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THE APPLICATION OF THE MECHANOCHEMICAL SYNTHESIS FOR THE PREPARATION OF ADVANCED CERAMICS
BASED ON BARIUM TITANATE

In the present study, the lead-free BaTi;_Zr,O5 (for x = 0, 0.05 and 0.15) ceramics were prepared by High-Energy Ball Mill-
ing and heat treatments. The performed X-ray, SEM and EDS measurements confirmed high purity, good quality and the expected
quantitative composition of the obtained samples. The study of dielectric properties was performed by means of broadband dielec-
tric spectroscopy at the frequency ranging from 0.1 Hz to 10 MHz. The obtained measurement data, analyzed in accordance with
the Arrhenius formalism demonstrated the presence of relaxation type dielectric mechanisms. The impedance answer of studied
ceramic materials indicated the presence of two relaxation processes: one with a dominant resistive component and the other with
a small capacitive component. The observed dielectric relaxation process is temperature dependent and has a “non-Debye” character.
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1. Introduction

From technological point of view, the mechanochemical
synthesis is one of the often applied methods in the synthesis
of ceramic materials. It allows to obtain ceramic materials with
optimal and well-defined electrophysical properties. Moreover,
mechanochemical synthesis, which is a low-temperature solid
state processing technique, enables a strict control of stoichiom-
etry and eliminates undesirable losses of volatile elements [1-4].
One of the ABO; oxides with a perovskite type structure material,
obtained by this method, is BaTi;_,Zr,O; solid solutions. The
basic compounds: barium titanate BaTiO; and barium zirconate
BaZrO;, as well as the solid solution based on these compounds
(obtained by a conventional solid state reaction method) have
been extensively studied in both experimental and theoretical
aspects [5-12]. A very useful method for the electrical characteri-
zation of this type of materials is broadband dielectric spectros-
copy. This method, using the appropriate data analysis, makes it
possible to characterize the electrically varied active regions in
the material both qualitatively, by showing their existence, and
quantitatively, by measuring their individual electric properties
[13-15]. Formally, the experimental electrical output response

may be described by complex functions: electric permittivity,
electric modulus, as well as impedance and admittance. The
interpretation of frequency-dependent complex impedance can
be executed by various models [16-18]. The novelty objective of
this work is obtaining barium titanate-based materials contain-
ing zirconium using a mechanochemical synthesis based on the
high-energy ball milling technique, as well as to investigate the
effect of synthesis condition on the structural, microstructural
and dielectric properties of the received materials.

2. Experimental procedure
2.1. Preparation

The BaTi;_,Zr,O5 (for x = 0, 0.05 and 0.15; hereafter in
the text abbreviated as BT, BTZ05 and BTZ15) ceramic sam-
ples were prepared with the use of the high-energy ball milling
technique (HEBM). Barium oxide BaO (Sigma Aldrich, 90%),
titanium dioxide TiO, (Evonik Degussa P25 GmbH, 98.0%)
and zirconium oxide ZrO, (Alfa Aesar, 99.5 %) were used as
the primary raw materials. These precursors of stechiometric
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quantity were subjected to a high-energy milling in a Fritsch
GmbH Pulverisette 6 planetary ball mill. The milling was per-
formed in air with a vessel and balls (¢ = 10 mm) made of ZrO,.
The vessel was rotated at 500 rpm for 1.5 hours with a ball-to-
powder weight ratio (BPR) of 20:1. The milled powders were
compacted and sintered at the temperature of 1620 K for 3 h.
For a high-temperature synthesis, the appropriate amounts of
raw materials were mixed and pressed into pellet discs with the
diameter of 8 mm.

2.2. Equipment

The X-ray studies of the BaTi;_Zr,O; ceramics were
performed by means of an X’Pert PRO (PANalytical) diffrac-
tometer with the Cu-Ka radiation (1 = 1.5406 A) and a graphite
monochromator. The sample was placed in a nickel-plated copper
sample holder of dimensions 18x9x0.2 mm®. The temperature
of the sample was stabilized (an accuracy £0.1 K) with a con-
tinuous flow cryostat supplied by Anton Paar Co. Prior to the
temperature measurements the sample was melted, next cooled
to the liquid nitrogen temperature with the rate of 0.16 K/s. The
X-ray diffraction patterns were obtained at the rising temperature.
After each heating stage, the sample was allowed to equilibrate
for about 600 s. Data were obtained using automatic slits and
subsequently recalculated to the fixed slits mode. All analysed
patterns were made in the wide angle range of 2 theta from 10 to
100 degrees. A profile-fitting program Fullprof [19] based on the
Rietveld method was used to analyse and fit the X-ray patterns.
The microstructure analysis and the investigations of chemical
composition were performed using a Hitachi S4700 scanning
electron microscope (SEM) equipped with an Oxford Instru-
ments Energy Dispersive X-Ray Spectroscopy (EDS) stage. The
use of a lithium-drifted siliceous detector with a multichannel
pulse height analyzer enabled to obtain the diffraction patterns in
chosen surface microregions of the sample. The EPMA (Electron
Probe Microbeam Analysis) was applied to the analysis of ele-
ments distribution on the sample surface. All the samples for the
SEM/EDS/EPMA analysis were cut to give cross sections, and
polished using abrasives. The dielectric studies were carried out
using a Novocontrol System consisting of an Alpha-AN High
Performance Frequency Analyzer combined with a cryogenic
temperature control system — Quatro Cryosystem (the tempera-
ture was controlled with the accuracy of =1 K). The measurements
were made in the temperature range from 140 K to 600 K. The
frequencies varied from 0.1 Hz to 10 MHz at the applied voltage
1 V. Nitrogen gas was used as a heating and cooling agent. Prior
to all measurements, the samples were maintained at 450 K for
1 hour in order to eliminate internal and near electrode stresses.

3. Results and discussion

The XRD analysis confirmed the formation of a perovs-
kite structure in the BaTi,_Zr,O5 solid solution. A shift in the

diffraction peaks towards lower angles with comparison to
the pure barium titanate BaTiO3 with the Zr-substitution up to
x =0.15 are observed (Fig. 1). This behaviour indicates, that the
values of the lattice parameters in BTZ05 and BTZ15 samples
increased. The increase may be explained by the difference in
the radius and electronic density of Ti*" and Zr*" ions. It should
be pointed that Zr*" ions have a larger ionic size (0.0720 nm)
than the titanium ions Ti*' (0.0605 nm) [20]. Due to this fact, the
substitution of Ti*" with Zr** leads to an expansion of unit cell.
From the obtained results for room temperature, the elementary
cell parameters a were determined: 4.00689 A, 4.01669 A and
4.0334 A for BT, BTZ05 and BTZ15 respectively.

The analysis of cell parameter a for BT, BTZ05 and BTZ15
were performed in the temperature range from 140 to 440 K.
The results are presented in Figure 2.
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Fig. 1. XRD patterns of BaTi,_,Zr,O; ceramics at room temperature
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Fig. 2. The lattice parameter a vs. temperature obtained for the ceramic
samples BTZ05 and BTZ15

Based on the obtained X- ray diffraction patterns, the phase
analysis has been performed, which also confirmed three phase
transitions: around (7)) 280 K (rhombohedral — orthorombic),
around (7,) 328 K (orthorombic — tetragonal) and tetrago-
nal — cubic phase transition around (7.) 373 K in the case of
BTZ05. At the temperature of ~328 K the small anomaly in



the temperature dependence of a(7') for BTZ15 is visible. This
point characterizes the rhombohedral-cubic structural transition.
Moreover, the anomaly mentioned above occurs also in the tem-
perature dependence of real part of complex dielectric permittiv-
ity and is related to the ferroelectric-paraelectric phase transition
(Fig. 3). When the Zr*" ion is substituted in the sublattice site, the
Curie temperature (7,) is shifted towards lower values of tem-
perature [21]. The other two low-temperature (7, 75) transitions
observed for pure BaTiOs, from a tetragonal to orthorhombic
structure and from an orthorhombic to thombohedral phase are
shifted to higher temperatures with the increase of zirconium
content. For zirconium concentration x = (.15, all three phase
transition temperatures corresponding to pure barium titanate are
merged into a single phase transition and the so-called pinching
effect takes place [11,22].
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Fig. 3. The temperature dependence of the real part of the complex
dielectric permittivity for BTZ05 and BTZ15 samples (f= 1 MHz)

The micrographs of the BTZ05 and BZT15 ceramics ob-
tained by the SEM investigation are presented in Figure 4a and
Figure 4b. The images show a homogeneous and fine-grained
microstructure (polyhedral-shaped grains are visible) with very
a small degree of porosity. The growth terraces are seen, which
indicates that the growth of grains occurred according to a layer
mechanism with a screw dislocation.

The local analysis of the chemical composition (by means
of EDS) confirmed the high purity and the expected qualitative
composition. Moreover, the investigation of element distribu-
tion in the samples (carried out by an EPMA method using an
X-ray microprobe) confirmed the qualitative composition of the
BTZ05 and BZT15 samples. To determine the average crystallite
size of the investigated samples the Scherrer equation [23] was
used. The zirconium additive causes an increase the size of the
grain. It was found that the average crystallite sizes for doped
ceramics are included in the range from 11 pm to 13 um (for the
BaTiO; sample prepared by a HEBM method, the average size
of about 9 mm is noticeable — Figure 4c). Figure 5 presents the
frequency dependence of the imaginary parts of the impedance
(Z") for the BTZ05 and BTZ15 ceramics at chosen tempera-
tures. The analysis of Z"(f) plots shows the appearance of two
maxima. These maxima indicate that there are two relaxation

1393

) A

1 I [} [} [} /l | [} [}
10.0um 4

\

Fig. 4. SEM micrographs of the fractured surface of samples BTZ05
(a), BZT15 (b) and BT (c); magn. 5 000x

mechanisms due to the occurrence of both the grain and grain
boundary [24]. The low frequency maximum can be assigned to
the grain boundary effect, whereas at the high frequency side,
the maximum corresponds to contributions of the grain (bulk) in
relaxation process. In addition, the shift of the maximum values
ofthe impedance Z” towards higher frequencies with increasing
temperature signifies that the relaxation times are decreasing.
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The observed decrease in the value of impedance with increasing
temperature is understood on the basis of a thermal activation
of charge carriers. The peak broadening, likewise, indicates the
presence of temperature dependent electrical relaxation phenom-
enon, in which the relaxation may be caused by the presence
of electrons at lower temperatures and defects or vacancies at
higher temperatures.
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Fig. 5. The imaginary part of the impedance as a function of the fre-
quency for BTZ05 (a) and BTZ15 (b) samples at various temperatures

Figure 6 presents the Nyquist diagrams (Z" vs. Z") for
BTZ05 and BTZ15 ceramic materials. The occurrence of the
semicircular arcs is associated with the existence of regions
with a diverse electrical activity. The weaker high-frequency
process can be attributed to the grain (bulk) impedance response,
and the stronger one to the low frequency, originating from the
free charge and the induced polarization occurring on grain
boundaries.

The position of the intersection point of the semicircular
arcs with the real axis of the impedance shifts to the low values
of Z' with increasing temperature. The temperature increase also
causes the decrease in the experimentally observed semicircle
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Fig. 6. The Nyquist diagrams of the complex impedance for BTZ05 (a)
and BTZ15 (b) ceramics at various temperatures

radiuses for all investigated samples. Such behaviour suggests
that the relaxation times of electrical processes change with
temperature in the investigated frequency range. The relaxation
time 7 for the grain and grain boundary can be calculated from
the relation 27z f,,7 = 1, where the £, is the frequency of the maxi-
mum of Z"(f") function. The activation energy was determined
from the equation [25,26] which is valid for the Debye-like loss
mechanisms: ¢ = Bexp(E,/kzT); here B is a pre-exponential
factor, and kj is a Boltzmann constant (8.314 107> eV/K) and
Thave their usual significance. The thermally activation energy
of the relaxation processes for grain (bulk) and grain boundary
were calculated and given in Figure 7.

The activation energies for the grain boundaries (highly
defective regions that separate the one grain from another) are
greater than the grain contribution, thus we are dealing with



the resistive nature of grain boundaries. These values point out
the fact that the conduction mechanism for the investigated
ceramics in the same measured temperature range is mainly
dominated by the grain boundary conduction process involving
the hopping electrons [27] created due to the oxygen vacancies
according to the Kroger and Vink equation [28]. In the barium
titanate based solid solutions, different point defects generated
during a manufacturing process may occur. These include the
native structural defects in the subnets A, B, and O in the form
of vacancies or interstitial ions [29,30]. It is known that in the
case of barium titanate, the electrical properties are primarily
related to the oxygen nonstoichiometry. Their concentration can
be varied by the selection of appropriate parameters during the
technological process (the processing of any advanced ceramics
plays a significant role in determining the properties and perfor-
mance of the final product). In the case of the mechanochemical
synthesis, the milling process results in mechanical stresses,
which lead to elastic and inealastic deformation of the particles.
The application of mechanical energy gives rise to the changes
in other physical properties of particles, such as the increase in
localized temperature, lattice rearrangements within the particle
and creation of various defects [3,31].

4. Conclusions

The barium zirconium titanate samples BaTi;_,Zr,O5 for
x =0, 0.05, and 0.15 were prepared with the use of the high-
energy ball milling technique (HEBM). The structure and
morphology of BTZx samples were monitored using X-ray
diffraction (XRD) and scanning electron microscopy (SEM).
The X-ray measurements confirmed the mono-phase character
of the samples as well as the chemical composition according
to the assumed standards. Moreover the difference in the aver-
age radius of cations in the B site size, 7(Zr*") = 0.0730 nm
and 7(Ti*") = 0.0605 nm created the difference in the unit cell
parameters. The performed SEM and EDS studies revealed that
the material is characterized by high density, homogeneity of
microstructure, polyhedral shape of grains and low porosity.
It was also found that the substitution of Zr** for Ti*" in BaTiO5
resulted in shifting two low-temperature transitions (77, 7,) of
the investigated samples to higher temperatures and decreasing
the tetragonal-cubic phase transition temperature (7) (this so-
called pinching effect is confirmed also by earlier studies carried
out and described by authors conducting dielectric measure-
ments). The application of broadband dielectric spectroscopy
made it possible to characterize and separate the dielectric
properties of the grains and grain boundaries. The thermally
activation energies of the relaxation processes related to the
electric conductivity for the grains and grain boundaries were
calculated. It was also pointed that the fluctuation of chemi-
cal composition in the microregions of ceramics associated
with the distribution (“disorder”) of cations in the B sublat-
tice is one of the sources of relaxation effects observed in the
studied materials.
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