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In this study, a correlation between densiﬁcation, microstructure, and electrical properties of BaTiO3 (BT) ceramics prepared from ultrasonically
de-agglomerated BT powders has been analyzed. BT powders with the same crystal structure (tetragonal) and stoichiometry, but with different
average particle size, were used to prepare sintered ceramics. Densiﬁcation and electrical properties of the sintered BT ceramics were correlated
to the average particle size of the powders. It was found that a decrease in average particle size improved the densiﬁcation process as well as the
ceramics’ microstructure. The impedance measurements were done up to 320 C in order to separate grain (bulk) and grain boundary contributions.
Bulk resistance was more or less the same, independent on the average particle size of the powder. On the contrary, grain boundary resistance
increased with decreasing average particle size of the powder.
Keywords Barium titanate; Dielectric permittivity; Grain boundary resistance; Microstructure; Shrinkage; Sintering.

1. Introduction
Due to its outstanding dielectric properties and high
thermal stability, barium titanate (BT) is widely used in the
fabrication of electronic devices such as multilayer ceramic
capacitors (MLCCs), positive temperature coefﬁcient
of resistance (PTCR) thermistors, piezoelectric sensors,
transducers, etc. [1, 2]. Since the 1950s, when Känzig [3]
published a theoretical article concerning the dependence of
dielectric properties of BaTiO3 on particle size, the inﬂuence
of the characteristics of starting powders on the properties
of the ﬁnal ceramics has been intensively studied [4–8].
It has been found that nano-sized barium titanate powder
with a high tetragonality [9] and a narrow particle size
distribution [10, 11] is required for the preparation of dense
ceramics with excellent dielectric properties. Therefore,
many chemical routes, including coprecipitation [12],
hydrothermal synthesis [13], sol-gel synthesis [14], alkoxide
hydrolysis [15], citrate routes [16], and ultrasonic spraypyrolysis [17] have been developed to prepare ultraﬁne,
sintering reactive BaTiO3 powders. Despite the fact that
BT powders synthesized in the above-cited processes have
nano-sized particles, their tetragonality is often lower.
This in turn results in poor dielectric properties. Low
tetragonality is attributed to two factors: size effects and
hydroxyl ion effect [18]. Tetragonal barium titanate can
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be prepared by a solid-state reaction between BaCO3 and
TiO2 at the temperature interval of 1000–1200 C [19].
But BT powder prepared at a high temperature exhibits
some drawbacks, such as a large particle size (2–5 m),
inhomogeneous mixing, or broad particle size distribution,
which generally limits the ability to fabricate reliable
electronic components. The sinterability of these powders
can be improved by reducing particle size and narrowing
particle size distribution, e.g., by mechanical milling of wet
powders [20–23]. However, an intensive milling of BaTiO3
in the presence of water may lead to the leaching of Ba2+
and a strong pH increase, which may be detrimental for
the further processing. Also, during mechanical milling,
impurities can be introduced into the system [24]. Instead
of mechanical milling, high-intensity ultrasound irradiation
(ultrasonication) can be used for the de-agglomeration and
activation of powders synthesized by solid-state reaction,
thus avoiding the introduction of impurities. Previously,
nano-sized BT powder with tetragonal crystal structure was
prepared by a solid-state reaction followed by high-intensity
ultrasonication during three hours [25].
Barium titanate ceramics contain electro-active
intragranular (bulk) and intergranular (grain-boundary)
regions, whose properties depend on the microstructure.
In many electroceramic applications grain boundaries
play an important or even a key functional role [26, 27].
In a broad range of ceramics, this shows ionic, mixed
ionic-electronic, or electronic conduction, grain boundaries
act as barriers for the cross transport of charge carriers.
Often, the barrier character of the grain boundary is
especially pronounced in the low temperature regime.
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In this regime BaTiO3 is employed as a high permittivity
dielectric for capacitor applications. At high temperatures
these resistive grain boundary barriers are reduced, giving
rise to substantially ﬁeld-enhanced leakage currents
through the components. That is the reason why detailed
dielectric studies, especially those concerning grain
boundary barriers, are important for full insight into the
characteristics of BT. One of the most important methods
to investigate the electrical properties of blocking grain
boundaries is impedance spectroscopy. This technique
allows decomposing the overall dc resistance into
contributions of the grain interior, the grain boundaries,
and the electrodes.
Four BT powders with the same crystal structure and
stoichiometry, but different average particle sizes, were used
to investigate the inﬂuence of particle size on densiﬁcation,
microstructure of sintered ceramics, and their electrical
properties, especially grain boundary resistance.
2. Experimental
BaTiO3 powder (denoted as BT1), prepared by a
conventional solid-state reaction between BaCO3 (>99%)
and TiO2 (rutile, >99.8%) at 1100 C during 2 h, was used
as the starting material. In order to investigate the inﬂuence
of average particle size, and also powder de-agglomeration,
on the shrinkage, microstructure, and electrical properties
of BT ceramics, ultrasonication was performed in different
time periods. The BT1 powder, with an average particle
size of 1.4 m, was dispersed in isopropanol and treated
with high-intensity ultrasonication using a direct-immersion
titanium horn (Sonics VCX-750, 20 kHz, 750 W; 85%
amplitude, 2 s/1 s pulse). After 10, 60, and 180 min of
ultrasonication BT powders with average particle size of
1.3 m, 410 nm, and 64 nm were obtained, and denoted
as BT2, BT3, and BT4, respectively. A more detailed
description of the preparation of the initial barium titanate
powder, its ultrasonication, and characteristics have been
provided elsewhere [25].
The BT powders were uni-axially pressed into pellets
( 4 mm and h = 2 mm) at 300 MPa. The average green
density of the pellets was about 62% of theoretical density
(T.D., 6.02 g/cm3 . The samples were sintered in a heating
microscope (E. Leitz, Wetzlar, Germany) in order to
determine the inﬂuence of average particle size on shrinkage
behavior. The experiments were performed in air up to
1370 C, using a heating rate of 10 C/min, whereas the
duration of isothermal sintering was 2 h. The changes in
height (h) and diameter (d) of the samples durings the
sintering process were recorded throughout the period of 4 h,

at 10-min intervals. The density of the ﬁnal ceramics was
determined via picnometry.
The dielectric permittivity of BT ceramics was studied
as a function of temperature. Dielectric measurements
were done in a cooling regime, from 160 to 0 C. The
measurements were performed between silver electrodes,
in an air atmosphere, at 1 kHz using a Wayne Kerr
Universal Bridge B224. The dielectric permittivity of BT
ceramics was correlated to the average grain size, and,
consequently, to the average particle size of BT powders.
Additionally, the electric conductivity of BT samples was
investigated by an ac impedance spectroscopy over the
frequency range of 1 Hz–100 kHz using a Gamry EIS300
Impedance Analyzer, in cooling from 320 to 25 C; an
applied voltage was 100 mV. The recorded impedance
spectra were mathematically analyzed using the ZView2
software (version 2.6 demo).
The microstructure of the sintered ceramics was studied
on previously thermally etched and gold coated surfaces
by scanning electron microscopy (SEM model JSM 5300)
operating at 30 kV. The obtained micrographs were used
for the estimation of average grain size with a SemAfore
digital slow scan image recording system (JEOL, version
4.01 demo).
3. Results and discussion
3.1. Powders Characteristics
In our previous article [25], we presented the results
of a detailed examination of characteristics of the BT
powders used in this study for the preparation of sintered
ceramics. We examined average particle size, also, the
extent and nature (soft or hard) of the agglomerates [25],
because they have a strong bearing on sinterability and
other related powder properties. Actually, powders have a
tendency to form agglomerates, which cause grain growth
during sintering, formation of microstructural defects,
and/or microstress, thus disparaging the electrical properties
of materials [28, 29].
Here, we emphasize that all of the used BT powders were
highly crystalline, pure BT with tetragonal symmetry, which
is especially important for achieving the best dielectric
properties for BT ceramics [9]. The values of average
particle size of the used BT powders are listed in Table 1.
3.2. Sintering
The heating microscope, as an excellent instrument for
detailed quantitative studies of sintering kinetics [30–32],
was used for in situ monitoring of the shrinkage processes.

Table 1.—Characteristics of the BaTiO3 powders and ceramics sintered at 1370 C.
Average
particle size

Average
grain size

C

Density




5

Rdc
at 25 C

Sample

(m)

(m)

(% T.D.)

rmax

Tc ( C)

Tt/o ( C)



(×10 C)

(G)

BT1
BT2
BT3
BT4

1.400
1.300
0.410
0.064

26
25
21
18

90.4
91.9
94.0
97.8

5920
6980
7520
7580

108.2
108.0
106.6
106.0

21.1
21.7
22.1
24.7

1.25
1.23
1.35
1.36

2.06
2.22
3.50
3.37

2
14
56
72

Rg

Rgb


at 320 C (k)

50
46
75
84

187
753
937
1650
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Figure 1.—Effect of sintering process on shrinkage: (a) nonisothermal axial shrinkage; (a ) isothermal axial shrinkage; (b) nonisothermal diameter shrinkage
and (b ) isothermal diameter shrinkage.

Here, the sintering shrinkage of cylindrical compacts was
recorded in axial (h) and radial (d) directions. From the
experimental data for h and d recorded at 10-min time
intervals during 4 h of sintering and using Eq. (1), the
percentage of shrinkage was calculated for both the height
and diameter:
shrinkage % =

l
× 100
lo

(1)

where l =lo − li  denotes the difference between the
initial value of height or diameter lo at time to and the values
li at time ti . The calculated values of shrinkage were used
for the determination of the samples’ sintering behavior,
including shrinkage anisotropy.
The densiﬁcation of barium titanate samples is
represented by shrinkage curves of the height and diameter
of the bottom layer of the samples versus temperature,
in non-isothermal sintering, Figs. 1(a) and (b), and vs.
holding time, in isothermal sintering, Figs. 1(a ) and (b ).
The shrinkage curves are relatively similar for all the
investigated powders; they show that the main densiﬁcation

proceeds in the 900–1300 C temperature interval (during
solid-state sintering), followed by a gentle parabolic
increase of the shrinkage values during an isothermal
sintering (slight densiﬁcation proceeded with grain growth,
probably due to the presence of a liquid phase). From
Fig. 1(a), it can be seen that axial shrinkage begins
at ∼850 C for 64 nm-sized (BT4) powder, at 920 C
for 410 nm-sized (BT3) powder, and near 1000 C for
micro-sized (BT1 and BT2) powders. For nano-sized
powder, shrinkage is especially intensive in the interval
900−1250 C, while for micro-sized powders this interval
is shifted toward higher temperatures, ∼1000–1300 C.
Shrinkage is the most intensive for the BT4 (∼12%) and
the least intensive for BT1 powder (∼9%).
The same densiﬁcation trend is obtained for diameter
shrinkage, Fig. 1(b). For the nano-sized powder, shrinkage
begins at 900 C, whereby an almost complete densiﬁcation
is ﬁnished up to 1300 C, and the highest attained shrinkage
is ∼10%. Micro-sized powder (1.4 m) shows intensive
diameter shrinkage in temperature interval 1000–1370 C
and the shrinkage reaches ∼7%. During isothermal
sintering, we observed a decreasing trend of d shrinkage,
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Fig. 1(b ). This phenomenon is well known in the case of
high shrinkage and high friction with the sintering substrate,
when compacts exhibit different top vs. bottom shrinkage.
The bottom drags on the sintering substrate while the top is
unconstrained [33].
Moreover, it is noticed that axial shrinkage is larger than
diametrical one h > d, i.e., anisotropic densiﬁcation
occurs. A series of phenomenological hypotheses have been
proposed as an explanation for the existence of shrinkage
anisotropy, including the effect of gravity, residual stresses,
varying density distribution in compacts, and preferred
orientation of the crystal lattice [34]. In some recent articles,
the origin of the anisotropic shrinkage was attributed to the
orientation of elongated particles in the compacts in addition
to the nonuniform particle packing density in uniaxially
pressed compacts [35, 36]. A larger sintering shrinkage in
the h direction than in the d direction occurs when elongated
particles align with their longest axis perpendicular to the
direction of uniaxial pressing within the plane parallel to the
direction of uniaxial pressing and randomly oriented within
the plane normal to the uniaxial pressing [36].
Generally, we ﬁnd that nano-sized BT powder shows
the highest value of shrinkage in both axial and diameter
directions compared to micro- and submicro-sized powders.
Moreover, sintering of the nano-sized powder occurs at a
lower temperature interval.
Different shrinkage behaviors of BT1-BT4 samples can
be explained by different densiﬁcation of powder compacts
containing more or less agglomerated particles. One of
the explanations for the retardation of the densiﬁcation in
samples containing agglomerated particles is the existence
of porosity in the green body [32–37]. Different pore
types in the initial compacts, with wide variation in pore
curvature, have different free surface energies and thus lead
to an overall different driving force for sintering in dense
ceramics [33].
A convenient way of quantifying shrinkage anisotropy of
sintered materials is the calculation of shrinkage anisotropy
factor k [32]. In cylindrical compacts, k determines
the extent of shrinkage anisotropy relating axial (height)
and diametrical shrinkage. The shrinkage anisotropy was
calculated using Eq. (2)
anisotropy factor = k =

d
d − di
= o

h
ho − h i

(2)

Figure 2.—Shrinkage anisotropy factor k, with respect to powders particle
size.

where do and di denote the diameter, whereas ho and
hi denote the height, at initial time to and at time ti ,
respectively.
The values of k, calculated according to the Eq. (2), are
presented in Fig. 2 as a function of sintering temperature
(from 900 to 1370 C). It can be observed that the anisotropy
factor for all samples is k < 1. Here, the shrinkage
anisotropy can be explained by the use of BT powders
consisting of anisotropy crystallites elongated in (200)
direction [25], as well as by their nonuniform packing
during uni-axially pressing. Besides, with the decrease of
average particle size, k strives to 1, which indicates that
the use of BT powders with lower average particle size and
softer agglomerates leads to a more uniform package during
uni-axial pressing, whereas shrinkage tends to be isotropic.
Obviously, average particle size, their morphology, as well
as the nature of agglomerates were repercussive onto the
densiﬁcation process and anisotropy factor.
Figures 3(a) and (b) shows the microstructure of sintered
BT ceramics produced from micro- (BT1) and nanosized (BT4) powders, respectively. The microstructure of
typical polycrystalline ceramics, with an interconnected
network of large angular grains can be observed. Each

Figure 3.—Microstructures of BaTiO3 ceramics, sintered at 1370 C during 2 h, prepared from BT powders with average particle size: (a) 1.4 m and (b) 64 nm.
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grain is surrounded by randomly oriented neighbors, closely
adhering at the grain boundaries. Rounded grain corners
imply that a liquid-phase-assisted mechanism has been
operating during sintering at 1370 C. For all sintered
ceramics the densiﬁcation is high, and ranging from 90
(for BT1) to 98% of T.D. (for BT4). There is a difference
in grains shape and size between ceramics prepared from
micro- and nano-sized powders. Platelike grains, with a
stress free surface and average size of Gav = 26 m grow
from powder BT1, Fig. 3(a), while the reduction of the
average particle size of BT powder to 64 nm leads to
a slight decrease in the average grain size of the ﬁnal
ceramics down to Gav = 18 m, Fig. 3(b). Moreover,
high sintering temperature (and/or prolonged time) produces
compressive residual stress in BT4 ceramic, inducing a
layered grain texture where most layers are oriented with
their c-axes normal to the sample surface. Therefore,
nano-scaled barium titanate powder produces high-density
ceramics with smaller average grain size.
Here, we call attention to the fact that during sintering
processes grains grow up to 50 m in size. These results
are in agreement with the previously published ones, which
show that even nano-crystalline powder has a tendency
to form agglomerates, which causes grain growth during
sintering [28, 29]. Besides, as it is shown, almost complete
densiﬁcation is ﬁnished up to 1300 C. Further annealing
produced slight densiﬁcation proceeded with grain growth.
In addition, the activation energy of the grain boundary
migration in BT is quite small, resulting in increased grain
growth during the ﬁnal stage of sintering [38].
Grain growth usually occurs due to the material transport
by volume diffusion, surface diffusion or evaporationcondensation process. During the evaporation-condensation
process, spiral growth can be induced at structural
imperfections in ceramics like as screw dislocations, microtwins, stacking faults etc. [33–40]. In Fig. 4 we show
microstructure of the ceramic prepared from BT4 powder

Figure 4.—Microstructure with spiral-concentric grain growth phenomenon.
BaTiO3 with average particle size of 64 nm sintered at 1370 C during 2 h.

S. MARKOVIĆ ET AL.

(d50 = 64 nm); the presence of spiral-concentric grains
is evident. Therefore, the existence of spiral growth
mechanism can be a reliable explanation for a large grain
growth in the sintered BT ceramics [41]. Moreover, this
indicates a signiﬁcant role of the evaporation-condensation
process during ﬁnal stages of sintering.
The average grain size and percent of theoretical density
are given in Table 1.
3.3. Electrical Measurements
The dielectric properties of ceramics prepared from
BT powders with different average particle size are
relatively similar, Fig. 5. They exhibit a sharp maximum in
permittivity at Tc with clear evidence of permittivity peak
ascribed to the tetragonal to orthorhombic phase transition
(Tt/o . The decrease in average particle size causes a slight
shift of Tc toward lower and Tt/o toward higher temperatures
(Table 1). Furthermore, rmax clearly increases with the
reduction of the powder’s average particle size, from 5920,
for the ceramic prepared from BT1 powder, up to 7580,
for the ceramic prepared from BT4 powder. Elsewhere,
a similar ﬁnding was explained by the microstructure of
sintered ceramics [42], which can be applied in this case,
too. Namely, a slight shift of Tc was provoked by the
decrease of Gav from 26 to 18 m, while the increase
of rmax was caused by the increases of density from
90.4–97.8% of T.D.
Moreover, Kinoshita and Yamaji [42] have showed that
r strongly depends on the grain size in ferroelectric

Figure 5.—The temperature dependence of dielectric constant of BaTiO3
ceramics sintered at 1370 C during 2 h, with respect to powders particle size.
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state, while it is almost independent on the grain size in
paraelectric state, where r follows the Curie–Weiss law.
It can be emphasized that the symmetry reduction at
the cubic-tetragonal (i.e., paraelectric-ferroelectric) phase
transition depends on the grain size and stress effects,
and therefore is greatly inﬂuenced by the microstructure
of the sintered material [21]. Generally, size and stress
effects may induce a shift of Tc to lower temperatures,
the broadening of the phase transition temperature range,
and a change in dielectric permittivity. The manner in
which these effects occur depends on the order of the
phase transition. Martirena and Burfoot [43] proposed
the following empirical relation (3) for the temperature
(in the range above Curie temperature) variation of  during
the phase transition from normal ferroelectric ( phase
transition) to diffuse phase transition:

Downloaded By: [Markovi, Smilja] At: 10:27 15 September 2009

1
T − Tmax 
1
−
=

r
rmax
C

(3)

where Tmax is the temperature of dielectric constant
maximum, C  is modiﬁed Curie–Weiss constant, and  is
the critical exponent which can vary from 1 for normal to
1–2 for diffuse phase transition. Parameters  and C  were
calculated from linear functional dependence: ln1/r −
1/rmax  vs. lnT − Tmax , at temperatures above Tmax
(Fig. 6), and are given in Table 1. Evidently, calculated
values for  are similar for all the examined samples, while
C  is slightly changed from 2 06 · 105 to 3 37 · 105  C. These
values are almost independent on grain size, which means
that the behavior of r is not inﬂuenced by grain size above
Tmax . Hence, in the paraelectric state r follows the Curie–
Weiss law.
Such a difference between paraelectric and ferroelectric
states indicates that internal stress plays an important role

in grain-size effects because it does not grow in the cubic
phase but develops when BaTiO3 ceramics are cooled
below Tc [42].
The permittivity of BT ceramics measured at the ﬁxed
frequency of 1 kHz (Fig. 5) gives information relevant
to their practical applications; however, a large amount
of additional information could be obtained by varying
frequency. For instance, polycrystalline materials may show
a variety of frequency-dependent effects associated with
heterogeneities, such as grain boundaries or surface layers,
as well as with intrinsic properties of the grains of
the materials under consideration. In such cases, ﬁxedfrequency measurements not only give restricted amount
of information but in addition, any interpretation of
ﬁxed-frequency data may be ambiguous [44, 45]. By ac
impedance measurements in a wide range of frequencies,
and at various temperatures, one may determine individual
values of various resistance components, such as grain
boundary and grain (bulk) resistance and permittivity,
and examine their dependence on temperature. Usually,
the complex impedance diagram, in the so-called Nyquist
presentation (the plot of imaginary Z vs. real Z
impedance, with the frequency
as an independent
parameter) of a sintered, low-conducting material between
blocking electrodes, consists of two adjacent semicircles,
ending at the origin of coordinate system at inﬁnite
frequency. For sintered BT ceramics, the low-frequency
semicircle of the impedance spectra is attributed to the
grain boundary impedance, whereby the one corresponding
to higher frequencies is attributed to intra-grain (bulk)
response [44, 46–49]. The grain interior and grain boundary
resistance may be read as the diameter of high-frequency
and low-frequency arcs, respectively.
In this study, in addition to single frequency data shown
in Fig. 5, the electrical properties of BT ceramics in
the temperature range of 25–320 C were examined by ac

Figure 6.—Plots of ln1/r − 1/rmax  vs. lnT − Tmax  for BaTiO3 samples sintered at 1370 C during 2 h, with respect to powders particle size.
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of BT ceramics depends mainly on the microstructural
development associated with grain growth. Only the data
obtained above Tc , when the grain boundary resistance
experiences a drop by four orders of magnitude (from 1010
to 106 ) provide more useful information. Furthermore, in
order to separate grain and grain boundary contributions, BT
samples were heated up to 320 C. The low frequency arc
was not found at <200 C, which may be due to the effect
of electrode relaxation process overlapping with the grain
boundary relaxation process. However, with increase in the
temperature (≥230 C, Fig. 7(b)) impedance spectra for all
the samples contained two semicircles (arcs). It can be seen
From Fig. 7(c) that the amplitude of the high-frequency arc
of impedance spectra for BT samples having different grain
sizes does not vary signiﬁcantly with the decrease in grain
size. The high-frequency arc can thus be ascribed to the
bulk resistance Rb . The amplitude of the low-frequency
arc increases with decreasing grain size, and is ascribed to
grain boundary resistance Rgb .

Downloaded By: [Markovi, Smilja] At: 10:27 15 September 2009

impedance spectroscopy. The resistance and capacitance
elements were determined by ﬁtting an appropriate
equivalent circuit to the impedance data. Here, the aim of
impedance measurements was to determine the inﬂuence
of grain size, i.e., microstructure (and consequently the
inﬂuence of the powder’s particle size) on the sample
resistivity, which was possible because all the samples
had equal dimensions and the same chemical composition
(i.e., stoichiometry).
Figue 7 shows the impedance spectra of the sintered BT
ceramics at three representative temperatures. Obviously,
the shape of Nyquist plots depends on temperature. At room
temperature [Fig. 7(a)], the shape of Nyquist plot follows
a straight line with a large slope indicating the insulating
behavior of the samples. The dc resistance (dc–frequencyindependent resistance [46]) of the samples measured at
room temperature was estimated, by ZView 2 software, to
be in the range of 2−72 · 109 . Thus, at room temperature,
the impedance of the BT ceramics is too high. Due to
Hirose and West [44] the room temperature resistivity

S. MARKOVIĆ ET AL.

Figure 7.—Complex impedance spectra of the sintered BaTiO3 ceramics at three representative temperatures, with respect to starting powders average particle
size.
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Imperfect contacts (lateral inhomogeneities) between
grains cause current constriction in the grains. This leads to
an apparent grain boundary semicircle, whose diameter is
purely bulk-dependent [52].
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Figure 8.—Equivalent circuit used to represent the electrical properties of
sintered BaTiO3 ceramics.

The experimental data of ac impedance measurements
may be alternatively presented in terms of equivalent circuit.
There is no a priori method to ﬁnd the best equivalent
circuit. For a given data set, it is always possible to ﬁnd
more than one equivalent circuit model that can ﬁt the data.
Usually, the complex impedance diagram in the form of
two adjacent arcs has been modeled using an equivalent
circuit consisting of two parallel resistance-capacitance
(RC) elements connected in series [44–50]. To represent
the impedance properties of BT ceramics at temperatures
above the ferroelectric-paraelectric transition Tc , shown in
Figs. 7(b, c), an equivalent circuit consisting of two parallel
RC elements connected in series, presented in Fig. 8, was
proved to be the best among possible equivalent circuits.
The high-frequency arc corresponds to Rb Cb response and
low-frequency arc corresponds to Rgb Cgb response. The
spectrum clearly indicates a combination of bulk and grain
boundary impedances connected in series. The impedance
Z ∗ for this circuit can be described with Eq. (4) [44]:

−1  −1
−1
+ Rgb + j Cgb
Z ∗ = R−1
b + j Cb

(4)

After ﬁtting, the Rb and Rgb resistances were read as the
diameter of high- and low-frequency arc, respectively, and
their values are presented in Table 1. It can be noticed
that the values of bulk resistance Rb are nearly independent
on the average particle size. On the contrary, the grain
boundary resistance Rgb is inﬂuenced by the average particle
size of the starting powder. Obviously, the grain boundary
resistance increases with the decrease of BT powder average
particle size, which is due to repercussion on the ceramic’s
microstructure, i.e., average grain size and density. It can be
noticed that the overall grain boundary resistance increases
with the decrease in the grain size, due to the increase in
the number of boundaries per unit thickness [51]. Rb and
Rgb also decrease with an increase in temperature.
The grain boundary is ferroelectric just like the grains,
but its impedance is modiﬁed by either air gaps surrounding
the grain-to-grain contacts or by high-impedance electrical
inhomogeneity in the region of the necks between grains
[44]. At temperature above Tc , the capacitance of air gaps
increasingly dominates.
Grain boundaries are often laterally inhomogeneous
(i.e., “imperfect”) in the sense that ideally conducting as
well as totally insulating interface regions are present.
To give two examples: (i) solid grain boundary phases often
only partially wet the grains, establishing a diminishing
grain-to-grain contact, and (ii) nano-pores along grain
boundaries can cause an imperfect contact between two
grains. In such cases, insulating layer partly separates
neighboring grains. Consequently, bulk resistance may be
signiﬁcantly higher than the ideal bulk resistance [52].

4. Conclusion
The correlation between densiﬁcation, microstructure,
and electrical properties (dielectric permittivity and grain
boundary resistance) of BT ceramics prepared from BaTiO3
powders with different average particle size (1.4 m,
1.3 m, 410 nm, and 64 nm) was investigated.
Shrinkage was found to be very sensitive to the barium
titanate powder average particle size. The reduction of the
average particle size ensures improved densiﬁcation of BT
powders. Shrinkage begins at 850 C for nano-sized (64 nm)
powder, at 920 C for submicro sized (410 nm) powder while
the micro-sized ones (1.3 and 1.4 m) begin to shrink at
1000 C. Furthermore, the sintering curves were shifted to
lower temperatures with decreasing average particle size of
the powders.
A decrease in the average particle size of the initial
powder leads to a reduction of the average grain size of
the sintered ceramics. Ceramics prepared at 1370 C during
2 h using powder with an average particle size of 1.4 m,
consisted of grains enlarged up to 50 m, while the average
particle size of 64 nm yielded the ﬁnal grains reaching an
average size of 18 m.
The microstructure of BT ceramics signiﬁcantly
inﬂuences their electrical properties. A reduction of the
average grain size and an increase in density promote an
increase in both dielectric constant and grain boundary
resistivity.
It is shown that the powder’s average particle size and/or
the size of agglomerates have limiting inﬂuence on the grain
size in the ﬁnal ceramic. It is also shown that electrical
characteristics of BT ceramics primarily depend on the
average grain size of the sintered samples. All investigated
properties, including dielectric constant and grain boundary
resistivity, increase with a decrease in average grain size.
It should be emphasized that the electrical characteristics of
the sintered ceramics are very sensitive to ceramic density,
grain size, and the shape of grain boundaries. Therefore,
ﬁne-particles BT powder is desirable for achieving a higher
grain boundary resistivity.
Furthermore, impedance spectroscopy shows that the
electrical behavior of grain boundaries depends on the
ceramic’s microstructure and consequently on the starting
powder’s average particle size.
Finally, it may be emphasized that uniform nano-sized
BT powder with tetragonal crystal structure, prepared
by a solid-state reaction followed by high-intensity
ultrasonication during 3 hours, is suitable for the preparation
of dense ceramics with good electrical properties.
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Sintering; Publ. Intern. Inst. for the Science of Sintering:
Belgrade, 1974.
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