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The effect of the additive KCI, on the structural, microstructural, and polar properties

of bismuth vanadate (BiV) ceramics is investigated. The scanning electron microscopic
(SEM) studies reveal a remarkable modification in the microstructure and the occurrence
of high grain-orientation (75%) on KCI addition. The energy dispersive x-ray (EDX)
analyses indicate the presence of chemically inhomogeneous distribution of KCI, with
core-shell-like grain structure. The KCI-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 anisotropies
are observed in the dielectric, piezoelectric, and pyroelectric responses of these
grain-oriented ceramic samples. These samples are characterized by near rectangular
ferroelectric hysteresis loops, with a significant anisotropy inRhépP, , /P, = 2.43, at

300 K) andE. (E./E., = 2.22, at 300 K) values between the directions parallel and
perpendicular to the cold-pressing axis.

I. INTRODUCTION via techniques such as hot-pressing and hot-forging.
The preferential grain orientation facilitates easier poling
An the plane normal to the pressing direction:* Our

earlier investigations have revealed that the KCI addi-

been reported in the BD;—V,0s binary systert It tion, apart from considerably reducing the conductivity,
, leads to appreciable grain orientation (75%) in BiV

crystallizes in a non-centrosymmetric, polar orthorhom iodl0 I : .
bic class and is ferroelectric at room temperature. Sysceramics:” Therefore, it is envisaged that these grain-
tematic studies carried out, on both the single andPriented ceramics with reduced electrical conductivity

will exhibit better polar properties. In this paper, we
report the results of our investigations pertaining to
the structural and polar properties of KCI added, grain-
fiented, BiV ceramic samples.

The formation of bismuth vanadate ,BiOs 5 (BiV),
crystalline phase, which is a vanadium analog of a
n = 1 member of the Aurivillius family of oxides, has

polycrystalline samples, confirm that BiV exhibits two
reversible phase transitions at 725 and 83%°kBiV,
by virtue of its high ionic conductivity in the high tem-
perature tetragonal phase, has attracted the attention 8
many researchers for solid state fuel cell applicatichs.
However, the use of these ceramics for polar devicdl- EXPERIMENTAL DETAILS
applications is inhibited by its high dielectric loss (0.3 atA. Sample preparation

300 K and 3.5 at 725 K, measured at 100 kHz), arising

from its high.ionic con'ductiv.ity, as it _hinders effective pared by heating a stoichiometric mixture of bismuth
electrical poling. Our investigations into the effect of j..qq B,O, and vanadium pentoxide,,@s at 1070 K

v_arious quantS gnd additives on the physical PrOP€Ttor 24 h, with intermediate grinding and sintering steps.
ties of BiV ceramics have demonstrated that potassiumya formation of the desired phase was confirmed by
chlorld_e (KCI) as an additive, is effect_lve n mod|fy|ng -ray powder diffraction studies (XRD). Prereacted BiV
the microstructure as well as reducing the 6|eCtr'Canwders along with known amounts of KCI, were ball-
ivity9.10 ) ' . ! » WeT
conductivity. . . . milled for 2 h in an agate container. The oxide-salt
Moreover, the electrical poling of the ceramic sam-jyyire was cold-pressed and placed in a platinum
ples of the Aurivillius family of oxides is found to be in- ¢ ciple and heated to 1025 K for various durations. The
effective in enhancing their piezoelectric response, Smc%eramic samples thus obtained were studied for various

Bismuth vanadate polycrystalline powder was pre-

the rotation Of. the spontaneous polarization is confmg hysical properties, which are reported in this paper.
to two dimensions, i.e., to the a-b plane. In such cerami

samples, the piezoelectric properties can effectively b

; ; . . X . Characterization
improved by the process of grain orientation, achieve

The density of the sintered ceramic samples was
determined by the liquid displacement method, using
aaddress all correspondence to this author. xylene as the liquid medium. The microstructure of the
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sintered ceramic samples and the average grain-siZeigures 1(a) and 1(b) show the scanning electron micro-
measurements were carried out using a Cambridge S3&ffaphs obtained for the pure and 10 mol% KCI added
scanning electron microscope (SEM). Quantitative eleBiV ceramics. It is evident from the microstructure that
mental analysis was performed using LINK AN10000the KCI addition enhances the grain growth. Indeed,
energy dispersive x-ray analyzer (EDX), by employingthe average BiV grain size increases steadily with in-
ZAF-4 software. The formation of the desired phase, therease in the amount of KCI and the grain-morphology
lattice parameters, and the degree of grain orientatioohanges from symmetrical to lenticular [Fig. 1(b)]. The
in the sintered ceramic samples were determined bpresence of interpenetrating grains is a clear indica-
XRD technique using CuK radiation (Phillips PW tion of two-dimensional grain growth, which progresses
105(¢/70). The degree of-axis orientation of the grains by partial absorption between grains during sintering.
was estimated by employing the Lotgering’s methbd, The occurrence of abnormal grain growth, as a conse-
in which the orientation factor {) was calculated us- quence of secondary recrystallization, could be due to
ing the formula:f = (p — po)/(1 — po) where,p =  the presence of a small amount of liquid phase (flux)
S I/ 21 for the given oriented sample angy =  formed by the additive at the grain boundari$’ Sys-
310/ 21, for the nonoriented sample. Differential ther- tematic EDX analyses carried out on these samples
mal analyses (DTA) were performed on the powdersjndicate that the KCI distribution is nonuniform, residing
using a thermal analyzer STA 1500, Polymer Labsprimarily at the grain boundaries [Fig. 2(a)]. Prismatic-
The dielectric measurements (with an error not exceedshaped crystallites of KCI are also present at the grain
ing +5%) were carried out on the gold sputtered andboundaries, as shown in Fig. 2(b). The possibility of K
subsequently silver electroded samples. The anisotropy
in the dielectric properties was studied by monitoring
the dielectric constant along the directions parallel an(ggEs!
perpendicular to the pressing axis. The capacitanceiis
the dielectric loss, and the electrical conductivity weref, ‘fg :
monitored, as a function of both frequency (40 Hz to’ A
100 kHz) and temperature (300 to 800 K), using a {
(o* -

Keithley 3330 multifrequency LCZ meter at a signal ?
strength of 0.5V rms.

The specimens for piezoelectric and pyroelectric’
measurements were poled at room temperature (RT) kg’
applying a dc field of 15 kYcm for 2 h. The piezo- »—-:‘
electric d;; coefficient of the samples was measured
using a Berlincourid;; meter, model CADT (range of
measurement-20 to 1000 pZN) at 60 Hz. Pyroelectric \4*r
current was measured as a function of temperature (3C - &
to 800 K) by employing the direct method which was ‘o‘ ’
due to Byer—Roundj? A programmable furnace was =~
used to heat the sample at a heating rate ofQ/0nin.
A Keithley 485 autoranging picoammeter, with a storage
facility, was used to record the pyroelectric current. The
pyroelectric coefficienp was evaluated from the relation |
p = i/[A(dT/dt)] as a function of temperature, where
i is the pyroelectric currentd is the electroded area,
and {@T/dt) is the heating rate. Ferroelectric hysteresis
loop measurements were performed on electrically pole
samples at a switching frequency of 50 Hz, using &
modified Sawyer-Tower circuit.

[ll. RESULTS AND DISCUSSION
A. Microstructural analysis

The density of the 10 mol% KCI added BiV ce-
ramic sample is=84% of the theoretical value. It in- :
creases Wlth_ deCl'ee_lSE n the KC_| content, bU_t dOF{S N@G. 1. Scanning electron micrographs obtained for (a) additive-free
vary appreciably with increase in the sintering time.and (b) 10 mol% KCl added BiV ceramics.
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Grain growth in ceramics is known to be strongly
dependent on the sintering temperature and the soak-
ing durationt® In the present case, since sintering at
temperatures above 1025 K yielded low density, porous
samples, the sintering temperature was fixed at 1025 K
and the soaking time was varied in order to visualize
its influence on the grain morphology, grain orientation,
and the resultant change in the physical properties.
There is a large increase in the grain size with increase
in the sintering time. The average grain size is not
computed for these samples, since there is a large
distribution of grain sizes in these samples, due to
secondary recrystallization. The corresponding increase
in the grain orientation was monitored via XRD stud-
ies. Figures 3(a) and 3(b) show the scanning electron
micrographs obtained for the perpendicular and parallel
faces of the 10 mol % KCI added sample wjth= 0.75

L= $E1 ENT= 200KV W0~ 26 =
100 o p—--—r-—i

FIG. 2. Scanning electron micrographs obtained for the KCI-modified
BiV ceramics: (a) shows the grain-boundary region, with the EDX
pattern as the inset, and (b) shows the KCI crystallite at the grair
boundary along with the EDX pattern.

ions entering Bi* sites with the formation of oxygen
vacancies is not completely ruled out, since their ionic
radii are comparable. However, the lattice parameters ¢
KCl added ceramics [i.eq = 16.596(3), b = 5.595(1),
and ¢ = 15.299(3) A for the 10 mol% KCI containing
sample] are not significantly different from those of
additive-free BiV |k = 16.594(3), b = 5.602(1), and !
¢ = 15.297(3) A]. Thus, it is clear that the relatively '
pure BiV regions form the core of the grains, and
the grain-boundary regions rich in KCI form the grain-
shell regions. Transmission electron microscopic (TEM)g#
studies are in progress to substantiate the existence ! .
core-shell grain structure. The presence of elongatel — -

grains with large aspect ratio suggests the possibl g W LY G\ R—

occurrence of grain orientation in these ceramics. Indeec 28 ———mrmpl___Photo Mo .1386 _ Detector- SEi

the XR_D patterns rec_orde_d for 'Fhe ceramic d_'SkS Squeith. 3. SEM micrographs recorded on the (a) perpendicular and
the existence of grain orientation, the details of whichp) parallel surfaces, of the pressing axis, for the KCl-modified
are elucidated in the subsequent section. grain-oriented ceramic { = 0.75).
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(sintered at 1025 K for 60 h). Large elongated grainsjn polarization-pinning. Domain-pinning can lead to a
with plate-like morphology, which are piled up along continuous bending in the domain orientation between
the pressing direction, are seen on the perpendiculararious equivalent polar directions, giving rise to a
surface, whereas more symmetrical grains are found ofwavy” domain pattern. The influence of such a domain
the parallel surface. morphology on the polar properties of these samples is
The SEM studies carried out on the chemicallydiscussed in the subsequent sections.
etched [HNQ: H,O (1:4)] KCI-modified BiV ceramics, )
revealed the presence of ferroelectric domains. These d&: XRD analysis
mains are confined mainly to the central regions of the  The XRD pattern recorded for the crushed powders
grains, implying the ferroelectric nature of the coreof the KCI-modified BiV sample clearly shows the
and the paraelectric nature of the shell of the grain8ragg peaks corresponding to the BiV and the KCI
[Fig. 4(b)]. The domain pattern, obtained for the additive-phases, indicating that KCI crystallites are dispersed in
free BiV ceramic sample, is also shown in Fig. 4(a)the BiV matrix!® The XRD patterns recorded for the
for comparison. It is clear from the micrographs thatface perpendicular to the pressing axis of the ceramic
the domain pattern of the KCIl-modified BiV sample disk exhibit intense Q0/) and weak fkl) lines. The
is strikingly different from that of the additive-free intensity of the (0/) peaks increases with increase in
BiV sample. The domain structure of the additive-freethe amount of KCI used during sintering [Figs. 5(b) and
BiV ceramic has normal stripe-like morphology, stripes5(c)]. For comparison, the XRD pattern recorded for the
extending from grain to grain, which is typical of a randomly oriented additive-free BiV ceramic is shown in
long range ordered ferroelectric state. Whereas, in th€ig. 5(a). These results indicate that the BiV grains are
KCIl-modified samples, the domain density increasesgpriented with theirc-axes along the pressing direction.
the domain size is finer and the domain boundaries aréhe degree of grain orientation in these samples was
irregular and “wavy” [Fig. 4(b)]. The occurrence of a determined, using the Lotgering method, based on the
similar “wavy” domain structure has been repoted  data recorded over 26 range of 10 to 60 The degree
in lead potassium zirconate (PKZT) ceramics and iof grain orientation ) increases with increase in the
attributed to the domain-wall pinning due to mobile KCI amount (Fig. 6). The value of could also be
defects. A small amount of the additive is found to effectively enhanced by increasing the sintering duration
have a remarkable influence on the domain structure dfwith intermediate grinding steps). Fig. 7 shows the
BiV. The density and the “waviness” of the domainsincrease inf with increase in the sintering duration for
increase significantly, which is indicative of domain-wall 10 mol% KCI added sample. Thus, a degree of grain
pinning. The evolution of such a domain structure carorientation as high as 75% could be achieved by sintering
be explained as follows. As the sample is cooled fromthe 10 mol % KCI added sample at 1025 K for 60 h.
its high temperature paraelectric state to the ferroelectric  The lattice strain was computed by monitoring the
state, the polarized defect complexes’ {Bxygen va- line broadening and line shift of a few selected Bragg
cancy dipoles) can remain mobile till significantly low peaks, according to the procedure outlined in our ear-
temperatures. Consequently, during the nucleation aniier paperl® When BiV is cooled below the transition
growth of domains, these defect complexes can preftemperature (tetragonal orthorhombic), the volume
erentially segregate at the domain boundaries, resultinghange associated with the phase transformation will

FIG. 4. Scanning electron micrographs of the chemically etched samples of (a) additive-free and (b) KCI-modified BiV ceramics.
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FIG. 5. X-ray powder diffraction patterns recorded for the perpendic- 3
ular face of the (a) additive-free, (b) 2 mol%, and (c) 10 mol % KCI -
added BiV ceramic disks. r

eventually generate a slight lattice deformation of its r
constituent orthorhombic BiV crystallites. It is because 0.65r-
of the fact that the volume change for one crystallite L
can be inhibited by the surrounding crystallites. In the -
present case, since almost all the grain boundaries cons -

PSS N W SO S T (ST TR WY S S S S S T NS

of KCI crystallites of varied sizes, it is more likely that 20 40 60
it can create an additional lattice strain. The lattice strair . ) )
could also be induced as a result of the lattice mismatc Sintering duration (h)

between the core and the shell of the _grr?lins, WhiC.h. I1G. 7. Variation of f as a function of the sintering time for the
likely to arise as a consequence of the limited solubility1o0 mol% KCI added Biv ceramic.

of KCl in the core and its preferential segregation at the

shell of the grains. The lattice strain computed for the

10 mol % KCI added sample is found to be higher thathOth Gh’LI a?d tard, are higher thartd,” and tar?” O\;ﬁrt h
that for the additive-free sampté. € who'e lrequency range covered, suggesting that ne

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
The dielectric constante() and the dielectric loss studies’® Therefore, the dielectric constant along any
(tand) at room temperature, measured along both the pamlxis in the a-b plane is expected to be higher than
allel (¢, and tard|) and the €,, andtard, ) directionsto that measured normal to the a-b plane. In the grain-
the pressing axis, for the ceramic sample witk 0.75,  oriented ceramics, since most grains are aligned with
decrease with increase in frequency [Figs. 8(a) and 8(b)their c-axes along the pressing direction, the dielectric

C. Dielectric properties
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FIG. 9. Temperature dependence of @) and (b) €., for the

FIG. 8. Variation of (a)e,| ande,, and (b) ta@y and ta,, with K c|.modified grain-oriented ceramic at various frequencies.
frequency, at 300 K for the KCI-modified grain-oriented ceramic

(f = 0.75).

logf

increase in temperature and reaches a maximum at the
constant measured along the direction perpendicular t€urie temperaturd. (Table I). Bothe,, ande,; show
the pressing axis is higher. Figures 9(a) and 9(b) show maximum at the same temperature, which is close
the temperature dependence efof the KCI-modified to the 7. estimated based on DTA. ThE. obtained
grain-oriented samplef{ = 0.75) monitored at various for the KCIl-modified sample is lower than that of the
frequencies. It is evident from this figure that thereadditive-free sample. The decreaseTinis attributed to
is no measurable shift in the temperature of dielectriche decrease in the orthorhombic distortion (tjie fatio)
maximum () with the frequency. The variation @&f.;,  associated with the sample. Tlag and ta® are much
and €, along with thee, of the randomly oriented lower for the KCI-modified BiV ceramics than those for
additive-free BiV sample, as a function of temperaturethe additive-free BiV, both at RT and &.. This is
is shown in Fig. 10. A significant anisotropy in the attributed to the presence of KCI crystallites of lower
dielectric constant and the dielectric loss, between théielectric constant values dispersed in the BiV matrix.
parallel and the normal directions of the pressing axisAlso, the higher porosity and the increased resistivity (as
is observed. The ratio ok,, to €, increases with a result of reduced grain-grain contact) would certainly
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TABLE I. Dielectric and conductivity anisotropies of BiV single 1_| T_' //
crystal and KCIl-modified grain-oriented ceramic. w / .
| /
Sample 9L 300 K) < (300 K) L (1) - /
T & & "Iw -4.5 /
~ /
BiV single crystals 10 2.2 35 o /
KCl-modified BiV ceramic 3.51 15 2.76 o o/
/
-5.0 ] |
play a crucial role in reducing the dielectric constant. 0.6 0.8 1.0 1.2

Another possible mechanism could be the restriction im-
posed on the domain-wall movement, as a consequent log (T-T¢)
of the domain wall-pinning, confinement of the domains
to the core region of the grains, and the presence of thEe'G'arl]é' ('k‘)‘;gl/ €r = 1/€rmun] VS loglT = T.] at 10 kHz for (a)
secondary phase at the grain boundaries. ! -

The KCI-modified BiV sample exhibits a broad and
depressed phase transition, with no frequency dispersioilternatively, in order to examine the validity of the
In order to verify whether the observed phenomenon is £urie—Weiss law in the vicinity of th&,, the inverse
diffused phase transition (DP#)the following analysis of dielectric constant (botle,; and €, ) is plotted as
was adopted: The temperature dependence of the dielea-function of temperature [Figs. 12(a) and 12(b)]. It is
tric constant at any temperatufe> T. is governed by evident from the plot that the Curie—Weiss law is obeyed
the equation[1/e, — 1/€,m] = A(T — T.)", where only above a certain temperaturg,; and a significant
the exponent indicates the amount of diffuseness. Thedeviation from the linear behavior is observed in the
value of 7 is equal to 1 for a typical sharp transition vicinity of T.. The parameteA; = T,; — T, is known
(Curie—Weiss type of transition), it has a value betweerto be a measure of the thermal diffusen&sshe finite
1 and 2 for a DPT, and is equal to 2 for a completevalue of Ay, associated with the transition for the KCI-
diffused phase transitiott:?® To estimate the value of modified BiV samples, indicates the deviation from the
7, a plot of log[1/€, — 1/€,(max] VS log[T — T.] is  Curie—Weiss behavior. Therefore, the ferro-paraelectric
generated [Figs. 11(a) and 11(b)] for the 10 mol % KCltransition, exhibited by the KCI-modifed BiV samples,
added ceramic. The curve does not show a lineacan be classified as DPT, in contrast with the normal
behavior and the slope changes continuously, indicatin@urie-Weiss type of transition exhibited by the additive-
that 7 decreases with increase in temperature. Thus, itree BiV sampl€?® Since it is known that the formation
becomes difficult to estimate the value of the exponentof core-shell grain structure influences the nature of
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butions to the resistance of the sample could be resolved
(@) by analyzing the impedance spectra. The grain-boundary
resistance of the KCI-modified sample is more than two
orders of magnitude higher than that of the additive-free
0.0020r BiV sample® For the grain-oriented ceramic samples,
the conductivity data were measured in the two per-
pendicular directions and found that, is higher than
o). The anisotropy in conductivityo(, /o) is = 3.51
at 300 K, for the ceramic withf = 0.75 (Table I).
Similar results have been reported in other bismuth layer
compounds such as PbBIib,Oy, SrBisTi4O1s, etcl! The
c-axis oriented single crystalline plate of BiV shows
a large anisotropy (10:1, at 300 K) in the electrical
conductivity, between the directions normal and parallel
| to the c-axis, due to its layered natufté.Since most
720 of the BiV grains are oriented with their-axes along
the pressing direction, in the KCI-modified BiV ceramic,
the lower conductivity along the pressing direction is
(b) justifiable.

/€

00015

! 1
0.0010 700

E. Piezoelectric properties

The KCIl-modified samples poled at 15 k&fm for

4 h at RT are found to be piezoactive in contrast with
the additive-free BiV ceramics. The piezoelectrig
coefficients are measured in the directions both parallel
and perpendicular to the pressing axis for the samples
poled under identical conditions, in the direction of
the measurement. The KCIl-modified grain-oriented BiV
ceramic withf = 0.75, exhibits significantl;; values of
53 pGN and 38 p@N in the directions perpendicular
and parallel to the pressing directions, respectively.

L The piezoelectric coefficients of the samples with lower
720 degree of grain orientation are small (smaller than the
T(K) measurement range of th&; meter used) and hence
could not be quantified.

0.0012

1/er_L

0.0009

L |
0.0006 700

FIG. 12. Reciprocal of dielectric constant @) and (b)e,, plotted
as a function of temperature, for the KCIl-modified BiV sample, at

10 kHz. F. Pyroelectric properties
The pyroelectric measurements are carried out on
the grain-oriented samples in the two perpendicular di-
modified samples may be attributed to the presenc{fcnons’ maintaining |den_t|cal poling conditions prior to
e two measurements. Figure 13 shows the temperature

of core-shell-like grain structure formed by the grain-__~. . f1h lectri Hici q
boundary segregated KCI. It is understood that thé/anatlon of the pyroelectric coe |C|enth measure
: the two directions, for the sample witfi = 0.75.

internal stress present in the ceramic samples leads g me v . . ' .
. . ; . significant anisotropy is found in the pyroelectric
diffused phase transitior8.1t is clear from the earlier . y =, . .

. . ; ; . response in the two directiong,, being higher than
discussion that the lattice strain estimated for the In both directions.p is positive and shows a broad
10 mol% KCI added sample is higher than that for?!" 2 1S P

the additive-free sample, which could also give rise to? eak near the transition temperature, then decreases

; .. —and subsequently becomes negative. It is clear that
the observed change in the nature of the phase transmo[h.e anisotrgpy in>(l:reases with iﬁqcrease in temperature

o and undergoes a maximum at the transition temperature
D. Resistivity measurements (the ratio p,/py is 3.33 at RT and 25 af.). These
The resistivity of the KCI-modified BiV ceramic data, along with the pyroelectric figure of merit for the
samples is found to be higher than that of the additivequick evaluation of the material, given fyy = p/ey X
free BiV sample. The grain and grain-boundary contri-¢,, calculated based on the dielectric constant and the

the phase transitiof?, the DPT exhibited by the KCI-
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Thus, the measured pyroelectric coefficient, which
involves both the contributions, is generally negative for
ferroelectric materials. The positive sign of, in the
present case, indicates that thg.., which is piezo-
electric in origin, is larger thamp,,; in this temperature
range (300-725 K). In the additive-free BiV ceramic
sample, it is noticed thatp is positive at room
temperature, it becomes negative at around 500 K
and shows a sharp maximum &, implying that

the primary effect dominates beyond this particular
temperature. The contributions from the primary and
the secondary effects, at different temperatures, can be
L estimated if the temperature dependence of the elastic,

125

E 25

=25

R piezoelectric, and the thermal expansion coefficients

=751 are known. Unfortunately, at present, no experimental
I SR S SRR A R data with regard to the temperature dependence of

400 600 800 the piezoelectric, elastic, and thermal coefficients are

T(K) available in the literature, in order to quantify the primary

B and the secondary contributions.
FIG. 13. Temperature dependencepgfandp , for the KCl-modified

grain-oriented ceramic.
G. Ferroelectric properties

pyroelectric coefficient, are listed in Table Il. Although, The ferroelectric hysteresis loops for the KCI-
the p values for the KCI-modified BiV samples are lower modified grain-oriented { = 0.75) ceramic, recorded
than that reported for the additive-free BiV ceramicwith the switching field applied in the directions parallel
sampleg? they have better, values because of their and perpendicular to the pressing axis, are shown in
lower dielectric constant values. Figs. 14(a) and 14(b). Figure 14(c) shows the hysteresis
The positive sign of the pyroelectric coefficient is loop for a randomly oriented additive-free BiV ceramic
unexpected for a ferroelectric material. In ferroelectricsample. It is clear from the figure that the hysteresis
materials, the primary coefficient is large and negativdoop obtained along the perpendicular direction is
and the secondary coefficient is small and generally hasearly rectangular. The coercive fielf. .} and remnant
positive sign, but may take either sign depending orpolarization ¢,), computed from the hysteresis loop in
the values of the coefficients. The measured pyroelectrieach case, are listed in Table Il. TiRe value is higher
coefficient (at constant stress) is the sum of the two termalong the normal direction, confirming that the polar axis
and is given by p{ = pf + (dijx)"(Cjrim)"E(ay,)” s in the a-b plane. On the other hand, the value is
where p/ is the total pyroelectric coefficient measured higher along the parallel direction, indicating that a large
at constant stress, angf is the pyroelectric effect at field is required to switch the spontaneous polarization
constant strain and represents the primary effect;j.  along thec-axis. The better hysteresis loops obtained for
The second term, which involves the piezoelectric tensothe KCI-modified samples may be attributed to the lower
(d;x)" at constant temperature, the elastic stiffness coefelectrical conductivity associated with these samples.
ficient, (C;u.)" £, at constant temperature and electricNevertheless, the influence of the domain shape and size
field and the thermal expansion coefficiefat;,,)” at on the ferroelectric hysteresis loop cannot be ruled out.
constant stress represents the secondary effect)(  In fact, the highe,. values of the KCI-modified sample

TABLE II. Ferroelectric and pyroelectric properties of KCI-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- and c—axes) [20]
P, (C/cm?) P, =206 % 1078 225 X 1078 (P,), =525 % 1078

P, =086 x 1078 (Py)e =57 %X 107°
E. (V/cm) E.. = 1100 650 (E.)a = 500

E. = 2450 (E.). = 600
p(uCm=2 K™ pL = 500 900

pi = 150
fo(X10° Vv m~t K71 foL = 0.61 0.254

foi =041
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FIG. 14. D-E hysteresis loop recorded with the electric field direction (a) parallel and (b) perpendicular to the pressing axis of the KCI-modified
grain-oriented ceramic f{ = 0.75), and (c) is for the additive-free randomly oriented BiV ceramic.

indicates that the polarization reversal is hindered dueeramic samples show positive pyroelectric coefficient,
to the presence of strongly pinned domain walls, as théndicating that the secondary pyroelectric effect has a
defects pin the domain walls and prevent nucleation andubstantial contribution to the observed effect. They
growth of domains in the direction favored by an appliedshow pyroelectric figures of merit for quick evaluation
electric field. The reducef, value also indicates that the of the material, comparable with that of the well-known
degree of switchable polarization decreases dramaticallgyroelectric detector material LiTaO

in the KCI-modified sample.
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simple cold-pressing and liquid-phase aided sintering
techniques, by utilizing KCl as an additive. The high de-
gree of orientation of the grains was established by x-ray
powder diffraction and scanning electron microscopic 1.
studies. The large anisotropy in the electrical resistivity,
dielectric, piezoelectric, pyroelectric, and ferroelectric 2
data obtained for these ceramic samples confirms the;
grain orientation. The influence of the KCI amount
and the sintering time on the degree of grain ori- 4.
entation was studied. The SEM and EDX analyses
indicate that the distribution of KCI is not uniform and
segregates primarily at the grain boundaries forming ™
core-shell-like grain structure. The complex “wavy” do- 7.
main pattern observed on the KCI-modified BiV sample
indicates the possibility of a strong domain-wall pinning. 8.
The combination of core-shell grain structure and the
domain-wall pinning has a profound influence on their
dielectric-temperature characteristics and the polar propm.
erties. Significant anisotropy in the dielectric constant
(e,./€, = 1.5at 300 K and 2.76 af,, for the ceramic  11.
with f = 0.75) was noticed in these ceramic samples.
More importantly, the KCI-modified grain-oriented ce-
ramics exhibit a significant piezoelectric effect, unlike
the additive-free randomly oriented ceramics. Furtheria.
the ferroelectric hysteresis loops obtained, for the grainls.
oriented samples, by applying the switching field in thel®-
direction perpendicular to the pressing axis, is nearly,,
rectangular with higheP, and lowerE. values, as com- 1g
pared with those obtained in the parallel direction. These
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