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Abstract

The processing of ferroelectric BaBiyTi;O;5 (BBT) ceramics from powders prepared by conventional solid state reaction (SSR) and
mechanochemical activation (MA) has been investigated. It was shown that MA synthesis reduces the synthesis temperature of BBT powders,
leading to smaller particles with reduced anisotropy and consequently to smaller grain size of ceramics. Dielectric properties were investigated in
a wide range of temperatures (20-800 °C) and frequencies (1.21 kHz to 1 MHz). The relative dielectric permittivity at Curie temperature was
higher for solid state obtained ceramics than for the mechanically treated ones. The conductivity of sintered samples was studied, suggesting
decreasing of conductivity of BBT-MA in comparison with BBT-SS ceramics. The influence of the grain and the grain boundaries contribution to
the dielectric behavior in both ceramics was analyzed through impedance spectroscopy. A well-defined ferroelectric hysteresis loop was obtained

for both samples.
© 2014 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

The BaBiyTi4O;5 (BBT) is a member of the family of
ferroelectric oxides with an Aurivillius-type structure [1]. The
crystal structure of this material consists of four perovskite layers
separated by bismuth oxide sheets. In comparison with almost
isotropic (cubic) structure of BT, PMN and PZT [2-4], intrinsic
electrical properties of Aurivillius type of compounds are aniso-
tropic with the maximum value of conductivity and the major
component of spontaneous polarization parallel to the (BiO,)* ™
layers [5]. The main problem in application of bismuth titanate
based ceramics for many devices is its high conductivity. Oxygen
vacancies, which are main conductive species in bismuth layered
compounds, can be suppressed by donor doping [6-9] or grain size
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reduction [5,10-12]. As miniaturization of electronic devices
demands smaller particle size of powders with controlled morphol-
ogy, the desired characteristics of the starting powder has become a
critical issue.

BBT has been prepared through various methods like
conventional solid state method [11-15], sol-gel [16], co-
precipitation [17-19], the polymeric precursors-Pechini process
[20]. Mechanochemical synthesis of fine-grained Aurivillius
structure powders has shown that it is possible to form
Aurivillius structure at low temperatures [21-23]. Mechanical
activation is a process during which, from the viewpoint of
changes of free energy, changes in the amount of accumulated
energy occur. This technique skips multiple steps of calcinations
at elevated temperatures, which leads to smaller particles with
reduced anisotropy or even equiaxial, and provides an improved
chemical homogeneity. Many Aurivillius-type materials have
been prepared by the mechanical activation in different type of
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the mills. Single phase of nanocrystaline BisTi30;, was formed
after 15 h of milling in a planetary ball mill by Kong and co-
authors [24] while Stojanovic et al. obtained Bi,TizO, after 6 h
[25]. CaBisTisO45 and SrBisTi4O;5 with nanometer size were
directly synthesized from their oxide mixtures after milling in
high energy shaker mill for 30 h and 20 h, respectively [21,22].

It is known that the dielectric and polar properties and the
nature of phase transitions in ceramics are very sensitive to
their microstructure. Considering that the grain size affects
conductivity of Aurivillius compounds, this paper deals with
the effect of mechanochemical assisted synthesis method on
electrical, dielectric, ferroelectric and conductive properties of
BaBi,Ti4O;5 compounds. The lack of reports in mechanically
activated BBT has prompted the authors to synthesize BaBiy-
Ti4O,5 compound by mechanochemical synthesis and compare
the phase formation of BBT compounds in both mechan-
ochemical and solid state reaction methods.

2. Experimental procedure
2.1. Preparation of ceramics

BaBi,Ti4O;5 was prepared by the conventional solid-state
reaction method. Stoichiometric amounts of high purity oxides:
BaO, TiO, and Bi,O5 (Alfa Aesar, p.a. 99%) were homogenized
in isopropanol medium for 24 h in a planetary ball mill (Fritsch
Pulverisette 5). The obtained powder was calcined at 950 °C for
4 h. As prepared powder is denoted as BBT-SS.

In parallel to the solid state preparation of powders, stoichio-
metric amounts of appropriate high purity oxides were milled for 2,
4, 6 h in air atmosphere in a planetary ball mill (Fritsch Pulverisette
5). The rotational speed of the disk was 325 rpm and the speed of
the vials was about 400 rpm. Tungsten carbide grinding balls
(approx. 10 mm in diameter) and two cylindrical bowls (75 mm in
diameter, 65 mm in height) were used. Based on those values the
ball-impact energy was AE;=51.5 mJ/hit. The weight-normalized
cumulative energy which was introduced to the system during
milling until the BBT phase was formed (E.,,=566.1 kl/g) were
calculated according to the assumption proposed and elaborated by
Burgio et al. [26]. Ball-to-powder weight ratio was 30:1. The 6 h-
milled powder was calcinated at 850 °C for 4 h to obtain well
crystallized BBT structure. The powder and ceramic samples
obtained by mechanochemical synthesis are denoted as BBT-MA
samples. Both, BBT-SS and BBT-MA powders were pressed into
pellets at 98 MPa and 294 MPa respectively using a uniaxial press.
The reason for different pressure for powder compacting is because
BBT-SS powder is not possible to compacting at the pressure
higher than 98 MPa, due to it is getting leafed which is caused by
specific powder morphology (discussed in Item 3). The finer and
better homogenized MA powder could be compacted at higher
pressure because of the spherical particles that have better packing
degree, so the compacting at 294 MPa is possible in that case.

Ceramic samples were prepared by conventional sintering at
1120 °C for 1 h (Lenton-UK oven). The sintering was per-
formed in sealed alumina crucibles in order to avoid bismuth
loss. Heating rate was 3 °C/min, with the natural cooling in air
atmosphere. The relative densities of the BBT-SS and BBT-

MA pellets were determined to be ~89 and 93%, respectively.
Slightly larger density of BBT-MA sample may be a conse-
quence of the higher compacting pressure and better homo-
genization of BBT-MA powder.

2.2. Characterization methods

The formation of phase and crystal structure of obtained BBT
ceramics was verified using a conventional X-ray diffract meter
(XRD, Model D5000, Siemens) with CuKa radiation, 260 range
between 20° and 70°, step size of 0.02° (26), divergence
slit=0.5 mm, receiving slit=0.3 mm. The density of obtained
ceramics was calculated from the geometrical measurements of
samples and weight. The morphology and microstructure of
obtained powders and ceramics were examined using scanning
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Fig. 1. Diffraction patterns of the 24 h homogenized starting mixture of oxides
and powders obtained by calcination of the starting mixture at different
temperatures for 4 h (©), Bi,O5 (*), TiO, (®) BaTiO; (?), unidentified phase
(v), Bi;;TiOyg (), Aurivillius phase.
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Fig. 2. XRD traces of homogenized starting oxide mixture together with

mechanically activated powders (for 2, 4 and 6 h) and calcinated powder at
850 °C for 4 h.
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electron microscope (FE-SEM, Jeol JSM 6330F and SEM,
TESCAN SM-300). Samples were prepared for electrical mea-
surements by coating the polished surfaces of the ceramics with
the platinum paste and firing at 750 °C to form the electrodes.
The electrical measurements (dielectric constant, dielectric losses
and impedance analysis) were performed using a HP 4284A in
the 1.21 kHz-1 MHz frequency range and temperature interval
from 20 °C to 727 °C. The temperature was controlled with a
programmable oven with an accuracy of 1 °C. Impedance results
were analyzed using commercially available Z-View software.

3. Results and discussion

Homogenized equivalent mixture of starting oxides was
calcined at different temperatures in the range 650-950 °C for

(109)

«(110)

«219)
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Fig. 3. XRD patterns of BBT ceramics processed from (a) solid state reaction

method, BBT-SS and (b) mechanochemical activated method BBT-M.

Fig. 4. Field emission scanning electron micrographs: (a) BBT-SS and
(b) BBT-MA powder.

4 h in order to monitor the dynamics of the formation of the
BaBi,TiyO;5 powders. Complete XRD analysis is shown in
Fig. 1. Sharp peaks of crystalline Bi,O3; and TiO, culd be
observed in the 24 h-homogenized oxide mixture. Calcination
of the starting mixture at temperature of 650 °C led to the
formation of a new phase, which was identified as silenite
phase Bi;,TiO,. In addition to silenite phase, barium titanate
and Aurivillius phase were also formed. At the calcination
temperature of 750 °C there was no significant difference
compared to the lower calcination temperature. Powder dif-
fraction pattern confirmed that the formation of the layered
Aurivillius phase was completed at 850 °C with the presence
of a small amount of BaTiO; (BT) as a secondary phase.
Finally, a pure BBT phase was found in the specimen after
calcination at 950 °C for 1 h. Hence, it can be concluded that
the main mechanism of BBT formation is:

Bi4Ti3012 + BaTlO3 = BaBi4Ti4015

Formation of pure, crystalline BBT phase was confirmed by
comparing diffraction lines with JCPDS card No. 35-0757.
Chakrabarti at al. [19] have reported the same formation
mechanism of BBT prepared by chemical method after calcina-
tion of precursor powders at 1000 °C for 4 h.

Fig. 5. SEM images of (a) BBT-SS, (b) BBT-MA ceramics on the free surface.



312 J.D. Bobié¢ et al. / Ceramics International 41 (2015) 309-316

0.20
BBT - SS
— 1.2kHz
—— 54kHz
—— 24 kHz
0.15 |- ——— 50 kHz
100 kHz P
—— 240 kHz : : H
—— 480 kHz : : :
“ —— 1MHz
S o010}
s
0.05 |
0.00 . . . . . .
0 100 200 300 400 500 600
T (°C)
0.20
BBT - MA
' — 1.2kHz
— 5.4kHz
015 —  24kHz
: 50 kHz
— 100 kHz
F 240 kHz
i) 480 kHz
g 010 L 1 MHz
-
0.05 |-
0.00 1 1 1 1 1
0 100 200 300 400 500 600

T (°C)

Fig. 6. Dielectric permittivity as a function of temperature for BBT-SS and BBT-MA ceramics.
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Table 1

Some relaxor parameters of BBT-SS and BBT-MA ceramics.

Samples ERT tan Ogt Em T, °C) AT erax
BBT-SS 205 0.024 2429 415 16.3
BBT-MA 200 0.025 1723 404 16.9

Fig. 2 shows the XRD traces of homogenized starting oxide
mixture of BaO, Bi,O3 and TiO, together with those mechanically
activated for 2, 4 and 6 h, respectively. Sharp peaks of crystalline
Bi,O5 and TiO, were observed in the starting oxides mixture. No
BaO is detected, as the added amount is rather small. The
disappearances of sharp peaks of oxides and subsequent formation
of broadened peak, which confirms the formation of highly
amorphous powders, have taken place after just 2 h of milling.
The similar XRD data were observed after 4 h of milling. For the
composition mechanically activated for 6 h characteristic diffrac-
tion peaks of Aurivillius phase were established. The powder was
further calcined at 850 °C for 4 h to obtain well crystallized BBT
powder (Fig. 2). Although mechanochemical activation allows the

synthesis of BBT powders at just 100 °C lower temperature than
by SSRs method, significantly smaller particles with reduced
anisotropy are obtained by MA method as it will be shown below.

Sintering of the both powders at 1120 °C for 1 h after pressing
resulted in the generation of single phase barium bismuth titanate
ceramics as confirmed by X-ray analysis (Fig. 3).

Particle size, shape and degree of agglomeration are impor-
tant characteristics of powder and have great impact on the
development of microstructure (i.e. grain size of synthesized
materials), and, therefore, other physical and electrical properties
of polycrystalline ceramics [27,28]. BBT-SS and BBT-MA
powders were analyzed by scanning electron microscopy and
the significant differences were found in the form and size of
particles (Fig. 4). The FE-SEM observation of the BBT-SS
powders (Fig. 4a) showed the presence of particles with mostly
lamellar shape as a consequence of high temperature of
calcination at 950 °C. The average particle size was around
450 nm. Fig. 4b. shows that BBT-MA powder was consisted of
smaller particles, mostly rounded, in the range of 100-150 nm.
It is obvious that both powders are agglomerated. The conven-
tional method requires a high calcination temperature, leading to
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Fig. 7. Variation of ac conductivity with frequency at different temperatures for BBT-SS and BBT-MA compounds.
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Fig. 8. Arrhenius plots of dc conductivity of BBT-SS and BBT-MA ceramics.

Table 2
Conductivity at different temperatures for BBT-SS and BBT-MA ceramics.

Temp (°C) BBT-SS, 6, (@Qm) ! BBT-MA ¢, (Qm) !
377 3.44x107° 535%x 1077
477 274x107° 8.49 x 10~
577 133 x10°% 546 x107°
677 6.01 x 1074 348 x 1074
727 143x 1073 9.36x 10~*

inevitable hard particle coarsening while agglomeration of
mechanochemically treated powders is consequence of the
reduction in particle sizes.

Crystalline structure of Aurivillius compounds generally pro-
motes a platelike morphology, with platelets growing preferen-
tially in the basal plane (ab plane). As a result, properties of the
polycrystalline materials are strongly affected by their micro-
structure, especially by the orientation of the platelike grains and
by the length to thickness ratio (aspect ratio) of the grains [5,7].

Micrographs of the free surfaces of the BBT-SS and BBT-MA
ceramics are shown in Fig. 5. Both samples were consisted of
randomly arranged laminar grains, which are typical for this type
of structure. The average grain size of BBT-SS ceramics could be
determined from SEM micrographs, and it was around 2-3 pm in
length and 0.5 pm in thickness. In comparison with the BBT-SS,
reduction in the average grain size of BBT-MA ceramic is due to
the decrease in the particle size of the milled powders. Average
grain of BBT-MA ceramics was around 1.0 pm in length and
0.2 pm in thickness.

The temperature dependence of the dielectric constant of the
BBT-SS and BBT-MA specimens at different frequencies are
shown in Fig. 6. From previously published papers [23,29]
it is known that pure BBT ceramics acts like a ferroelectric
relaxor with broad transition around 400 °C. Similar to the
materials with perovskite structure, the relaxor behavior in the
Bi-layered compounds is attributed to a structural disorder,
which is either inherent or induced by doping. Relaxor
behavior of BaBisTi4O,5 originates from anti-site defects,
where the Bi® ™ ions enter A-site, while Ba’™ are incorporated
into (Bi,0,)* layers [30]. The degree of relaxation behavior,
obtained by formula ATrelax: m (1.21 MHz) — Tm (1 kHz) Was
found to be 16.3 K for the BBT-SS and 16.9 K for the BBT-
MA samples. BBT showed AT,.x comparable to values
observed for PMN (~20 K), PLZT (8/65/35) (~25K) [31]
and related Ba-based layered perovskite relaxors [32]. Accord-
ing to results of AT,..x, synthesis method did not influence on
relaxation process which confirms that the degree of structural
distortion is the same in both ceramics. The Curie temperature
(Tc) ws found to decrease in BBT-MA in comparison to BBT-
SS samples. This was possibly due to the decrease in crystallite
size of mechanochemically treated sample.

By means of most of the authors [33,34] the dielectric constant
should increase with decreasing the grain size in most perovskite
materials, and then decrease with further decrease of the grain
size. Contrast to that, Ferrer and coauthors have found that
Aurivillius SrBiyTi4O;5 ceramics with the highest platelet size
shows the largest dielectric permittivity [35]. Recent investigation
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Fig. 9. Complex impedance plot of the BBT-SS and BBT-MA ceramics at different temperatures.

of the grain size-dependent electrical properties of BisTi;O,
ceramics showed that when the grain size is changing from
4.2 um to 1.65 um, dielectric constant at T slightly decreases.
When the grain size is further reduced to 0.57 pm, increase of the
dielectric constant at 7 is observed. In our investigation, the
dielectric permittivities for both samples of BBT at room
temperature were very close to each other (Table 1). The higher
value of the permittivity close to the feroparaelectric phase
transition of the BBT-SS samples in comparison with BBT-MA
could be explained by brick-wall model, where the high
permittivity grains are isolated by low permittivity grain bound-
aries [36]. With higher contribution of grain boundaries in BBT-
MA, the permittivity was lower.

The ac conductivity (oac) of the BBT ceramic materials at
different temperatures was calculated using the relation
oac=E&,€,tand, where the symbols have their usual meanings.
The frequency dependence of oac of the materials in high
temperature range of 327 °C to 727 °C is shown in Fig. 7. DC
conductivity data can be theoretically predicted from extra-
polation of ac-conductivity data on y-axis from oac Vs.
frequency plot. The obtained values of opc at different
temperatures enable determination of the activation energy
for conduction process (Epc) according to the Arhenius law:
opc=0exp(— Epc/kT). This is graphically presented in Fig. 8
as In(opc) vs. 1000/T. The values of activation energies,
calculated by linear fitting of the data points were 0.89 eV
and 1.11 eV for BBT-SS and BBT-MA ceramics, respectively.
At high temperature the conductivity in Aurivillius-type ceramics
is dominated by intrinsic defects—migration of oxygen vacancies
which generation is related with the evaporation of Bi:

BiyO3 = 2Bi+3/20,+2Vy; +3V;

The activation energies for conductivity for both samples
were close to 1 eV, which is attributed to the oxygen vacancies
related phenomena [11].

As has been mentioned, the bismuth-based layered com-
pounds possess a relatively high electrical conductivity in the
ab plane, which makes difficult the poling of the ceramics, and
therefore the existence of piezoelectric response. It is well

«— 10+

—— BBT-SS 5 1
—— BBT-MA Q °7
N

T T T T T T d

T
20 40 60 80
E (kV/cm)

-10 4

Fig. 10. Ferroelectric hysteresis loop recorded at room temperature for BBT-
SS and BBT-MA ceramics.

known that the conductivity in the direction of ab plane is
higher than that parallel to the c-axis [5]. Therefore, the smaller
the aspect ratio (i.e. contribution of the ab planes), the lower
the conductivity of the BBT ceramics is. This was confirmed in
our investigation, where the mechanochemical synthesis
method reduced the electrical conductivity in comparison with
the solid state prepared ceramics by the reduction of grain size.
The decreased conductivity could also be attributed to the
increase in the number of grain boundaries with grain size
decreasing, resulting onto an increase in scattering of charge
carriers at grain boundaries. Values of conductivity for both
samples at different temperatures are presented in Table 2.
Fig. 9 shows the impedance data at several temperatures as a
Niquist diagram. At low temperature the plots tended to form a
straight line with the large slope indicating insulating behavior
of the samples. As the temperature was increased, the slope of
the curves was decreased, bowing towards the real axis. Red
semicircular arcs are fitting curves calculated by ZView soft-
ware. Although more pronounced influence of grain boundaries
on impedance measurement of BBT-MA samples was expected
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(appearance of at least one more semicircle or depressed
semicircular arc), only a single semicircle was observed in both
BBT ceramic. This showed that the grains have main contribu-
tion to the conduction in both ceramics. Lower conductivity of
BBT-MA grains could be related to the smaller contribution of
ab planes in the conductivity with decreasing the grain size or
possible “filling” of some oxygen vacancies influencing the
lowering of carrier concentration in this ceramics.

The P-E hysteresis loops at 100 Hz frequency and max-
imum electric field of 80 kV/cm were measured at room
temperature for the both BBT ceramics and they are shown
in Fig. 10. The ferroelectric behavior is clearly observable. The
remnant polarization (P,) and coercive field (E.) were 4.54 nC/
cm?, 34.4kV/em and 3.08 pC/em?, 39.0035 kV/em for BBT-
SS and BBT-MA respectively. P, was decreased with
decreased grain size because the reduced number of domain
variants in the smaller grains lowers domain wall mobility. EC
was increased with decreased grain size, which was ascribed to
the higher internal stresses in fine grain ceramics [37].

4. Conclusions

BBT ceramics were successfully prepared by the solid state
and mechanochemical synthesis in order to analyze effect of
processing on is electrical properties. A single Aurivillius phase
was confirmed by X-ray diffraction after sintering for both
samples. Mechanochemical synthesis route allowed the powder
synthesis to be performed at lower temperatures than in the case
of the SSR, which led to smaller particles of MA powders. As a
consequence, SEM micrographs confirmed that the grain size of
mechanicochemicaly obtained ceramics was smaller than that
obtained by the solid state reaction method. According to results
of ATeax, Synthesis method did not influence the relaxation
process, which confirmed that the same degree of structural
disorder exists in both ceramics. Similar to other Aurivillius
compounds, it was confirmed that conductivity decreases with
reduction of the grain size, which was attributed to the increase
in the number of grain boundaries. Lowering of remnant
polarization with decreasing grain size was observed.
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