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Abstract Barium titanate ceramics were prepared using
the nanopowder resulting from a polymeric precursor
method, a type of modified Pechini process. The obtained
nanopowder was observed to agglomerate and in order to de-
agglomerate the powder and enhance the properties of the
barium titanate the material was attrition milled. The impact
of this attrition milling on the electrical properties of the
barium titanate was analysed. The temperature dependence
of the relative dielectric permittivity showed three structural
phase transitions that are characteristic for ferroelectric
barium titanate ceramics. The relative dielectric permittivity
at the Curie temperature was higher for the attrition-treated
sample than for the non-treated barium titanate. The
dielectric losses were below 0.04 in both barium titanate
ceramics. The grain and grain-boundary contributions to the
total resistivity were observed using impedance analyses for
both ceramics. A well-defined ferroelectric hysteresis loop
and piezoelectric coefficient d33 = 150 pC/N were obtained
for the ceramics prepared from the de-agglomerated powder.
In this way we were able to demonstrate that by attrition
milling of chemically obtained powders the ferroelectric and
piezoelectric properties of the ceramics could be enhanced.
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1 Introduction

Barium titanate has a special place in the group of ferro-
electrics because it can be formulated in a large number of
systems and solid solutions that provide a wide range of
applications. Over the years barium titanate has been used for
the fabrication of ceramic capacitors, positive temperature
coefficient of resistivity thermistors, piezoelectric sensors,
optoelectronic devices, transducers, actuators, etc. [1, 2].

There is currently a demand for the fabrication of
powders <100 nm to allow the production of thinner layers
for multi-layer capacitors and cheaper or more reliable
routes than those that are presently available. In order to
prepare nanopowders with good characteristics, different
chemical methods have been studied. The chemical syn-
thesis of barium titanate has developed through techniques
such as sol-gel, coprecipitation, and hydrothermal and
polymeric precursor methods [1]. The advantage of
chemical methods is the quasi-atomic dispersion of the
constituent components in the liquid precursor, which
facilitates the synthesis of crystallized powder with sub-
micron particles and high purity at low temperatures. The
main problem with chemical routes is the agglomeration of
the resulting fine particle powders, which can affect the
ceramics’ preparation as well as the properties.

Control of the microstructure in ceramics is very
important because it has a major effect on the properties. In
order to obtain ceramic materials with the desired proper-
ties each step in the processing has to be monitored [3, 4].
The most common factor that can influence the final
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properties of a material is the agglomeration of powders,
influenced by the powder synthesis method, especially
when nanopowders are prepared. Therefore, an additional
milling step after the synthesis could be added to avoid the
negative effects of agglomeration on the properties of the
materials.

In this study, barium titanate nanopowders were de-
agglomerated by attrition milling and the positive effect of
this process on the dielectric, ferroelectric and piezoelectric
properties of the obtained ceramics was analyzed.

2 Experimental procedure

Nanopowders of pure barium titanate BT were prepared by
a modified Pechini method. Titanium tetra-isopropoxide
(Ti[OCH(CH3)5]4, Alfa Aesar, 99.995 %) and barium
acetate (Ba(CH;COOQ),), Alfa Aesar, 99.0-102.0 %) were
used as sources of the metal ions. Solutions of titanium
citrate and barium citrate were prepared using ethylene
glycol (EG) and citrate acid (CA) as solvents (M (metal
ion):CA:EG = 1:4:16). These solutions were mixed and
heated until the mixture changed to a glassy resin. Sub-
sequent processing is based mainly on the decomposition
of the organic material during the whole range of calci-
nations steps from 250 to 800 °C [5, 6].

Since the nanopowders obtained by chemical methods
are usually highly agglomerated, such a powder was treated
in an attrition mill (PEO75 Netzsch, Germany) with zir-
conia media for 1 h in 2 % polyacrylic acid. The milled
barium titanate powder (BTA) was then dried at 150 °C
and used for subsequent investigations. In order to see the
influence of the attrition milling on the barium titanate’s
microstructure and electrical properties a complete analysis
of the BT and BTA ceramics was conducted.

The nanopowders of BT and BTA were uniaxially
pressed at 196 MPa into discs of 10 mm in diameter.
Sintering was performed at 1,300 °C for 8 h with a heating
rate of 10 °C/min. Scanning electron microscopy (SEM
Tescan VEGA TS 5130MM) was used to analyze the
microstructure. The median grain size was determined
from SEM images containing more than 100 grains and
expressed as Feret’s diameter. The density of the barium
titanate ceramics was obtained geometrically. The samples
were prepared for electrical measurements by polishing,
followed by applying silver electrodes on both sides of the
samples. Measurements of the dielectric properties versus
temperature were carried using a LCR meter (model 4284
A, Hewlett-Packard) at a frequency of 1 kHz. The dielec-
tric loss tangent of the barium titanate ceramics was
derived by calculating tan & = &"/¢’.

The impedance measurements were also carried out at
300 °C in the frequency range 42 Hz—-1 MHz using a
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HIOKI 3532-50 LCR HiTester. To obtain continuous
metallic contacts, Pt paste was deposited on the polished
surfaces of the BT and BTA ceramics. All the collected
data were analyzed using the commercial software package
Z-view.

The electrical polarization (P) and strain (S) were
measured with respect to the electrical field (E) using the
commercial setup Aix-PES (Aixacct Systems, Aachen,
Germany) using a bipolar 1-Hz sine-wave input. All the
measurements were made using an electric field with an
amplitude of 30 kV/cm. The samples were poled in silicon
oil with a DC electric field of 2 kV/mm at 100 °C for
2 min. After poling the samples were aged for 24 h and the
piezoelectric coefficient d;; was measured at a frequency
of 50 Hz using a Berlincourt piezometer (Take Control
PM10, Birmingham, UK).

3 Results and discussion

Cubic barium titanate nanopowder was prepared by the
polymeric precursor method (a modification of the Pechini
process) [7]. The Pechini process allows good homogeneity
and purity with respect to the desired chemical composi-
tion. Barium titanate nanopowder with primary particles of
~74 nm was obtained. The main problem that appears
with chemically prepared nanopowders is the high levels of
agglomeration caused by very small primary particles that
tend to join together. Detailed analyses of BT nanopowders
shown in a previous report [7] indicated the agglomeration
of the prepared BT powders. The strong influence of
agglomeration on the properties of nanopowders and
ceramics was noticed by other authors for different mate-
rials [4, 8]. In order to diminish the number and the
dimensions of the agglomerates, attrition milling was per-
formed. After milling for 1 h the de-agglomeration of the
powders was evident and indicated by a decrease in
the agglomeration factor by almost 85 %. A decrease in the
particle size (from 74 to 50 nm) and an increase in the
specific surface area (from ~ 13 to 20 m?/g) in the attri-
tion-treated powders were noticed [7]. The prepared BT
and BTA powders were sintered at 1,300 °C for 8 h and a
tetragonal crystal structure was obtained in both ceramic
samples [7]. In order to see the impact of the agglomeration
of the nanopowders on the electrical properties of the
obtained ceramics both types of ceramics were analyzed.
Figure 1 shows SEM micrographs of the BT and BTA
ceramics. Polygonal grains and microstructures with dif-
ferent grain size distributions were obtained. The grain size
distributions in the BT and BTA ceramics are presented in
Fig. 2. The average grain sizes of both ceramics were
similar, i.e., 2.96 £ 1.35 and 2.33 £ 0.99 pum for the BT
and BTA, respectively. However, a more uniform
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Fig. 1 Micrographs of barium titanate specimens sintered at
1,300 °C for 8 h a BT and b BTA

microstructure can be observed for the BTA than for the
BT ceramics and the density of the BTA ceramics was
found to be higher (~95 % of theoretical value) than that
obtained for the BT ceramics, i.e., ~90 %.

The temperature dependence of the relative dielectric
permittivity of barium titanate ceramics at different fre-
quencies is presented in (Fig. 3). The three phase transi-
tions—cubic to tetragonal (Tc_7), tetragonal to
orthorhombic (Tt_g), orthorhombic to rhombohedral
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Fig. 2 Grain size distribution for a BT and b BTA ceramics

(To_r)—-characteristic for barium titanate can be observed
for both BT ceramics on the curve typical for classic fer-
roelectric barium titanate material (Table 1). Both exhibits
a sharp permittivity maximum at T¢, but it is located at a
slightly higher temperature for BTA, at around 123 °C,
compared to the 120 °C found for BT. The relative
dielectric permittivity value at the Curie temperature
increased from 1,340 to 6,700 after attrition milling
(Table 1). Furthermore, the possible factors that influence
the € enhancement could be a more homogeneous micro-
structure and a higher density obtained for the BTA
ceramics [9]. Figure 3 presents the temperature depen-
dence of tan o. All three phase transitions can be observed
in the diagrams. At temperatures above 150 °C an increase
of tan d can be observed. A certain frequency dispersion in
the paraelectric state was noticeable, indicating a thermally
activated Maxwell-Wagner relaxation [10, 11]. The values
of tan & were under 0.04 for both barium titanate ceramics
across the whole of the measured temperature range.
Impedance spectroscopy(IS) was used to evaluate and
separate the contributions of various components, such as the
grain, grain boundary and electrode, to the overall electrical
properties of the barium titanate ceramics. This analysis is a
useful tool for investigating the electrical homogeneity of the
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Fig. 3 Temperature dependence of dielectric constant and dielectric
losses at 100 kHz for a BT and b BTA ceramics

Table 1 Transition temperatures, dielectric constant and dielectric
losses at 100 kHz, as well as remnant polarization and coercive field
values for both samples

Sample Tc,'[ (OC) TT—O (OC) TO—R (OC) ¢ (Tc) tan o
BT 120 14 —74 1,340 0.03
BTA 123 13 =73 6,700 0.02

ceramics [12, 13]. A major problem in the characterizing of
pure barium titanate is that the resistivity is too high to be
measured at temperatures below 200 °C [12]. Therefore,
complex impedance plane plots of data were collected at
300 °C (Fig. 4). Two well-resolved semicircular arcs are
observed for both BT samples. It is believed that the low-
frequency semicircle corresponds to the grain-boundary
contribution and the high-frequency semicircular arc is
attributed to the grain contribution. The absence of a third
semicircle suggests that the contribution of the electrode-
materials interface to the impedance is negligible in the
observed frequency range. Perhaps the measurements at
much lower frequencies could enable the detection of this
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Fig. 4 The complex impedance plane plots of BT and BTA ceramics
at 300 °C

contribution. The equivalent circuit consisted of two parallel
RC elements connected in series and Z-view fitting software
was used to evaluate the values of R, and Rgy,. It is apparent
from the extracted resistivity data that the attrition milling of
powders causes an increase in the grain and grain-boundary
resistivity of barium titanate ceramics. These results are in
agreement with the study of Thakur et al. on barium titanate
obtained by a solid-state reaction, also treated in an attrition
mill [14]. The impedance spectroscopy analysis showed
much higher grain and grain-boundary resistivities, also
indicating that Ry, > R,. Cgp, has a higher value in com-
parison with C, in both ceramics, whichis in accordance with
the brick-layer model for electroceramics that shows
Cgp > C, [15]. On the other hand, the BTA ceramic has
shown higher values of both types of capacitance compared
to the BT ceramic, indicating the formation of thicker grain
boundaries that act as a barrier to the cross transport of the
charge carriers (Table 2).

The P-E hysteresis loops were measured at room tem-
perature for the BT and BTA ceramics and are shown in
(Fig. 5) For comparison, the loops were measured at the
same maximum electric field of 30 kV/cm. The ferroelec-
tric behavior of BTA ceramics is clearly observed: the
remnant polarization (P.) and the coercive field (E.) are
11.5 uC/cm? and 2.8 kV/cm, respectively. Comparing with
the literature data, BTA ceramics show good ferroelectric
behavior. The P, value of the BTA ceramics is higher than
the previously reported values, as shown in Table 3. On the
other hand, the P-E measurements of the BT ceramics
indicate higher conductivity than for the BTA and hence in
this case the P, and E. cannot be determined (see Fig. 5).

In parallel with the polarization measurements the strain
(S) versus electric field (E) was measured at 30 kV/cm, and
is shown in Fig. 6. The S-E loops of both ceramics have a
“butterfly” shape, resulting from the superimposed piezo-
electric and domain-switching effects. The same butterfly
loop shape was previously reported for barium titanate
single crystals [16] and ceramics [17]. The measured peak-
to-peak strains (S,,) of the BTA and BT ceramics are
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Table 2 Grain and grain-boundary resistivity and capacitance for BT
and BTA ceramics obtained from impedance measurements. Remnant
polarization and coercive field

Sample R, (Qcm) Ry, C, Co, P Ec
(Qcm) PF) @F) (uc/ (kV/
cm®) cm)

BT 41 x 10* 1.9 x 10° 113 886 — -

BTA 1.8 x 10° 13 x 10° 612 133 115 2.77

— Could not be determined

E
[&]

——BTA 3 ) -
o

E (kV/iem)

Fig. 5 Polarization versus electrical field hysteresis loops of BT and
BTA ceramics

Table 3 Ferroelectric properties of barium titanate ceramics obtained
by different authors

Reference Frequency  Pr Ec

(Hz) (uC/em?  (kV/em)
BTA ceramics™® WOk 1 11.5 2.8
Ref. [16], single crystal 60 7.5 35
Ref. [17], modified solid state 20 6 1.5
Ref. [18], ball milling 50 7 4.7
Ref. [19], solid state 50 ~7 ~5

markedly different. The largest Sgp, ie., 0.075 %, was
obtained for the BTA ceramics, while for the BT ceramics
the S, is much smaller, i.e., 0.025 %. The asymmetry of
the butterfly loop of the BTA ceramics could be related to
the partial poling of the sample during a measurement with
a maximum field of 30 kV/mm, as previously shown in
[16] for single crystals.

The measured piezoelectric coefficient d33 of the poled
BTA ceramics was 150 pC/N, which is comparable or even
higher than the previously reported value for barium tita-
nate ceramics [16, 18], but still lower than the value
reported in [20]. In Ref. [21] it was shown that the

1200

----- BT

E + ——BTA
=
= 1000 1
g
= +
w

800 +

600 +-

400 <

00 4 T
L asr Ty L L L 1 i
-30 -20 -10 10 20 30

E (kV/icm)

Fig. 6 Strain versus electrical field loops of BT and BTA ceramics

piezoelectric constant d;; of barium titanate ceramics can
be affected by the ferroelectric domain structure, i.e., with
a decrease of the domain size the piezoelectric coefficient
dsz3 is enhanced. On the other hand, we were not able to
pole the BT ceramics due to the lower break-down field
and the higher conductivity of the pellets (as observed in
the P-E measurement). These facts indicate the importance
of the de-agglomeration of the powder during the prepa-
ration procedure for barium titanate ceramics.

4 Conclusion

Agglomerated cubic barium titanate powders were pre-
pared by a modified Pechini process. Reducing the size and
the number of agglomerates was achieved by attrition
milling for 1 h. In order to see the impact of the additional
milling step on the properties of the resulting ceramics,
both types of ceramics prepared from the agglomerated BT
and de-agglomerated BTA powders were analyzed. The
dielectric permittivity measurements showed a significant
improvement in the properties of the barium titanate. The
values of the relative dielectric permittivity were 6,700 and
1,340 for the BTA and BT ceramics, respectively. The
reason could be the formation of a more homogeneous and
dense microstructure in the BTA ceramics. The impedance
spectroscopy analysis showed much higher grain and grain-
boundary resistivities, also indicating that Ry, > R,. On
the other hand, the obtained capacity appears to be higher
in the attrition milled material, showing Cg, > C,, which
is in agreement with the brick-layer model for electroce-
ramics with insulating grain boundaries. The equivalent
circuit that consists of two parallel RC elements connected
in series was found to be suitable for the investigated
barium titanate ceramics.
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The well-defined and saturated P-E hysteresis loop of
the BTA ceramics confirmed the existence of ferroelectric
properties for this material. The remnant polarization P,
and the coercive field E. of the BTA ceramics were
11.5 pC/cm? and 2.8 kV/cm, respectively. The value of P,
is much higher than that previously reported in the litera-
ture. The piezoelectric coefficient d3; of the BTA ceramics
was 150 pC/N. The high ferroelectric and piezoelectric
properties of the BTA ceramics in comparison with the BT
ceramics indicate the importance of de-agglomeration of
the powder during the preparation procedure for barium
titanate.
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