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Mechanical activation, as a one of the most outstand-
ing processes in synthesis of advanced materials, is closely
related to different structural changes (phase transitions,
generation of dislocations and crystal lattice microstrains,
decrease of mean crystallite sizes -incoherently diffracting
domains) by the influence of mechanical energy.

Investigations of BaTiO; obtained by reaction sin-
tering at 1200°C for two hours, from mechanically acti-
vated (0, 30 and 180 minutes) equimolar mixture of BaCO;
- TiO, (rutile to anatase ratio 1.05:1) were carried out by
X-ray powder diffraction (XRPD). Qualitative phase anal-
ysis pointed out that reaction in the solid state proceeded
entirely to completion with formation of tetragonal (ferro-
electric) BaTiO; modification. Line-broadening analysis
for evaluation of microstructural quantities such as mean
crystallite sizes (incoherently diffracting domains) and root
mean square microstrains was performed by modified vari-
ance method on (111) diffraction lines, because of the spe-
cific nature of tetragonal BaTiO; X-ray powder diffraction
pattern. Unit-cell constants were evaluated from diffraction
patterns obtained in the range 20-80 ° (20) using the pattern
decomposition method.

Changes of dielectric properties such as Curie point
(T,) and dielectric constant (g,) of BaTiO; as a function of
mechanical activation time were correlated with changes of
the c/a ratio, mean crystallite sizes and root mean square
microstrain.

1. Introduction

The influence of mean crystallite sizes on the ferro-
electric to paraelectric transition temperature (Curie point)
and the dielectric constant was recently investigated for
different materials [1-7]. However, different intriguing
conclusions were made. For example, it was found that the
transition temperature of lead lanthanum zirconate titanate
increases with decreasing mean crystallite sizes. Also,
there is still confusion about the influence of the mean crys-
tallite sizes on ferroelectric to paraelectric transition tem-
perature of BaTiOj;. Namely, some authors have found that
this property, in BaTiO3, is not sensitive to mean crystallite

size [7]. On the contrary, some other authors have indicated
that with decreasing mean crystallite sizes, the transition
temperature (Curie point) decrease, too [1, 3, 4]. The rela-
tionship between mean crystallite sizes of BaTiO; and di-
electric constant, also, is not well established [3, 6]. It
should also be emphasized that BaTiO; sample in the previ-
ously quoted papers were obtained by different preparation
routes and, thus, this can be the possible explanation of the
different dielectric properties indicated by different au-
thors.

In this paper, the ferroelectric to paraelectric transition
temperature and the dielectric constant of BaTiO; speci-
mens, obtained by reaction sintering of mechanically acti-
vated equimolar mixtures of BaCOs-TiO,, were correlated
with the mean crystallite size, root mean square microstrain
and the tetragonality ratio, c/a. Pattern decomposition [8§]
and modified variance method [9] were used for evaluation
of'the tetragonality ratio, c¢/a, and microstructural quantities
(mean crystallite size and root mean square microstrain),
respectively.

2.  Experimental

The mixture of 50 mol% BaCO; (Merck, p.a. 99%) and
50 mol% TiO, (Venton, p.a. 99%) powders were homoge-
nized and mechanically activated in high energy vibromill
with rings (CUP Mill, Typ MN 954/3 KHD Humboldt
Wedag AG) during 0, 3 and 180 minutes. Mechanically ac-
tivated mixtures were calcinated for one hour at 800°C and
after that reaction sintered at 1200°C for two hours, with
heating rate of 10°C/min. As-prepared specimens were la-
belled as a BaTiO3-0, BaTiO3-30 and BaTiOs-180.

X-ray diffraction patterns (over the range 20°-80° 20)
were obtained using PHILIPS PW-1820 diffractometer
with CuKoa., radiation, graphite monochromator and step
-scanning mode (0.02°/20s). Additionally, diffraction data
were collected over the angular range 38°-40° (20) with im-
proved scanning time of 40s, for the line-broadening analy-
sis of the (111) diffraction lines.

The dielectric constant (g;) was determined as a func-
tion of temperature in the range of 20°C to 140°C.
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Fig. 1. Characteristic part of the tetragonal BaTiO; diffraction
pattern: (002)-(200) diffraction lines of a) BaTi0O;-0 specimen; b)
BaTiO5-30 specimen; ¢) BaTiO3-180 specimen

3. Results and Discussion

The qualitative phase analysis of diffraction patterns
(BaTi0;-0, BaTiOs-30 and BaTiO;-180) showed that the
solid-state reaction proceeded entirely to the completion
with formation of the tetragonal (ferroelectric) BaTiO;
phase. Still, it can be observed that the c/a ratio is depend-
ent on the time of mechanical activation, Fig. 1.

Therefore, the pattern decomposition-pattern match-
ing technique was used as a tool for precise determination
of the unit-cell constants (a,c) of as-prepared tetragonal
BaTiO;, Table 1. A detailed explanation of the method is
presented elsewhere [10]. However, because of severe
overlapping of BaTiO; diffraction lines over the investi-
gated range (20°-80° 20), the modified variance method [9]
was applied for line-broadening analysis. Thus, the diffrac-
tion line (111) was chosen for line-broadening analysis and
evaluation of microstructural quantities. As a standard for
determining the instrumental profile, a BaF, sample was
used, prepared as described at [11]. Both profiles, instru-
mental and experimental, were fitted by pseudo-Voigt
functions. Least square fit of the (111) experimental dif-
fraction lines are shown in Fig. 2.

Numerical criteria’s of fit such as goodness of fit (Sy),
Ry, and R, factors showed quite satisfactory values.
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Fig. 2. Least square fit of the experimental diffraction line
(111): a) BaTiO;-0 specimen (due to the small microstructural
broadening Ko, line is clearly visible); b) BaTiOs-180 speci-
men; ¢) BaTiO3-30 specimen

Microstructural quantities were obtained in a straightfor-
ward manner [9] and presented at Table 1.

Mechanical activation [12] of initial mixture obviously
have significant influence on the solid-state reaction and,
thus, on mean crystallite sizes and crystal lattice micro-
strains in BaTiOs. Therefore, it can be established that with
increasing activation time, the mean crystallite sizes of
BaTi0; are decreased, contrary to the crystal lattice micro-
strains (expressed as a root mean square values) which are
increased. However, one can observe, also, that the tetra-
gonality ratio, c/a, significantly decreases with decreasing

122

Table 1. Microstructural quantities (mean crystallite size-D, root mean square microstrain - <e¢''>"), unit-cell constants (a,c), ¢/a ra-

tio and numerical criteria of fit, Sy, Ry, and R,

Specimen | D [A] <e!?>? a [A] c [A] c/a Sy Ryp R.

BaTiO3-0 812 0.0027 3.9951(12) 4.0531(30) 1.0145 1.31 8.32 6.36
BaTiO;-30 | 434 0.0049 3.9959(8) 4.0336(8) 1.0094 1.24 10.3 8.30
BaTiO5-180 | 360 0.0057 4.0032(24) 4.0174(57) | 1.0035 1.27 12.4 9.77
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Fig. 3. The dependence of Curie point, T, and dielectric con-
stant, &, on time of mechanical activation

mean crystallite size, indicating change of the crystal lat-
tice, which approaches the cubic state, Fig. 1. As the tetra-
gonality ratio is dependent on the mean crystallite size,
there is a certain critical mean crystallite size after that
BaTiO; crystal lattice becomes cubic. With increasing of
activation time, this values should be reached.

The dielectric measurements, Fig. 3, showed that the
ferroelectric to paraelectric transition temperature (Curie
point-T,) decreases as the time of mechanical activation in-
creases.

In other words, Curie point, T, is dependent on the
tetragonality ratio, c/a, Fig. 4, and microstructural quanti-
ties such as mean crystallite sizes and crystal lattice micro-
strains, Fig. 5. Moreover, this dependence shows that after
certain critical values of the tetragonality ratio, the mean
crystallite sizes and microstrains, the decrease of Curie
point is rather significant.

A possible explanation for this behavior of the BaTiO;
Curie point is based on differences in free energy of the
paraelectric and ferroelectric states [3,4]. It is well known
that the tetragonal (ferroelectric) state has a lower free en-
ergy than the cubic (paraelectric) BaTiO; state. A recently
developed theory [3] concerned with the part of the free en-
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Fig. 4. The dependence of the tetragonality ratio, c/a, on mean
crystallite sizes of BaTiO3
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Fig. 5. The dependence of Curie point, T, on microstructural
quantities

ergy related to the polarization, shows that small crystal-
lites (mostly single domained) have large depolarization
energy, Eq. Because of that, the total free energy has a
higher value. The multidomain structure of the larger crys-
tallites, on the other hand, reduce the depolarization energy
and, thus, the total free energy has lower value and the
tetragonal structure is stable.

Moreover, high concentration of crystal lattice defects,
such as dislocations (estimated density in our specimens is
about 10"'ecm™), manifested through crystal lattice micro-
strains, also increased the total free energy, because their
contribution to the entropy is small compared with their ef-
fect on the internal energy. It can be seen from Fig. 5, that
higher microstrain values are associated with smaller crys-
tallites and, thus, additionally increased total free energy.

Therefore, the high total free energy of the smaller
BaTiO; crystallites is a consequence of the increase of two
different contributions: a) depolarization energy, E4, and b)
internal energy, U. Accordingly, the increase of the total
free energy resulted in a less stable tetragonal BaTiOj; state
compared with cubic state.

It should be mentioned that the shape of the crystallites
also has a certain influence on the ferroelectric to para-
electric transition temperature. Taking into account our
previous investigations [13], we assumed that crystallites
have a spherical shape on average.

Further, it can be noticed, Fig. 5, that the dielectric con-
stant (g;) increased with an increasing of activation time.
More precisely, the decrease of mean crystallite size have a
significant effect on the dielectric constant. That is in
agreement with conclusion made previously [6]. Thus, the
increase of the dielectric constant can be explained by an
increased volume fraction of the domain walls with de-
creasing of mean crystallite size.

4. Conclusions

The ferroelectric to paraelectric transition temperature
(Curie point) is sensitive to the mean crystallite size of
BaTiO;. Moreover, the important influence of the crystal
lattice microstrains on the behavior of Curie point was es-
tablished.
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It can be inferred that microstructural quantities have a

profound effect on the free energy of BaTiO; and through
that on dielectric properties.
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