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The existing literature on BaTiO3 shows that the role of the
various solid solutions and phases formed as a result of 6ux
additions has not been addressed satisfactorily. In particular,
their in6uence on the dielectric behavior of BaTiO3 has been
largely ignored. Thus, number of criteria for the choice of a 6ux
material is discussed, and an overview of the various 6ux addi-
tives that have been used in BaTiO3 is presented. In this work, the
e4ect of ZnO+B2O3 and the ZnO+WO3 6uxes on the dielectric
characteristics is investigated and analyzed. Su7cient care is
taken to address the e4ect of the various phases and solid
solutions on the electrical and dielectric properties of BaTiO3.
A defect chemistry model is proposed and used to explain the
observed electrical properties. ( 2000 Academic Press

Key Words: dielectric constant; 6ux additions; ZnO}B2O3;
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1. INTRODUCTION

An increasing trend of miniaturization in the electronic
industry calls for the development of high-charge storage
capacity in a small volume of the capacitor. A high volumet-
ric e$ciency of the capacitor can be achieved by employing
materials that possess a high dielectric constant. To date,
various ceramic materials have been discovered that have
dielectric constants covering a broad range between 30 and
30,000.

For a parallel-plate arrangement, considering the dimen-
sions of a printed circuit board, the area between the elec-
trodes works out to be typically 1}2 cm2. An increase in
capacitance then depends on minimization of the distance
between the electrodes d, limited to &1 mm by practical
considerations. Assembling the capacitors in parallel combi-
nation can further enhance the storage capacity of the
device. Such a combination can also be devised by stacking
alternate layers of ceramic tapes and conducting electrodes,
1To whom correspondence should be addressed . E-mail: pgopalan@
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and terminating them at the ends. This con"guration is also
known as the multilayer ceramic capacitor (MLCC).

Among known materials, barium titanate (BaTiO
3
) is

worthy of special mention, as it is the most widely utilized
material for capacitor applications. The origin of the high
dielectric constant (on the order of 103) in BaTiO

3
stems

from the presence of permanent electrical dipoles inherent
to the crystal structure (1). However, the dielectric constant
of barium titanate rises sharply with temperature, exhibiting
a peak at the Curie point (¹

#
"1303C), beyond which it falls

hyperbolically, following the Curie}Weiss law (2). Since
devices made from this material are to be used over a wide
temperature range, pure barium titanate cannot be utilized
for practical applications. It must be modi"ed with various
solid solutions and additives, giving rise to varying temp-
e-rature behavior of ceramics, as per the application (3).

As mentioned earlier, the MLCC manufacturing consists
of stacking alternate layers of ceramic tape and internal
electrodes ink, which are co"red at the sintering temp-
erature as BaTiO

3
(4). This co"ring is done in an oxidizing

atmosphere, since sintering of titanates in a reducing atmo-
sphere results in the reduction of Ti4` to Ti3`, thereby
increasing the dielectric loss and consequently deteriorating
the dielectric properties (5). A constraint of maintaining
high partial pressure of oxygen during co"ring necessitates
the use of noble metal as a choice for an internal electrode.
A Pd}Ag alloy is generally used for this purpose. However,
the high cost of palladium, a constituent of the alloy, poses
a major constraint in commercial usage.

One of the ways to reduce the cost of an internal electrode
is to develop compositions that can be sintered in a reducing
atmosphere, such that base metal electrodes, such as nickel,
can be used. This may be achieved by suitably doping
BaTiO

3
to prevent the reduction of Ti4` to Ti3` under low

oxygen partial pressures. Another alternative would be to
reduce the amount of Pd content in the alloy. The reduction
in Pd content is directly related to optimizing the sintering
behavior of the BaTiO

3
-based compositions. Barium titan-

ate-based ceramics are generally sintered at about 13503C
6
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to achieve a dense material (6). These high sintering
temp-eratures require the use of 70% Pd}30% Ag
composition as the internal electrode. However, if the sinter-
ing temperatures can be reduced to 11503C, an alloy con-
taining 30% Pd}70% Ag would serve the purpose just as
well, and considerable cost savings thus can be realized. In
order to decrease the sintering temperature, addition of
various types of sintering aids, mostly #uxes, has been
attempted in recent years.

Much of the literature on #ux sintering exists in the form
of patents. Furthermore, an important area of research
concerning the correlation between microstructure and di-
electric property in #ux sintered BaTiO

3
has been largely

overlooked. Therefore, it is imperative to understand the
e!ect of sintering aids on the densi"cation and the correla-
tion with dielectric properties, so that guidelines for realiz-
ing future commercial devices may be evolved.

Any #ux material must satisfy a set of requirements.
Primarily, other than lowering the sintering temperature,
#uxing should not have any detrimental e!ect on the dielec-
tric characteristics of the host material. The desirable dielec-
tric properties include high dielectric constant, low
dissipation factor, and an almost temperature-independent
behavior of capacitance.

The "rst and foremost objective of the #ux is to yield
a high density following the sintering. A low sintered density
is related to the presence of porosity in the microstructure,
which not only dilutes the dielectric constant, but acts as
a source for increasing the dielectric loss as well (7). More-
over, the presence of porosity also lowers the breakdown
strength of ceramic material that are otherwise known for
their utility in high-voltage applications.

In order to achieve a high dielectric constant in the
sintered body, it is obvious that the material should be free
from low-k impurity and second phases. Addition of #ux
normally gives rise to second phases that may dilute the
dielectric constant. In this regard, it is imperative to choose
a #ux so that the dilution of dielectric constant is kept at
a minimum. Apart from the chemical composition, the
amount and interaction of the #ux with the parent matrix
are also governing factors in the selection.

Dissipation factor or dielectric loss is the measure of
energy loss from the device (3). The energy loss in the
capacitor is exhibited by the heating e!ect, which is either
due to ohmic conduction or nonohmic mechanism such as
the vibration of dipoles (1). While the latter phenomenon
depends on the basic crystal structure of the parent matrix,
ohmic conduction can be minimized by suitably incorporat-
ing an insulating phase. Thus, an important characteristic of
the added #ux is that it should result in a low concentration
of free charge carriers.

Another important feature of BaTiO
3
-based materials is

the temperature variation of the dielectric constant. This
factor is strongly in#uenced by chemical as well as micro-
structural factors present in the ceramic material. A large
grain size ceramic exhibits a sharp Curie peak, as compared
to that with "ne grains. Temperature compensation or #at-
tening of temperature behavior has been attributed to the
presence of a chemically inhomogeneous &&grain core}grain
shell'' structure (7). An ideal #uxing agent should also in#u-
ence all these chemical and microstructural features in order
to yield a #attened permittivity}temperature response.

The criteria described above govern the choice of a suit-
able #ux for BaTiO

3
. Although practically it is di$cult, if

not impossible, to select an &&ideal'' #ux ful"lling all the
requirements, analyses of above factors often serve as
a guideline in the choice of a #ux. Some of the aspects such
as dilution of the dielectric constant or temperature vari-
ation of the capacitance may be compromised, depending
upon application of the material. A review on the existing
literature in the following section reveals that the guidelines
outlined above were not pursued in the past, but have rather
emerged as a result of continuous endeavor toward develop-
ment of better dielectric ceramics.

2. AN OVERVIEW OF FLUX ADDITIVES

Since only highly dense ceramics may be suitable for
practical applications as devices, #ux addition to BaTiO

3
started with the basic idea of achieving good densi"cation at
a lower temperature. The lowering of sintering temperatures
to &12603C by addition of small amounts of SiO

2
was

discovered by Rase and Roy (8) as early as in 1955. How-
ever, their study mainly showed occurrence of liquid-phase
sintering due to eutectic formation in the BaTiO

3
}SiO

2
phase diagram. The electrical properties or the e!ect of
liquid-phase sintering on the dielectric properties of barium
titanate were not discussed; in fact, they did even not appear
to signify much at that time.

As mentioned earlier, various types of #uxes for barium
titanate have been discovered on date, which include many
chemical compounds, glasses, low-melting oxides, #uorides,
borates, silicates etc. In this section, a critical review of the
various #ux materials is presented. Since the discovery of
#uxes was not con"ned to any particular class of com-
pounds or any generic family, a chronological survey may
not be appropriate. Instead, #uxes have been put into some
broad categories, based on one major chemical constituent
as follows.

Lithium Fluoride

The addition of lithium #uoride (LiF) as #ux to barium
titanate was "rst reported by Walker et al. (9), who found
that an addition of 0.5 to 3 wt.% of LiF aided densi"cation
of BaTiO

3
at a temperature much lower than that normally

required for pure BaTiO
3
. Following this, Amin et al.

(10) and Anderson et al. (11) sintered BaTiO
3

with minor
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additions of LiF at temperatures below 9003C, using long
"ring periods and obtained a material with improved dielec-
tric properties. In another study, Haussonne et al. (12)
reported the e!ect of 1}2 wt.% LiF addition on the sintering
characteristics and dielectric properties. However, although
sintering with LiF increased the dielectric constant at lower
temperature and also improved the dissipation factor, pro-
longed heating resulted in substantial loss of Li as well as F.
In order to overcome this, BaLiF

3
was used as a sintering

aid, resulting in an improvement in the dielectric constant as
well as dielectric loss characteristics (13). A gradual shift in
the Curie peak toward room temperature was observed,
attributed to the formation of a BaTiO

3
}BaLiF

3
solid solu-

tion. A later study by Guha and Anderson (14) showed
interaction of LiF with parent BaTiO

3
matrix. They showed

an emergence of a liquid phase as early as 7403C and the
formation of a Li

2
TiO

3
compound at grain corners. How-

ever, no detailed correlation between microstructure and
properties was presented.

Bismuth Oxide

Flux based on bismuth oxide invented by Hanold (15)
was described as a lead-free #ux, consisting of 30}50% CdO
and remaining Bi

2
O

3
. An addition of 5}40 wt.% #ux to

95}60 wt.% base material gave rise to liquid-phase sintering
at 11203C. The resultant sintered ceramics had good tem-
perature behavior (variation in capacitance 11}13% from
!55 to #1253C) and low dielectric loss (0.8%). However,
the dielectric constant was diluted, and the insulation resist-
ance was also lowered. Hennings and Rosenstein (16) used
an already prepared chemical compound CdBi

2
Nb

2
O

9
as

a Bi-containing #ux. This work highlighted the di!usion of
Bi ion in the barium titanate lattice, which was eventually
responsible for formation of complex perovskite phases and
resulting in temperature-stable capacitors having a grain
core}grain shell structure. However, prolonged heating
gave rise to complete dissolution of Bi, resulting in a break-
down of the solid solution and the core}shell structure,
thereby altering the temperature}permittivity response. In
fact, this work showed that the temperature behavior of the
sintered ceramics could be altered by controlling the extent
of di!usion of Bi ions in the lattice. Recent work by Ko-
rumitsu et al. (17) also established Bi

2
O

3
}B

2
O

3
#ux as

a sintering aid for BaTiO
3
. However, they did not report the

consequences of any prolonged heating.

Boron Oxide Fluxes

Castelliz and Routil "rst reported the use of Boron oxide
(B

2
O

3
) as a #ux material for BaTiO

3
in 1969 (18). Since

then, B
2
O

3
has been increasingly used as a constituent for

#ux. This is probably due to the ability of B
2
O

3
to form low-

melting compounds with many oxides. Burn (19) has de-
scribed CdO}B
2
O

3
#uxes and their e!ect on the dielectric

properties on BaTiO
3
-based ceramics in detail. An addition

of 4 wt.% #ux having a composition of 2CdO.B
2
O

3
resulted

in densi"cation at 11003C, accompanied by grain growth.
Upon increasing the Cd/B ratio, excess CdO precipitated
along the grain boundary, suppressing the grain growth as
well as densi"cation. An addition of bismuth oxide to this
#ux resulted in densi"cation with a lower amount of #ux,
and also a higher Cd/B ratio was tolerated in the #ux. It was
also observed that Bi from the #ux enters into the lattice.
Burn suggested that Bi might occupy Ti as well as Ba sites in
the lattice, depending on preparatory conditions. However,
their study did not yield any information about the dielec-
tric loss. Fluxes based on ZnO}B

2
O

3
that lowered the

sintering temperatures to 11003C were also mentioned.
However, once again, the e!ect of these #uxes on the dielec-
tric behavior of BaTiO

3
was not investigated. Boron oxide

#uxes, B
2
O

3
and PbB

2
O

4
, were also investigated by Sarkar

and Sharma (20), who reported liquid-phase sintering and
improvement of dielectric strength. Flux compositions
CaO.2B

2
O

3
and 2CaO.Al

2
O

3
.2B

2
O

3
were added to Ba-

TiO
3

by Armstrong et al. (21). This work showed that
barium titanate compacts, added with #uxes up to 2 vol.%
were sintered to nearly theoretical density at temperatures
less than 11003C. The #ux compositions used in the study
were congruently melted at 970 and 9753C, giving rise to an
amorphous phase on cooling. Further addition of "ne grain
size monoclinic ZrO

2
to the #uxed BaTiO

3
acted as

a grain-growth inhibitor. TEM analysis revealed a crystal-
line grain-boundary phase containing zirconia.

Glass Compositions

One line of approach along where much of the work on
#ux sintering has taken place is the addition of small quant-
ities of glass frit. The addition of a #uxing agent such as
glass to BaTiO

3
is an e!ective method that enhances densi"-

cation due to liquid-phase sintering at lower temperatures. As
a result, numerous types of glasses have been developed as
sintering aids for BaTiO

3
. Matsuo et al. (22) have shown that

3}15 mol% addition of an eutectic mixture of Al
2
O

3
, SiO

2
,

and TiO
2

in a molar ratio of 4:9:3 lowered the sintering
temperature to &12403C. This #ux addition also led to
exaggerated grain growth that could be controlled by chang-
ing the heat treatment schedule (23). Boron oxide has also
been used as a #ux extensively, as it is a good glass former.

Glass compositions based on combinations of Al
2
O

3
,

SiO
2
, TiO

2
, B

2
O

3
, etc., were attempted as #uxes, resulting in

a number of patents (24}27). These compositions were based
on borosilicate glasses that lowered the sintering temper-
atures to 11003C, but could not prevent a decrease in the
dielectric constant. Lead germanate compositions, studied
by Payne and Park (28), showed that 33 vol.% addition of
(PbO)

x
(GeO

2
)
y~z

(SiO
2
)
z
reduced the sintering temperature



TABLE 1
Fluxes and Compositions Used in the Study

Identi"cation Composition

Flux (1) ZnO}46 mol% B
2
O

3
Flux (2) ZnO}32 mol% B

2
O

3
Flux (3) ZnO}WO

3
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to 7503C. On the other hand, 5}25 vol.% addition of
Pb

5
Ge

3
O

11
resulted in a dielectric constant between 1000

and 1500. An improvement in the loss factor (0.01}0.02) was
also observed (29).

However, glass-sintered BaTiO
3
may not always yield the

desired dielectric properties. This is mainly due to presence
of a continuous low-dielectric constant grain-boundary
phase. In order to obtain materials with high dielectric
constant, key steps appear to tailor the glass composition so
as to promote densi"cation with limited grain growth, and
to reduce the volume fraction of second phases as well as
porosity. Another important factor is to control di!usion
into the parent titanate lattice. If the cations present in the
glass substitute into the titanate lattice, the glass plays
a dual role of #ux and modi"er. The extent of incorporation
and distribution of the incorporated ions may shift the
Curie peak, di!use the sharpness of the transition, and
change the volume fraction of second phases. The composi-
tion and the interaction between the #ux and matrix are
very important in characterizing, understanding, and con-
troling the dielectric properties. Recent work on the interac-
tion of glasses highlight this point (17, 30), which may be
useful in designing microstructure-engineered capacitors.

Other Fluxes

Apart from the sintering aids mentioned above, CuO has
been used by Hennings and Schreinemacher (31, 32). CuO-
based #uxes have also been investigated by Yang (33). How-
ever, the use of these #uxes resulted in grain growth, and
therefore a #attening of the Curie peak did not appear to be
a possibility. Further, the dielectric loss for these #ux addi-
tions has not been reported as yet.

A new emerging area appears to be the choice of relaxor-
based materials as #uxes for barium titanate. Lead-based
relaxor materials are known for high dielectric constant and
broad Curie peak besides a lower sintering temperature (3).
The use of relaxors may overcome the problem of dilution of
dielectric constant, while simultaneously ensuring an en-
hanced densi"cation. Furukawa et al. (34) have prepared
stable ceramic dielectric composites by sintering a mixture
of precalcined relaxor, (Pb

1~x
Sr

x
) (Zn

1@3
Nb

2@3
)
y
Ti

z
O

3
, and

pre"red modi"ed titanate, Ba(Ti
1~z

Zr
z
)O

3
, at 11303C.

These composites have a dielectric constant between 2600
and 3700, and a variation in capacitance within $15%
between the temperature range !55 and 1253C. A similar
approach has been suggested by Yamashita (35) and may be
promising. However, it is fair to state that more work in this
area is required.

Following the review on the various #ux materials and
the criteria described in the previous section for the choice
of a #ux, the objective of this work is to systematically
investigate the role of ZnO-based binary #ux systems. In
particular, two compositions in the ZnO}B

2
O

3
and one in
the ZnO}WO
3

system have been chosen. The two composi-
tions in the ZnO}B

2
O

3
system correspond to the hy-

pereutectic and eutectic points in the phase diagram (36). In
light of the lack of correlation between the microstructure
and dielectric behavior in the literature, su$cient care has
been taken to address this aspect. Of particular interest in this
work is understanding the role of the various phases on the
sintering behavior and dielectric properties of BaTiO

3
. Fi-

nally, defect chemistry is used to model the conductivity data.

3. EXPERIMENTAL WORK

Barium titanate powder used in this study was prepared
by a conventional mixing and grinding process. Weighed
amounts of high-purity barium carbonate and titanium
dioxide powders were wet-mixed in a ball mill for 12 h,
using high-purity alumina balls (5 mm diameter) as grinding
medium. The mixed powder was calcined at 11003C in air.
Repeated grinding and calcination steps were carried out to
ensure stoichiometric homogeneity in the product and
a single-phase powder was obtained. Two #ux compositions
of the ZnO}B

2
O

3
binary and one #ux composition of

ZnO}WO
3

were prepared separately. These #uxes were
added to the conventionally prepared BaTiO

3
, and the

e!ect of their addition on the sintering behavior and dielec-
tric properties was investigated. Table 1 shows the nomen-
clature of the #uxes and their compositions.

Flux (1) and #ux (2) correspond to hypereutectic and
eutectic compositions, respectively, in the ZnO}B

2
O

3
sys-

tem phase diagram (36). Binary ZnO}B
2
O

3
#uxes were

prepared by mixing weighed amounts of constituents in an
agate mortar and pestle. An equivalent amount of boric acid
was used in place of boron oxide. The mixed powders were
prereacted at 3003C, ground, and mixed with the barium
titanate powder. On the other hand, the ZnO}WO

3
#ux

was prepared by mixing the weighed constituents in mortar
and pestle, followed by heating in a microwave oven. This
resulted in a solid, friable mass that was ground and added
to the BaTiO

3
powder for further study. The powder was

compacted into pellets having 10 mm diameter and 2 mm
thickness using a laboratory scale hand-operated hydraulic
press. An addition of 1 wt.% PVA was made to impart
green strength in the pellets. Sintering of pure BaTiO

3
was

done in air at 13503C, whereas #ux-added pellets were
sintered at di!erent temperatures ranging from 1000 to



FIG. 2. E!ect of sintering temperature on the density and shrinkage of
BaTiO

3
sintered with #ux (2).
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12503C. Sintered pellets were lapped and coated with silver
paste, and electrical contacts were soldered for measure-
ment of their dielectric properties.

The powder and pellets were characterized for phase
identi"cation and phasic purity with a Philips analytical
di!ractometer employing CuKa radiation. Particle size
analysis of the powder was carried out using a Horiba-LA-
500 laser di!raction particle size analyzer. Microstructural
examination of sintered pellets was carried out using a
Cambridge scanning electron microscope, model Stereos-
can-240, and a JEOL-FX-2000 transmission electron micro-
scope (TEM).

Electrical and dielectric properties were measured using
a LCR meter SR-720 (Standard Research Systems, USA) as
a function of frequency (100 Hz}100 kHz) in the temp-
e-rature range between 25 and 1503C. Dimensional
measurements of pellets were carried out using a TESA
micrometer to an accuracy of $0.001 mm.

4. RESULTS AND DISCUSSION

ZnO}B
2
O

3
Fluxes

X-ray di!raction (XRD) patterns of conventionally pre-
pared powders indicated the formation of single-phase Ba-
TiO

3
. Particle size analysis showed a median of the particle

size at 0.5 lm, and that all the particles were below 1 lm.
Figures 1 and 2 exhibit the sintered densities and shrinkage
in diameter of BaTiO

3
compacts sintered with addition of

#ux (1) and #ux (2), respectively. For #ux (1)-added ceram-
ics, the increase in density and shrinkage was found to be
linear with increase in the sintering temperature. On the
other hand, the sintered density of #ux (2)-added ceramics
decreased and then increased marginally with an increase in
sintering temperature. However, shrinkage in diameter was
FIG. 1. E!ect of sintering temperature on the density and shrinkage of
BaTiO

3
sintered with #ux (1).
found to be linear in temperature. Further, conventionally
prepared pure BaTiO

3
samples, which were sintered at

13503C, were found to have a sintered density of 5.61 g/cc,
comparable to that obtained for #ux (1)-added samples at
11503C. Therefore, the addition of #ux, as expected, is found
to lower the sintering temperature, attributed to liquid-
phase sintering. In the ZnO}B

2
O

3
phase diagram, a eutectic

reaction occurs at 9613C (36). The composition of #ux (1)
used in this study corresponds to a liquidus temperature of
9823C. It is well known that a compatible liquid phase
enhances densi"cation (37). The small di!erence in the den-
sity of #ux (1) and #ux (2) compositions arises on account of
the di!ering liquidus temperature as well as the viscosity of
the liquid phase. In the present study, as expected, the
presence of liquid phase increases the sintering rate.

In a separate study, densi"cation behavior of a #ux-
assisted pellet was studied, and the activation energy for
sintering estimated (38). In addition to a reduction in sinter-
ing temperature, the grain size of #ux-added ceramics, sin-
tered at 11503C, was also reduced compared to that for pure
BaTiO

3
. A SEM photomicrograph of a conventionally pre-

pared BaTiO
3

pellet and sintered at 13503C is shown in
Fig. 3a. The average grain size was nearly 5 lm, while some
large grains with a size of 10 lm were also observed. Figure
3b shows a bright-"eld TEM micrograph of a #ux (1)-
sintered pellet, sintered at 11503C. Submicron-size grains
can be clearly noticed in the micrograph, which indicates an
arrest of grain growth. Dielectric properties of #ux-added
and pure BaTiO

3
ceramics are shown in Figs. 4 and 5,

respectively. The room temperature dielectric constant of
#ux-added ceramics increased with an increase in the sinter-
ing temperature. This may be attributed to the increase in
the density. A higher porosity at a lower sintering temper-
ature accounts for a dilution of the dielectric constant.



FIG. 3. (a) SEM photomicrograph of pure BaTiO
3

sintered at 13503C.
(b) Bright "eld TEM micrograph of #ux (1)-added BaTiO

3
sintered at

11503C.

FIG. 4. Dielectric constant and dielectric loss as a function of fre-
quency for #ux-added samples sintered at di!erent temperatures. Dielectric
constant k at 10003C (r), 11003C (f), 11503C (j). Dielectric loss at 10003C
(m), 11003C (.), 11503C (h).

FIG. 5. Dielectric constant and resistivity as a function of temperature
for conventionally prepared BaTiO

3
at 1 kHz.
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The dielectric constant}frequency dependence, exhibited in
Fig. 4, follows the Debye equations for dipole polarization
for the lower frequency region ((120 Hz), except for the
pellets sintered at 10003C. The increase in dielectric con-
stant for 10003C-sintered samples at lower frequencies may
be due to a contribution from interfacial polarization. Fig-
ure 6 shows dielectric constant}temperature behavior for
#ux-added ceramics. The dielectric constant is higher for
pellets sintered at higher temperatures, at all frequencies.
This could be related to a lower porosity, as mentioned
earlier. In addition, dielectric constants of #ux-added cer-
amics were higher than that for pure BaTiO

3
. This increase

was attributed to a re"nement of grain size (39). Also, the
peak in permittivity that occurs at the Curie temperature
was found at 1303C for all samples. This indicates that solid
solution formation between the #ux and the matrix did not
occur. However, the interaction of liquid-phase resulted in
a grain-boundary phase detected in XRD.

It must be noted that the resistivity}temperature behav-
ior for #ux-added ceramics was completely di!erent from
that for pure BaTiO

3
. Figure 7 exhibits the resistivity}

temperature curve for pellets sintered at 10003C; the behav-
ior for those sintered at other temperatures was similar. The
temperature-independent resistivity values were almost an
order of magnitude higher than that for pure BaTiO

3
.

Furthermore, the dielectric constants vs temperature curves
in Fig. 6 do not exhibit a shifting of the Curie peak,



FIG. 6. (a) Dielectric constant vs temperature behavior at 100 Hz for #ux (1)-added BaTiO
3

sintered at di!erent temperatures. (b) Dielectric constant
vs temperature behavior at 1 kHz for #ux (1)-added BaTiO

3
sintered at di!erent temperatures. (c) Dielectric constant vs temperature behavior at 10 kHz

for #ux (1)-added BaTiO
3
sintered at di!erent temperatures. (d) Dielectric constant vs temperature behavior at 100 kHz for #ux (1)-added BaTiO

3
sintered

at di!erent temperatures.
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e!ectively ruling out the formation of a solid solution. This
clearly indicates a presence of a second phase. Figure 8 ex-
hibits a bright "eld TEM micrograph showing such
a boundary phase at the triple-point grain corners as well as
boundaries. The higher resistivity of the #ux-sintered ceram-
ics is attributed to this grain-boundary phase as that ac-
counts for the only di!erence between the microstructure of
pure and #ux-assisted BaTiO

3
. The structural details of this

phase are presently being worked out.

ZnO}WO
3

Fluxes

Pellets sintered with the addition of ZnO}WO
3
, namely

#ux (3), were also investigated for sintering behavior and
dielectric properties. Figure 9 exhibits the e!ect of sintering
temperature on the density of #ux (3)-added ceramics. The
increase in density was rapid from 1175 to 12003C. How-
ever, only a marginal increase was found for samples
sintered at 12253C. Further increase in the sintering temper-
ature actually resulted in a slight decrease in the density.

This densi"cation behavior may again be attributed to
the liquid-phase sintering. An appearance of liquid phase
during heating results in a rearrangement of particles and
the density increases as a result of the "lling of pores (37).
Once the process saturates, on further heating, no appreci-
able enhancement of density is expected.

The phase diagram of ZnO}WO
3

shows congruent
melting at 12103C (40). Therefore, maximum densi"cation
should take place beyond this temperature. However, any
deviation from the stoichiometry in the #ux composition
would result in a liquid-formation temperature away from
the congruent melting temperature. The temperature at
which the liquid phase starts appearing may be estimated
from the phase diagram, depending upon whether the #ux is
hypo- or hyperstoichiometric. Also, the amount and com-
position of liquid can be assessed following the tie-line



FIG. 7. Resistivity as a function of temperature for #ux (1)-added
BaTiO

3
at various frequencies, sintered at 10003C (100 Hz (#), 1 kHz (r),

10 kHz (f), 100 kHz (j)).
FIG. 9. E!ect of sintering temperature on the density of #ux (3)}added

BaTiO
3
.
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approach, but is not deemed necessary for the present dis-
cussion. It must be noted that the liquidus temperature for
both hypo- and hypereutectic compositions is below
12003C. If small amounts of nonstoichiometric oxides were
also present in the #ux powder, the onset of densi"cation
would be at a temperature below 12003C, explaining the
FIG. 8. Bright "eld TEM micrograph of #ux (1) sample sintered at
10003C showing second phase at grain corner and along the boundary.
observed behavior exhibited in Fig. 9. XRD investigations
show a presence of certain phases, yet undetermined, that
are formed due to interaction between liquid and the bar-
ium titanate grains.

Only the pellets sintered at 12503C were characterized for
dielectric properties. Figure 10 shows the room temperature
dielectric constant as a function of frequency for sintered
pellets. Beyond 1 kHz, the dielectric constant falls with an
increase in frequency.

Figure 11 exhibits the variation of dielectric constant with
temperature. The position of the Curie peak is clearly seen
to be shifted to 353C. This permittivity}temperature behav-
ior may be attributed to the formation of a solid solution.
Various elements present in the #ux are known to form
substitutional solid solution with perovskite compounds,
replacing either the A or B site cations in the lattice.
FIG. 10. Variation of room temperature dielectric constant as a func-
tion of frequency for ZnO}WO

3
(#ux (3))-added BaTiO

3
sintered at

12503C.



FIG. 11. Dielectric constant as a function of temperature at various
frequencies for ZnO}WO

3
(Aux (3))-added BaTiO

3
sintered at 12503C.
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Whether an element would replace A or B cation generally
depends on its ionic radius and coordination number. Tung-
sten is likely to replace Ti4` ions, resulting in a solid
solution of the type Ba(Ti

1~x
W

x
)O

3
. It is well known that

a solid solution with BaTiO
3

results in a shifting of the
Curie temperature (41, 42). In the present study, it is appar-
ent that the solid solution with tungsten substituting for
Ti4` is responsible for shifting the ¹

#
toward room temper-

ature.
Figure 12 shows the resistivity}temperature curve for the
#ux (3)-added pellets. The resistivity starts increasing from
353C and reaches a saturation value near 903C. One of the
striking feature of the curve is the PTCR (positive temper-
ature coe$cient of resistance) e!ect. The typical S curve is
similar to that of BaTiO

3
reported in the literature, albeit

with a lowering of the knee of the curve, which represents
FIG. 12. Variation of resistivity as a function of temperature at several
frequencies for #ux (3)-added BaTiO

3
, sintered at 12503C.
the Curie temperature (43). However, the jump in resistivity
was much less than that obtained for other donor-doped
systems (44}47). The reason for this behavior is yet to be
investigated. Further, W at the Ti site acts as a donor,
W))

T*
which may be compensated as per

2[Wz z]"n
or

[Wz z]"[VA
B!

].

In this model, the role of Zn2` is excluded, mainly on
account of the inability of Zn2` to substitute for Ti4`, the
large variation between their ionic radii being responsible.
The modeling of the conductivity data using the above
defect model showed that the charge compensation mecha-
nism in the #ux (3)-added ceramics was due to formation of
barium ion vacancies (41).

5. CONCLUSIONS

An addition of the ZnO}B
2
O

3
#ux to BaTiO

3
lowered

the sintering temperature, attributing to liquid-phase sinter-
ing. However, average grain size was smaller than that of
pure BaTiO

3
. The re"nement of grain size led to an im-

proved dielectric constant. The dissipation factor, tan d,
which was due to the occurrence of a highly resistive grain-
boundary phase, was also lowered.

Similarly, the addition of the ZnO}WO
3
#ux was also

found to lower the sintering temperature. However, the
ZnO}WO

3
#ux was also found to form a solid solution with

the host matrix by replacing the B site cation. The dielectric
constant}temperature curve for the ZnO}WO

3
-added Ba-

TiO
3

showed a shifting of the Curie peak toward room
temperature. In addition, a PTCR e!ect, although not sig-
ni"cant, was also observed. The resistivity values of the
ceramics were modeled using defect chemistry, which
showed that the charge compensation due to doping by
donor tungsten results in the formation of barium ion va-
cancies.
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