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ALTERNATIVE, DIRECT SYNTHESIS METHOD OF THE CERAMIC SOLID SOLUTIONS BASED
ON BaTiO; THROUGH A HIGH ENERGY BALL MILLING

Polycrystalline samples BaTiO; and the solid solutions Bay ¢Sty ; TiO5, Bag ¢St ; Ti 9Sng ; O3, Bag oSt 1 Tig §Sng ,05 were obtained
by means of a mechanochemical treatment based on the high-energy ball milling technique and next a high temperature solid state
reaction method. The influence of synthesis condition on microstructural, dielectric and ferroelectric properties of obtained solid
solutions were investigated. The structure and morphology of the investigated samples were characterized by an X-ray diffraction
(XRD) and scanning electron microscopy (SEM). The characterization of electrical properties of the ceramics within the temperature
range from —130°C to 250°C were performed by means of a dielectric spectroscopy method at the frequency ranging from 0.1 Hz to
10 MHz. The diffusion of the paraelectric — ferroelectric phase transition and dielectric relaxation for ceramic samples are described.
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1. Introduction

The complex oxides of ABO;-type with perovskite structure
which are based on titanates in terms of applications are among
the most promising classes of functional materials. Solid solutions
based on BaTiO; (BT) which have a rich isomorphism are used
primarily for the construction of sensors, piezoelectric transducers
(actuators), non-volatile memory elements (FRAM), thermistors
and multilayer ceramic capacitors of large capacity [1-2]. The
dielectric properties of ceramic materials based on barium titanate
depend on the concentration of ions substituted in the cationic
sublattices A and/or B as well as their size and the valence [3-4].
The ions substitutions in the both cationic sublattices simultane-
ously generated the higher heterogeneity of structure which was
confirmed by the X-ray measurements [5-6]. The differences in
the sizes of ionic radii of Ba*? (Rg, = 0.135 nm) and Sr™? (R,
=0.118 nm) as well as Ti** (Ry; = 0.061 nm) and Sn*™* (Rg, =
0.069 nm) ions cause the changes in the size of solid solution
unit cell. The substitution of Sr*2 ions in the cationic sublattice
A causes the reduction of unit cell sizes while the substitution of
Sn™ ions in the sublattice B causes the increase in these sizes.
The substitution of ions of different size leads to the mechanical
deformation of crystallites [ 7]. The methods of obtaining ceramic

materials with specified grain sizes and homogeneity also af-
fects their dielectric properties [8]. The conventional method of
synthesis of BT ceramics requires the use of high temperature
(about 1350°C) to carry out a solid phase reaction between barium
carbonate and titanium dioxide powders. The use of such high
temperatures results in low product purity and forms large par-
ticles (over 1 um) with non-uniform grain size distribution [9].
Due to the high technological importance of this type of material
and the demand for high quality, submicronic ceramic powders
with a tailored size distribution, many researchers have focused
on the development of low-temperature synthesis methods [10-
13]. However, these novel synthesis methods are in general very
expensive in comparison with the current powder manufacturing
techniques. Recently it was found that high energy ball milling
technique can be used for synthesis of nanocrystalline materi-
als with perovskite structure [14-16]. This method has many
advantages, such as simplicity, relative inexpensive production
and applicability to many class of materials [17]. A high-energy
ball milling of powders can greatly improve the reactivity of
precursors, thereby reducing the temperature of BT structure
formation during subsequent thermal treatment [18-19]. Also, as
a consequence of high energy ball milling, the solid state reactions
can promote in milling apparatus without any need for external
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heating. There are reports of receiving fine BT through intensive
ball milling such as a planetary ball milling with long period of
time [16,20-22]. However, this may result in serious drawbacks
of high contamination due to wear of the balls and the vial. In
this study, we demonstrate a rapid solid state mechanochemical
synthesis of fine Sr'? and Sn™* ions modified BaTiO; powder,
starting from a mixture of oxides. The influence of synthesis
condition on microstructural, dielectric and ferroelectric proper-
ties of obtained solid solutions were investigated.

2. Experimental

The BaTiO; (BT) and the solid solutions Baj ¢Sty ; TiO5
(BS1T),Bay ¢St 1 Tiy 9Sng 105 (BS1TS1) and Bay ¢St ; Tiy gSn ,0;3
(BS1TS2) were prepared by solid state reaction using the high-
energy ball milling technique. Barium oxide (Sigma Aldrich,
90%), TiO, (Sigma Aldrich, 99.7%), SrO (Sigma Aldrich, 99%)
and SnO, (Sigma Aldrich, 99%) were used as the primary raw
materials. All oxides were first heat treated to remove hydro-
scopic water. These precursors of stoichiometric quantity were
hand-mixed in an agate mortar for two hours and subjected to
high-energy milling in a Fritsch GmbH. Pulverisette-6 planetary
ball mill. The milling was performed in air with the vessel and
balls (@ = 10 mm) made of ZrO,. The vessel was rotated at
550 rpm for 3 hours with a ball-to-powder weight ratio (BPR)
of 20:1. As-milled powders were pressed into pellet discs with
8 mm in diameter and heat treated at 1200°C for 2h.

X-ray powder diffraction measurements for a phase analy-
sis were performed on an X’Pert Phillips diffractometer using
a CuK, radiation (1 = 1.54178 A) between 10° < 2 theta < 90°
with step-width of 0.01°. The microstructure of the obtained
polycrystalline samples was investigated with the use of a Hi-
tachi S4700 cold-field-emission high-resolution scanning elec-
tron microscope with a microanalyses system Noran-Vantage.
EDS (Energy-Dispersive X-Ray Spectroscopy) was applied
to investigate the homogeneity of the composition. Dielectric
measurements were carried out with the use of an Alpha-AN
High Performance Frequency Analyzer system together with
a cryogenic temperature control system — Quatro Cryosystem
and WinDETA Novocontrol software, at frequency varying from
0.1 Hz to 10 MHz and at temperature ranging from —130°C
to 250°C with 5°C step. The amplitude of measuring voltage
was | V. Dielectric measurements were performed on polished
polycrystalline discs after deposition of silver electrodes using
nitrogen as a heating and cooling agent.

3. Results
3.1. Selection of mechanochemical process parameters
The synthesis of perovskite electroceramics by mechano-

chemical treatment on the example of BT are showed. Fig. 1 pre-
sents the X-ray diffractograms of the substrate powders at differ-

ent times of high-energy mechanical treatment. After 10 minutes
of milling, the disappearance of most diffraction reflections that
correspond to the substrates structures is observed. This is due to
the high fragmentation of grains and their partial amorphization.
After 60 minutes of high-energy ball milling, small diffraction
reflection at 2 Theta angles of 22.18, 31.6, 38.94, 45.26, 50.95
are visible, indicating the formation of the crystalline BT struc-
ture. With further milling, the diffractions reflections of the
substrates disappear. After 180 minutes of high-energy process-
ing of powders, only the BT structure is observed. In this paper,
much more energetic milling of substrates, than those described
in the literature was applied. This resulted in a significant reduc-
tion of the time necessary to obtain the desired BT structure. In
addition, the use of substrates in the form of appropriate oxides
also contributed to shortening the synthesis time. The process
of decomposition of barium carbonate during high-energy ball
milling is omitted, which significantly speeds up the formation of
the product. Shortening the milling time has allowed to reduce the
amount of impurities from grinding media that negatively affect
the dielectric properties of polycrystalline samples. There are no
diffraction reflections on the diffractogram of powder treated for
180 minutes indicating the presence of this type of contamination.
Although, based on our previous studies focused on the synthe-
sis of perovskite materials by mechanochemical treatment, it is
known that under the described synthesis conditions this type
of impurity may occur in an amount of about 1.85 percent [14].
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Fig. 1. XRD diffraction patterns of substrate powders after different
time of mechanochemical processing

The mechanochemically prepared BT powder was character-
ized high grain homogeneity (Fig. 2a). The grain size was around
100 nm. Due to the fact, that the synthesis was proceeded at room
temperature, the material does not contain sinters or unevenly
grown grains. However, the high-temperature treatment resulted
in a change in powder morphology (Fig. 2b). The sinters and ag-
glomerates of varying sizes from 0.5 pm to 2.5 pm are clearly
visible. The performed X-ray diffraction studies also confirmed
the increase in crystallite size due to thermal treatment of the
powder. Fig. 3 presents a comparison of X-ray diffraction pat-
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Fig. 2. SEM images of the BT powders prepared by mechanochemical synthesis method a) powder after 180 minutes of high-energy ball milling,
b) powder after 180 minutes of high-energy ball milling and subsequent thermal treatment at 1200°C for 2 h

terns of mechanochemically prepared BT powder before and after
the heat treatment process. Powders after thermal treatment had
amuch higher intensity of XRD reflections and their smaller half-
widths than those of high-energy ball milling. This indicates on
the improvement in crystallinity of the polycrystalline material.
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Fig. 3. Comparison of X-ray powder diffraction patterns of mechano-
chemically obtained BT powder, before (MS) and after (MS+HT) the
thermal treatment process

3.2. Mechanochemical synthesis of solid solutions based
on the BaTiO;

The synthesis of BSIT, BS1TS1 and BS1TS2 solid solu-
tions were performed in an analogous manner to the BT. In order
to ensure the best possible dielectric properties, the mechano-
chemically obtained powders were subjected to a thermal treat-
ment process for 2 hours at 1200°C. Fig. 4 presents a comparison
of X-ray diffractograms of polycrystalline powders prepared by
mechanochemical synthesis method and subjected to subsequent

heat treatment. Successful synthesis of appropriate solid solu-
tions confirms a slight shift of the main diffraction reflections
towards the lower 2 Theta angles. These shifts are caused by
differences in the ionic radii of titanium and tin atoms.
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Fig. 4. Comparison of X-ray powder diffraction patterns of BS1T,
BSI1TS1 and BS1TS2 solid solutions powders prepared by mechano-
chemical synthesis method and subjected to subsequent heat treatment
for 2 hours at 1200°C

The microstructure of BS1T, BS1TS1 and BS1TS2 solid
solutions are shown in Fig. 5. It can be observed that the grain
size is very widely distributed from more than 5 pm with ir-
regularly shaped grains to submicron size with a change of
Sn**ions content in BS1T ceramics. As the Sn*™* ions content is
increased, the grain size distribution is narrowed down and the
grains become more spherical also the proportion of the large
grains in the overall microstructure decreases. The presence
of agglomerates and sinters is clearly visible, this is due to the
subsequent high-temperature treatment, especially in materials
with a high content of Sn** ions.
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Fig. 5. The microstructure of BS1T (a), BS1TS1 (b) and BS1TS2 (c) solid solutions prepared by mechanochemical method and subjected to

subsequent heat treatment for 2 hours at 1200°C

3.3. Dielectric properties of the ceramics

Dielectric properties of the investigated samples are de-
scribed by the temperature dependences of the real part of the
dielectric permittivity (&) and frequency dependence of the
imaginary part of the electric modulus (M"). Fig. 6 shows the
dependences of ¢'(T) for the BT samples prepared by mecha-
nochemical synthesis method and subjected to subsequent heat
treatment for 2 hours at 1200°C. For the BT ceramic obtained
by means synthesis at room temperature one can see the constant
value (approx. 60) of the function ¢'(T") (plateau). The dielectric
measurements of the sample obtained only by pressing the pow-
der did not show any paraelectric — ferroelectric (PE-FE) phase
transitions despite the presence the BT structure. This is due to
the high powder disintegration and weak interaction between
the grains. Only high temperature sinter allow to obtain a ma-
terials with higher density and ferroelectric properties. In this
case the first order PE-FE phase transition occurs at 115°C. This
transition is caused by the structural tetragonal — cubic change.
With further temperature lowering, one can identify another
maximum of ¢'(7") at 25°C, which is connected with transition
to the orthorhombic structure. Below room temperature, no fur-
ther maximum was observed related to the structural transition
to the rhombohedral phase. For the BT polycrystalline sample
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Fig. 6. The temperature dependence of the real part of the dielectric per-
mittivity for the BT samples obtained by the mechanochemical methods
(right Y axis) and subjected to subsequent heat treatment (left Y axis)

obtained by the conventional high temperature synthesis method
this rhombohedral phase occurs at —85°C [23].

Fig. 7 presents the real part of the dielectric permittivity ¢’
as the function of temperature for BSI1T, BSITSI and BS1TS2
polycrystalline samples. For the BS1T ceramic the PE-FE
phase transition appears at 90°C. The maximum value ¢’ for
this sample in comparison to the BT one decreases by half. In
the low temperature range (ferroelectric phase) one can see next
maximum of ¢'(T") at —5°C. The phase transitions in the case of
BSI1T are diffused and additionally shifted to lower temperatures
in comparison to the BT sample. This diffusivity and shift the
temperature of the phase transitions is related to substitution of
the Sr** ions in the A cationic sublattice. The substitution of the
Sn*" ions in the B cationic sublattice causes a further increase in
the diffusion of the PE-FE phase transition. Simultaneously, the
temperature of this phase transition lowers to the temperature of
25°C and —40°C for BS1TS1 and BS1TS2 samples, respectively.

It should be noted that for whole measuring frequency range
(not shown here) the maximum of ¢'(T") occurs for the same
temperatures. The temperature dependences of 1/¢’(T) for all
investigated samples in paraelectric phase are presented in Fig. 8.
The graphs of 1/¢'(T') for these samples confirm the compliance of
Curie — Weiss law, which is given by the following equation: &' =
CI(T-T,), where: Cis the Curie — Weiss constant, 7, —is the Curie
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Fig. 7. The temperature dependence of the real part of the dielectric
permittivity for solid solution samples at chosen frequency 1 MHz



— Weiss temperature. The constants C and 7, determined based on
a linear regression procedure at frequency of IMHz and showed
on Fig. 8. The graphs of 1/¢'(T) does not reveal all the features of
the diffuse phase transition (DPT). Therefore the following rela-
tion describing the temperature dependence of permittivity was
proposed: 1/¢' = 1/¢',, + A(T — T,,)¥ where: ¢’,, is the maximum
value of dielectric permittivity, 7,, — temperature corresponding
toe’,,, Aand y are constants for chosen frequency. In the classical
(first order) PE-FE phase transition the value of y is close to 1,
while in DPT it is close to 2. The values of y for all investigated
samples are presented in Fig. 9. For BT sample the value of
y = 1.07 indicates the classical PE-FE phase transition. Whereas
in the case of BS1T, BS1TS1 and BS1TS2 samples two ranges of
linear dependences above temperature 7,, can be distinguished.
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Fig. 8. The inverse of the real part of dielectric permittivity (1/¢") as
a function of temperature for BT, BS1T, BSITS1 and BS1TS2 samples
at chosen frequency 1 MHz
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Fig. 9. The dependence of log(1/¢’ — 1/¢’,,) onlog(T—T,,) for BT, BS1T,
BSITS1 and BS1TS2 samples at chosen frequency 1 MHz

In the temperature range above 30°C, 35°C and 75°C from
T,, for the samples BS1T, BSITS1 and BS1TS2 respectively,
y values equal to 1.56, 1.86 and 1.96 confirms the diffusion of the
PE-FE phase transition. The values of y obtained at temperatures
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above 60°C, 120°C and 180°C from 7, for BSIT, BS1TS1 and
BS1TS2 samples respectively reveal a slight diffusion of the
PE-FE phase transition which is characteristic for BT sample.
It can therefore be seen that the diffusion of the PE-FE phase
transition in the cooling process begins at a temperature of about
150°C for BS1T, BS1TS1 and BS1TS2 samples.

The formalism of electric modulus is used to describe the
phenomena of electric charge transport and dielectric relaxation
in polycrystalline materials. The complex electric modulus is the
reciprocal of the complex permittivity M*= 1/¢* and corresponds
to the relaxation of the electric field in the material when the
electric displacement remains constant [24]. Fig. 10 show the
imaginary part M"" as a function of frequency at chosen tem-
perature 200°C (paraelectric phase) for all investigated samples.
The magnitude of M"(v,,) maximum increases with increase in
substitution of Sr'? and Sn™ ions. Also, the maximum shifts
systematically towards higher frequency side with increase in
temperature (not shown here). These maximum corresponds to
the so-called conductivity relaxation [25]. The characteristic re-
laxation time, 7= (27v,,) ' represent the time scale of transitions
from short range to long range mobility of charge carriers with
decreasing frequency. The low frequency side of the maximum
represents the range of frequencies in which the ions are capable
of moving long distances, whereas for the high frequency side,
the ions are spatially confined to their potential wells and can
execute only localized motion.
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Fig. 10. Frequency dependence of the imaginary part of electric
modulus (M") for BT, BS1T, BS1TS1 and BS1TS2 samples at chosen
temperature 200°C

The relaxation time, T exhibits a thermally activated depend-
ence. This generally follows the Arrhenius law: t=1,exp(E,/kpT),
where z,, is the pre-exponential factor and £, denotes the activation
energy for dielectric relaxation. From Arrhenius plot (Fig. 11),
the dc conductivity relaxation activation energy is computed, in
the temperature range 100°C-250°C (paraelectric region) and
found to be about 1 eV for all investigated samples. These values
of the activation energies may be related to the electron excited
process from the oxygen vacancy. Oxygen vacancies are most
mobile charge carriers in oxide polycrystalline materials [26].
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Fig. 11. Temperature dependence of relaxation times obtained from
frequency dependent plots of M" for BT, BSIT, BS1TS1 and BS1TS2
samples

4. Conclusions

The oxide polycrystalline materials on the basis of the
BaTiO; are obtained with the use of a mechanochemical method
and next a high temperature solid state reaction method (con-
ventional). The influence of synthesis condition on microstruc-
tural, dielectric and ferroelectric properties of obtained solid
solutions are presented. The use of high-energy ball milling
significantly reduces the time of synthesis of BT, BS1T, BSITS1
and BS1TS2 polycrystalline samples. It can be prepared at room
temperature by 180 minute of high-energy ball milling of the
stoichiometric mixture of the oxide powders. Mechanochemical
synthesis method allows the production of BT polycrystalline
samples with a grain size below 100 nm and exhibiting good
homogeneity in terms of grain size. Shortening the time of the
mechanochemical treatment reduces the costs of manufacturing
such materials as well as reduces the amount of impurities from
abrasive of grinding media. The Sr*? and Sn™* ions substitutions
in the both cationic sublattices simultaneously generated the
higher heterogeneity of structure which was confirmed by the
X-ray measurements. The influence of Sn*™ ions content on the
shape and size of grains of the tested samples was observed.
With an increase in the content of Sn™* ions, the grains become
more spherical and the proportion of large grains in the overall
microstructure decreases. The temperature dependences of
the real part of the dielectric permittivity (¢) and frequency
dependence of the imaginary part of the electric modulus (M"")
for all investigated samples are presented. The diffusion of the
paraelectric — ferroelectric phase transition for polycrystalline
samples are described. The analysis of the temperature variation
of M" maximum indicates that the observed relaxation processes
are thermally activated one and related to the electron excited
process from the oxygen vacancy.
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