-ray powder diffraction studies (XRD). Prereacted BiV
powders, along with known amounts of KCl, were ball
milled for 2 h in an agate container. The oxide-sa
mixture was cold-pressed and placed in a platinu
crucible and heated to 1025 K for various durations. Th
ceramic samples thus obtained were studied for vario
physical properties, which are reported in this paper.

B. Characterization

The density of the sintered ceramic samples w
determined by the liquid displacement method, usin
xylene as the liquid medium. The microstructure of th
 1999 Materials Research Society
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sintered ceramic samples and the average grain-s
measurements were carried out using a Cambridge S
scanning electron microscope (SEM). Quantitative e
mental analysis was performed using LINK AN1000
energy dispersive x-ray analyzer (EDX), by employin
ZAF-4 software. The formation of the desired phase, t
lattice parameters, and the degree of grain orientat
in the sintered ceramic samples were determined
XRD technique using Cu Ka radiation (Phillips PW
1050y70). The degree ofc-axis orientation of the grains
was estimated by employing the Lotgering’s method14

in which the orientation factor (f) was calculated us-
ing the formula:f  s p 2 p0dys1 2 p0d where,p 
SI00lySIhkl for the given oriented sample andp0 
SI00lySIhkl for the nonoriented sample. Differential ther
mal analyses (DTA) were performed on the powde
using a thermal analyzer STA 1500, Polymer Lab
The dielectric measurements (with an error not excee
ing 65%) were carried out on the gold sputtered an
subsequently silver electroded samples. The anisotro
in the dielectric properties was studied by monitorin
the dielectric constant along the directions parallel a
perpendicular to the pressing axis. The capacitan
the dielectric loss, and the electrical conductivity we
monitored, as a function of both frequency (40 Hz
100 kHz) and temperature (300 to 800 K), using
Keithley 3330 multifrequency LCZ meter at a signa
strength of 0.5 V rms.

The specimens for piezoelectric and pyroelectr
measurements were poled at room temperature (RT)
applying a dc field of 15 kVycm for 2 h. The piezo-
electric d33 coefficient of the samples was measure
using a Berlincourtd33 meter, model CADT (range of
measurement220 to 1000 pCyN) at 60 Hz. Pyroelectric
current was measured as a function of temperature (3
to 800 K) by employing the direct method which wa
due to Byer–Roundy.15 A programmable furnace was
used to heat the sample at a heating rate of 10±Cymin.
A Keithley 485 autoranging picoammeter, with a storag
facility, was used to record the pyroelectric current. Th
pyroelectric coefficientp was evaluated from the relation
p  iyfAsdTydtdg as a function of temperature, wher
i is the pyroelectric current,A is the electroded area
and (dTydt) is the heating rate. Ferroelectric hysteres
loop measurements were performed on electrically po
samples at a switching frequency of 50 Hz, using
modified Sawyer-Tower circuit.

III. RESULTS AND DISCUSSION

A. Microstructural analysis

The density of the 10 mol % KCl added BiV ce
ramic sample isø84% of the theoretical value. It in-
creases with decrease in the KCl content, but does
vary appreciably with increase in the sintering tim
J. Mater. Res., Vol. 1
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Figures 1(a) and 1(b) show the scanning electron micr
graphs obtained for the pure and 10 mol % KCl adde
BiV ceramics. It is evident from the microstructure tha
the KCl addition enhances the grain growth. Indee
the average BiV grain size increases steadily with in
crease in the amount of KCl and the grain-morpholog
changes from symmetrical to lenticular [Fig. 1(b)]. Th
presence of interpenetrating grains is a clear indic
tion of two-dimensional grain growth, which progresse
by partial absorption between grains during sinterin
The occurrence of abnormal grain growth, as a cons
quence of secondary recrystallization, could be due
the presence of a small amount of liquid phase (flu
formed by the additive at the grain boundaries.16,17 Sys-
tematic EDX analyses carried out on these sampl
indicate that the KCl distribution is nonuniform, residing
primarily at the grain boundaries [Fig. 2(a)]. Prismatic
shaped crystallites of KCl are also present at the gra
boundaries, as shown in Fig. 2(b). The possibility of K1

FIG. 1. Scanning electron micrographs obtained for (a) additive-fr
and (b) 10 mol % KCl added BiV ceramics.
4, No. 2, Feb 1999 477
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FIG. 2. Scanning electron micrographs obtained for the KCl-modifi
BiV ceramics: (a) shows the grain-boundary region, with the ED
pattern as the inset, and (b) shows the KCl crystallite at the g
boundary along with the EDX pattern.

ions entering Bi31 sites with the formation of oxygen
vacancies is not completely ruled out, since their io
radii are comparable. However, the lattice parameter
KCl added ceramics [i.e.,a  16.596s3d, b  5.595s1d,
and c  15.299s3d Å for the 10 mol % KCl containing
sample] are not significantly different from those
additive-free BiV [a  16.594s3d, b  5.602s1d, and
c  15.297s3d Å]. Thus, it is clear that the relatively
pure BiV regions form the core of the grains, a
the grain-boundary regions rich in KCl form the grai
shell regions. Transmission electron microscopic (TE
studies are in progress to substantiate the existenc
core-shell grain structure. The presence of elonga
grains with large aspect ratio suggests the poss
occurrence of grain orientation in these ceramics. Inde
the XRD patterns recorded for the ceramic disks sugg
the existence of grain orientation, the details of wh
are elucidated in the subsequent section.
478 J. Mater. Res., Vol.
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Grain growth in ceramics is known to be strongly
dependent on the sintering temperature and the so
ing duration.16 In the present case, since sintering a
temperatures above 1025 K yielded low density, porou
samples, the sintering temperature was fixed at 1025
and the soaking time was varied in order to visualiz
its influence on the grain morphology, grain orientation
and the resultant change in the physical propertie
There is a large increase in the grain size with increa
in the sintering time. The average grain size is no
computed for these samples, since there is a lar
distribution of grain sizes in these samples, due
secondary recrystallization. The corresponding increa
in the grain orientation was monitored via XRD stud
ies. Figures 3(a) and 3(b) show the scanning electr
micrographs obtained for the perpendicular and paral
faces of the 10 mol % KCl added sample withf  0.75

FIG. 3. SEM micrographs recorded on the (a) perpendicular an
(b) parallel surfaces, of the pressing axis, for the KCl-modifie
grain-oriented ceramic (f  0.75).
14, No. 2, Feb 1999
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(sintered at 1025 K for 60 h). Large elongated grain
with plate-like morphology, which are piled up alon
the pressing direction, are seen on the perpendicu
surface, whereas more symmetrical grains are found
the parallel surface.

The SEM studies carried out on the chemical
etched [HNO3 : H2O (1 : 4)] KCl-modified BiV ceramics,
revealed the presence of ferroelectric domains. These
mains are confined mainly to the central regions of t
grains, implying the ferroelectric nature of the co
and the paraelectric nature of the shell of the gra
[Fig. 4(b)]. The domain pattern, obtained for the additiv
free BiV ceramic sample, is also shown in Fig. 4(
for comparison. It is clear from the micrographs th
the domain pattern of the KCl-modified BiV sampl
is strikingly different from that of the additive-free
BiV sample. The domain structure of the additive-fre
BiV ceramic has normal stripe-like morphology, stripe
extending from grain to grain, which is typical of
long range ordered ferroelectric state. Whereas, in
KCl-modified samples, the domain density increas
the domain size is finer and the domain boundaries
irregular and “wavy” [Fig. 4(b)]. The occurrence of
similar “wavy” domain structure has been reported18,19

in lead potassium zirconate (PKZT) ceramics and
attributed to the domain-wall pinning due to mobi
defects. A small amount of the additive is found
have a remarkable influence on the domain structure
BiV. The density and the “waviness” of the domain
increase significantly, which is indicative of domain-wa
pinning. The evolution of such a domain structure c
be explained as follows. As the sample is cooled fro
its high temperature paraelectric state to the ferroelec
state, the polarized defect complexes (K1-oxygen va-
cancy dipoles) can remain mobile till significantly low
temperatures. Consequently, during the nucleation
growth of domains, these defect complexes can pr
erentially segregate at the domain boundaries, resul
mics.
FIG. 4. Scanning electron micrographs of the chemically etched samples of (a) additive-free and (b) KCl-modified BiV cera
J. Mater. Res., Vol. 1
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in polarization-pinning. Domain-pinning can lead to
continuous bending in the domain orientation betwee
various equivalent polar directions, giving rise to
“wavy” domain pattern. The influence of such a domai
morphology on the polar properties of these samples
discussed in the subsequent sections.

B. XRD analysis

The XRD pattern recorded for the crushed powde
of the KCl-modified BiV sample clearly shows the
Bragg peaks corresponding to the BiV and the KC
phases, indicating that KCl crystallites are dispersed
the BiV matrix.10 The XRD patterns recorded for the
face perpendicular to the pressing axis of the ceram
disk exhibit intense (00l) and weak (hkl) lines. The
intensity of the (00l) peaks increases with increase in
the amount of KCl used during sintering [Figs. 5(b) an
5(c)]. For comparison, the XRD pattern recorded for th
randomly oriented additive-free BiV ceramic is shown i
Fig. 5(a). These results indicate that the BiV grains a
oriented with theirc-axes along the pressing direction
The degree of grain orientation in these samples w
determined, using the Lotgering method, based on t
data recorded over a2u range of 10 to 60±. The degree
of grain orientation (f) increases with increase in the
KCl amount (Fig. 6). The value off could also be
effectively enhanced by increasing the sintering duratio
(with intermediate grinding steps). Fig. 7 shows th
increase inf with increase in the sintering duration for
10 mol % KCl added sample. Thus, a degree of gra
orientation as high as 75% could be achieved by sinteri
the 10 mol % KCl added sample at 1025 K for 60 h.

The lattice strain was computed by monitoring th
line broadening and line shift of a few selected Brag
peaks, according to the procedure outlined in our ea
lier paper.10 When BiV is cooled below the transition
temperature (tetragonal! orthorhombic), the volume
change associated with the phase transformation w
4, No. 2, Feb 1999 479
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FIG. 5. X-ray powder diffraction patterns recorded for the perpend
ular face of the (a) additive-free, (b) 2 mol %, and (c) 10 mol % K
added BiV ceramic disks.

eventually generate a slight lattice deformation of
constituent orthorhombic BiV crystallites. It is becau
of the fact that the volume change for one crystall
can be inhibited by the surrounding crystallites. In t
present case, since almost all the grain boundaries co
of KCl crystallites of varied sizes, it is more likely tha
it can create an additional lattice strain. The lattice str
could also be induced as a result of the lattice misma
between the core and the shell of the grains, which
likely to arise as a consequence of the limited solubi
of KCl in the core and its preferential segregation at
shell of the grains. The lattice strain computed for t
10 mol % KCl added sample is found to be higher th
that for the additive-free sample.10

C. Dielectric properties

The dielectric constant (er) and the dielectric loss
(tand) at room temperature, measured along both the p
allel (erk and tandk) and the (er' and tand') directions to
the pressing axis, for the ceramic sample withf  0.75,
decrease with increase in frequency [Figs. 8(a) and 8(
480 J. Mater. Res., Vol. 1
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FIG. 6. Variation off with increase in the KCl content.

FIG. 7. Variation of f as a function of the sintering time for the
10 mol % KCl added BiV ceramic.

Both er' and tand' are higher thanerk and tandk over
the whole frequency range covered, suggesting that th
polar axis lies in the a-b plane. In fact, the polar axis
of BiV single crystals has been confirmed to be the
crystallographica-axis, by dielectric and ferroelectric
studies.20 Therefore, the dielectric constant along any
axis in the a-b plane is expected to be higher than
that measured normal to the a-b plane. In the grain
oriented ceramics, since most grains are aligned with
their c-axes along the pressing direction, the dielectric
4, No. 2, Feb 1999
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FIG. 8. Variation of (a)erk and er' and (b) tandk and tand', with
frequency, at 300 K for the KCl-modified grain-oriented ceram
( f  0.75).

constant measured along the direction perpendicula
the pressing axis is higher. Figures 9(a) and 9(b) sh
the temperature dependence ofer of the KCl-modified
grain-oriented sample (f  0.75) monitored at various
frequencies. It is evident from this figure that the
is no measurable shift in the temperature of dielect
maximum (Tc) with the frequency. The variation ofer'

and erk along with the er of the randomly oriented
additive-free BiV sample, as a function of temperatu
is shown in Fig. 10. A significant anisotropy in th
dielectric constant and the dielectric loss, between
parallel and the normal directions of the pressing ax
is observed. The ratio ofer' to erk increases with
J. Mater. Res., Vol. 1
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FIG. 9. Temperature dependence of (a)erk and (b) er' for the
KCl-modified grain-oriented ceramic at various frequencies.

increase in temperature and reaches a maximum at t
Curie temperatureTc (Table I). Bother' and erk show
a maximum at the same temperature, which is clos
to the Tc estimated based on DTA. TheTc obtained
for the KCl-modified sample is lower than that of the
additive-free sample. The decrease inTc is attributed to
the decrease in the orthorhombic distortion (the bya ratio)
associated with the sample. Theer and tand are much
lower for the KCl-modified BiV ceramics than those for
the additive-free BiV, both at RT and atTc. This is
attributed to the presence of KCl crystallites of lower
dielectric constant values dispersed in the BiV matrix
Also, the higher porosity and the increased resistivity (a
a result of reduced grain-grain contact) would certainl
4, No. 2, Feb 1999 481
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FIG. 10. Temperature dependence oferk and er' for KCl-modified
and er of the additive-free BiV sample, measured at 10 kHz.

TABLE I. Dielectric and conductivity anisotropies of BiV single
crystal and KCl-modified grain-oriented ceramic.

Sample
s'

sk

(300 K)
er'

erk

(300 K)
er'

erk

(Tc)

BiV single crystals 10 2.2 3.5
KCl-modified BiV ceramic 3.51 1.5 2.76

play a crucial role in reducing the dielectric consta
Another possible mechanism could be the restriction i
posed on the domain-wall movement, as a conseque
of the domain wall-pinning, confinement of the domai
to the core region of the grains, and the presence of
secondary phase at the grain boundaries.

The KCl-modified BiV sample exhibits a broad an
depressed phase transition, with no frequency dispers
In order to verify whether the observed phenomenon
diffused phase transition (DPT),21 the following analysis
was adopted: The temperature dependence of the die
tric constant at any temperatureT . Tc is governed by
the equation,f1yer 2 1yersmaxdg  AsT 2 Tcdt, where
the exponentt indicates the amount of diffuseness. Th
value of t is equal to 1 for a typical sharp transitio
(Curie–Weiss type of transition), it has a value betwe
1 and 2 for a DPT, and is equal to 2 for a comple
diffused phase transition.22,23 To estimate the value o
t, a plot of logf1yer 2 1yersmaxdg vs logfT 2 Tcg is
generated [Figs. 11(a) and 11(b)] for the 10 mol % K
added ceramic. The curve does not show a lin
behavior and the slope changes continuously, indica
that t decreases with increase in temperature. Thus
becomes difficult to estimate the value of the expone
482 J. Mater. Res., Vol. 1
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FIG. 11. Logf1yer 2 1yersmaxdg vs logfT 2 Tcg at 10 kHz for (a)
erk and (b) er'.

Alternatively, in order to examine the validity of the
Curie–Weiss law in the vicinity of theTc, the inverse
of dielectric constant (botherk and er') is plotted as
a function of temperature [Figs. 12(a) and 12(b)]. It i
evident from the plot that the Curie–Weiss law is obeye
only above a certain temperature,Tc1 and a significant
deviation from the linear behavior is observed in th
vicinity of Tc. The parameterDT  Tc1 2 Tc is known
to be a measure of the thermal diffuseness.24 The finite
value ofDT , associated with the transition for the KCl-
modified BiV samples, indicates the deviation from th
Curie–Weiss behavior. Therefore, the ferro-paraelectr
transition, exhibited by the KCl-modifed BiV samples
can be classified as DPT, in contrast with the norm
Curie-Weiss type of transition exhibited by the additive
free BiV sample.20 Since it is known that the formation
of core-shell grain structure influences the nature
4, No. 2, Feb 1999
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FIG. 12. Reciprocal of dielectric constant (a)erk and (b)er' plotted
as a function of temperature, for the KCl-modified BiV sample,
10 kHz.

the phase transition,25 the DPT exhibited by the KCl-
modified samples may be attributed to the prese
of core-shell-like grain structure formed by the grai
boundary segregated KCl. It is understood that
internal stress present in the ceramic samples lead
diffused phase transitions.26 It is clear from the earlier
discussion that the lattice strain estimated for
10 mol % KCl added sample is higher than that f
the additive-free sample, which could also give rise
the observed change in the nature of the phase transi

D. Resistivity measurements

The resistivity of the KCl-modified BiV ceramic
samples is found to be higher than that of the additi
free BiV sample. The grain and grain-boundary con
J. Mater. Res., Vol.
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butions to the resistance of the sample could be resolv
by analyzing the impedance spectra. The grain-bound
resistance of the KCl-modified sample is more than tw
orders of magnitude higher than that of the additive-fre
BiV sample.10 For the grain-oriented ceramic sample
the conductivity data were measured in the two pe
pendicular directions and found thats' is higher than
sk. The anisotropy in conductivity (s'ysk) is  3.51
at 300 K, for the ceramic withf  0.75 (Table I).
Similar results have been reported in other bismuth lay
compounds such as PbBi2Nb2O9, SrBi4Ti4O15, etc.11 The
c-axis oriented single crystalline plate of BiV show
a large anisotropy (10 : 1, at 300 K) in the electrica
conductivity, between the directions normal and paral
to the c-axis, due to its layered nature.27 Since most
of the BiV grains are oriented with theirc-axes along
the pressing direction, in the KCl-modified BiV ceramic
the lower conductivity along the pressing direction
justifiable.

E. Piezoelectric properties

The KCl-modified samples poled at 15 kVycm for
4 h at RT are found to be piezoactive in contrast wi
the additive-free BiV ceramics. The piezoelectricd33

coefficients are measured in the directions both para
and perpendicular to the pressing axis for the samp
poled under identical conditions, in the direction o
the measurement. The KCl-modified grain-oriented Bi
ceramic withf  0.75, exhibits significantd33 values of
53 pCyN and 38 pCyN in the directions perpendicular
and parallel to the pressing directions, respective
The piezoelectric coefficients of the samples with low
degree of grain orientation are small (smaller than t
measurement range of thed33 meter used) and hence
could not be quantified.

F. Pyroelectric properties

The pyroelectric measurements are carried out
the grain-oriented samples in the two perpendicular d
rections, maintaining identical poling conditions prior t
the two measurements. Figure 13 shows the tempera
variation of the pyroelectric coefficient (p) measured
in the two directions, for the sample withf  0.75.
A significant anisotropy is found in the pyroelectric
response in the two directions,p' being higher than
pk. In both directions,p is positive and shows a broad
peak near the transition temperature, then decrea
and subsequently becomes negative. It is clear t
the anisotropy increases with increase in temperatu
and undergoes a maximum at the transition temperat
(the ratio p'ypk is 3.33 at RT and 25 atTc). These
data, along with the pyroelectric figure of merit for th
quick evaluation of the material, given byfQ  pye0 3

er , calculated based on the dielectric constant and
14, No. 2, Feb 1999 483
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FIG. 13. Temperature dependence ofpk andp' for the KCl-modified
grain-oriented ceramic.

pyroelectric coefficient, are listed in Table II. Although
thep values for the KCl-modified BiV samples are lowe
than that reported for the additive-free BiV ceram
samples,20 they have betterfQ values because of thei
lower dielectric constant values.

The positive sign of the pyroelectric coefficient
unexpected for a ferroelectric material. In ferroelect
materials, the primary coefficient is large and negat
and the secondary coefficient is small and generally
positive sign, but may take either sign depending
the values of the coefficients. The measured pyroelec
coefficient (at constant stress) is the sum of the two ter
and is given by ps

i  pe
i 1 sdijkdT sCjklmdT , Esalmds

whereps
i is the total pyroelectric coefficient measure

at constant stress, andpe
i is the pyroelectric effect at

constant strain and represents the primary effect (ppri).
The second term, which involves the piezoelectric ten
sdijkdT at constant temperature, the elastic stiffness co
ficient, sCjklmdT , E, at constant temperature and elect
field and the thermal expansion coefficientsalmds at
constant stress represents the secondary effect (psec).
TABLE II. Ferroelectric and pyroelectric properties of KCl-modified grain-oriented ceramic and single crystals of BiV.

KCl-modified BiV Randomly oriented Single crystal (along the
ceramic (f  0.75) BiV ceramic [20] polara- andc–axes) [20]

Pr (Cycm2) Pr'  2.06 3 1028 2.25 3 1028 sPr da  5.25 3 1028

Prk  0.86 3 1028 sPrdc  5.7 3 1029

Ec (Vycm) Ec'  1100 650 sEcda  500
Eck  2450 sEcdc  600

p(mCm22 K21) p'  500 900
pk  150

fQ s3106 V m21 K21) fQ'  0.61 0.254
fQk  0.41
484 J. Mater. Res., Vol. 14
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Thus, the measured pyroelectric coefficient, whi
involves both the contributions, is generally negative f
ferroelectric materials. The positive sign ofp, in the
present case, indicates that thepsec, which is piezo-
electric in origin, is larger thanppri in this temperature
range (300–725 K). In the additive-free BiV ceram
sample, it is noticed thatp is positive at room
temperature, it becomes negative at around 500
and shows a sharp maximum atTc, implying that
the primary effect dominates beyond this particul
temperature. The contributions from the primary a
the secondary effects, at different temperatures, can
estimated if the temperature dependence of the elas
piezoelectric, and the thermal expansion coefficie
are known. Unfortunately, at present, no experimen
data with regard to the temperature dependence
the piezoelectric, elastic, and thermal coefficients a
available in the literature, in order to quantify the prima
and the secondary contributions.

G. Ferroelectric properties

The ferroelectric hysteresis loops for the KC
modified grain-oriented (f  0.75) ceramic, recorded
with the switching field applied in the directions parall
and perpendicular to the pressing axis, are shown
Figs. 14(a) and 14(b). Figure 14(c) shows the hystere
loop for a randomly oriented additive-free BiV ceram
sample. It is clear from the figure that the hystere
loop obtained along the perpendicular direction
nearly rectangular. The coercive field (Ec) and remnant
polarization (Pr ), computed from the hysteresis loop i
each case, are listed in Table II. ThePr value is higher
along the normal direction, confirming that the polar ax
is in the a-b plane. On the other hand, theEc value is
higher along the parallel direction, indicating that a lar
field is required to switch the spontaneous polarizati
along thec-axis. The better hysteresis loops obtained f
the KCl-modified samples may be attributed to the low
electrical conductivity associated with these sampl
Nevertheless, the influence of the domain shape and
on the ferroelectric hysteresis loop cannot be ruled o
In fact, the higherEc values of the KCl-modified sample
, No. 2, Feb 1999
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odified
FIG. 14. D-E hysteresis loop recorded with the electric field direction (a) parallel and (b) perpendicular to the pressing axis of the KCl-m
grain-oriented ceramic (f  0.75), and (c) is for the additive-free randomly oriented BiV ceramic.
u
th
n

e
e
a

ia
in
e
ra
i

ty
ri
t

n
ri
e
d
in
-
l
g
h
i

o
n

s
-
e
e
i

h
r

s

t,
a
y

.

.

.

.

.

.

indicates that the polarization reversal is hindered d
to the presence of strongly pinned domain walls, as
defects pin the domain walls and prevent nucleation a
growth of domains in the direction favored by an appli
electric field. The reducedPr value also indicates that th
degree of switchable polarization decreases dramatic
in the KCl-modified sample.

IV. CONCLUSIONS

Grain-oriented ceramics of BiV are fabricated v
simple cold-pressing and liquid-phase aided sinter
techniques, by utilizing KCl as an additive. The high d
gree of orientation of the grains was established by x-
powder diffraction and scanning electron microscop
studies. The large anisotropy in the electrical resistivi
dielectric, piezoelectric, pyroelectric, and ferroelect
data obtained for these ceramic samples confirms
grain orientation. The influence of the KCl amou
and the sintering time on the degree of grain o
entation was studied. The SEM and EDX analys
indicate that the distribution of KCl is not uniform an
segregates primarily at the grain boundaries form
core-shell-like grain structure. The complex “wavy” do
main pattern observed on the KCl-modified BiV samp
indicates the possibility of a strong domain-wall pinnin
The combination of core-shell grain structure and t
domain-wall pinning has a profound influence on the
dielectric-temperature characteristics and the polar pr
erties. Significant anisotropy in the dielectric consta
(er'yerk  1.5 at 300 K and 2.76 atTc, for the ceramic
with f  0.75) was noticed in these ceramic sample
More importantly, the KCl-modified grain-oriented ce
ramics exhibit a significant piezoelectric effect, unlik
the additive-free randomly oriented ceramics. Furth
the ferroelectric hysteresis loops obtained, for the gra
oriented samples, by applying the switching field in t
direction perpendicular to the pressing axis, is nea
rectangular with higherPr and lowerEc values, as com-
pared with those obtained in the parallel direction. The
J. Mater. Res., Vol. 1
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ceramic samples show positive pyroelectric coefficien
indicating that the secondary pyroelectric effect has
substantial contribution to the observed effect. The
show pyroelectric figures of merit for quick evaluation
of the material, comparable with that of the well-known
pyroelectric detector material LiTaO3.
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