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Abstract

The thermal decomposition of (Ba,Ti)-citrate polyester resin method was used to prepare high purity BaTiO; powders. After
milling, the green compacts’ uniformity was studied using both the SEM observations on surfaces of the fractured green compacts,
and the pore size distribution results obtained by using Hg-porosimmetry. The densification behaviour was found to be closely
related to the pore distribution in the powder compacts and, thus, the different maxima in the pore size distribution were assumed
to be connected to the maxima in the densification rate. The sintering behaviour of BaTiO3 compacts was evaluated using both non-
isothermal and isothermal experiments. Microstructural development during sintering at different heating rates was in accordance
with the nonuniformity of the green compacts microstructure. Thus, denser areas could favour the development of twinned grains
and the discontinuous grain growth process in the BaTiO3 ceramics. Dielectric constants below the Curie temperature were eval-
uated according to both densification level and grain size. Although a high density, (>99% theoretical) and fine grained, (~1.01
um) microstructure of BaTiO3z could be produced by the used method and sintering in air, in which a high dielectric constant,
(=5000 at room temperature and 1 kHz) and a dissipation factor as low as 3% was achieved, however, dielectric constant degra-
dation up to about 2500 with increasing grain size, and some fluctuations in the Curie temperature were observed. It was assumed
to be a consequence of the inhomogeneous microstructure and the stresses generated through the cubic-tetragonal transition on

cooling. © 2002 Published by Elsevier Science Ltd and Techna S.r.l.
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1. Introduction

Owing to its high dielectric constant at room tem-
perature, (=1500), stoichiometric high purity sub-
micronised BaTiO; powders are being widely used for
the preparation of dense ferroelectric and piezoelectric
bodies, as well as for thin films electronic component
materials. From the discovery by Knepkamp and Hey-
wang [1] that the relative permittivity of BaTiO5 ceramics
can be increased to about 3500 if the grain size is con-
trolled at ~ 1 um, then a fine grained structure is desirable
to enhance the diclectric performances. Therefore, the
availability of BaTiOz powders with homogeneous and
smaller particle size, (<0.1 um) is a key factor.
Although the preparation of stoichiometric BaTiO;
powders from the thermal decomposition of oxalates,
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carbonates and citrates has been extensively studied, [2—
10], several problems remain, even today, to be solved.
The advantages, at least in the case of the oxalates and
citrates, is the formation of a complex compound
between Ba and Ti with a 1:1 atomic ratio in which the
cations are mixed at atomic level and may, with much
shorter diffusion paths, convert to BaTiO3z with a parti-
cle size in the nanoscale range, (<100 nm) and a cubic
structure [3,11-15].

However, many problems may be encountered in pro-
cessing high-purity stoichiometric and nanocrystalline
BaTiO; powders. For example, the use of small particles,
due to the tendency to form agglomerates, can lead to
green microstructures with defects that cannot be elimi-
nated during sintering. Therefore, the state of agglom-
eration, compaction and, even the pore morphology of
powders play a crucial role during processing [16,17].
Thus, the agglomeration problems should be minimised
in order to better know the powder behaviour during
compaction. Although many efforts have been made
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leading to enhance green microstructures using different
techniques [18-20], there still remain difficulties in trying
to clearly understand the sintering behaviour of green
compacts made with agglomerated powders [21-23]. To
overcome most of the above mentioned problems it
would be desirable to have powders with reversible
agglomeration—deagglomeration characteristics, i.e. soft
agglomerates allowing to better adjust packing and sin-
tering behaviour [24-26].

The present study is undertaken to investigate the
powder characteristics, pore size distribution in the green
compacts, their effects on the constant rate heating (CRH)
sintering behaviour, microstructural evolution during
densification and dielectric properties of barium titanate
powders obtained by a slightly modified Pechini method
[27].

2. Experimental procedure

The BaTiO3 powders with a stoichiometry Ba/Ti=1,
were prepared by a slightly modified Pechini method
and the details of the powder synthesis procedure was
given elsewhere [15]. The powders were isopressed at
200 MPa without binders, being the green density of the
pressed samples 2.95, i.e. about the 49% of the theore-
tical density, (6.02 g cm~2). Sintering was performed
under various conditions of constant rate heating, from
2 to 15 °C/min, in the range of temperature from 25 to
1400 °C. All the sintering conditions experiments were
carried out in static air in a differential dilatometer. The
apparent density of the sintered samples was measured
by the Archimedes method of immersion in water.

The microstructure of the as sintered samples was
examined on the polished and thermally etched surfaces
by using a scanning electron microscope (SEM). The
grain sizes were determined by the line-intercept method
[28] and the reported average grain size of a sintered
sample corresponds to the main diagonal values of, at
least, 300 individual grains.

The dielectric properties were measured at 1 KHz with a
LCR meter, (HP 4291 A) at the temperature range from
25 to 200 °C. On both sides of polished samples silver
paste was applied and cured at 200 °C. Sample dimensions
were determined for dielectric constant calculations. The
electrical measurements were carried out during the
cooling cycle from 200 to 25 °C, with a cooling rate of
0.5 °C/min.

3. Experimental results

3.1. Powder characterisation and compaction

Fig. 1 shows the morphology of the BaTiO; powders
after calcining at 750 °C for 2 h. Agglomerates, both

Fig. 1. SEM micrographs of the BaTiO; nanosized powder calcined at
750 °C.

soft and hard, in the range of 0.5-2 um in size, dominate
the calcined powders, although the discrete particles
were in the nanoscale range (<100 nm) in all cases. In
fact, the specific surface area of the BaTiO; powders, as
determined by single-point BET was about 33 m? g~!
and the calculated equivalent particle size from the
expression D= 6/pS, (where D is the average diameter
of spherical particles, S the surface area of the calcined
powder and p the theoretical density of BaTiO;), was
about 30 nm.

After compaction the pore size distribution of the
powder compacts showed, as it can be seen in the
Fig. 2, mainly a bimodal distribution. Such two pore
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Fig. 2. Pore-size distribution and microstructure for the BaTiO; green
compacts.
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size distribution was centred at about 29 and 50 nm,
respectively. It indicates that some hard agglomerates
have not broken during pressing, leading to the forma-
tion of large voids which will be difficult to be eliminated
on sintering. It must be noted that in the region of the
smaller pores two peaks centred at about 5.5 and 10 nm
respectively, were also present. The smaller pores can be
attributed to the intraagglomerate porosity. Therefore,
it can be said that the major part of porosity can be
considered to be present as an interagglomerate or
interparticle porosity.

3.2. CRH densification behaviour

Linear shrinkage and differential linear shrinkage
curves during CRH, (5 °C/min) sintering are shown in
the Fig. 3. The onset of densification was above 850 °C
and four sintering stages can be observed at about 880,
940, 1205 and 1220 °C, respectively. Each maximum in
the shrinkage rate curve seems to correspond to a peak
in the pore size distribution one and, assuming a solid
state densification mechanism at this temperature interval,
each of them correspond to the elimination of the
smaller pores with particle rearrangement, at the lower
temperature interval (880-940 °C), i.e. at the earlier
sintering step and the larger ones at the higher tem-
perature interval (1205-1300 °C), i.e. at the intermediate
sintering step, respectively. Such densification behaviour
is in close agreement with the pore size distribution in
the green compacts and, as a result, the end densifica-
tion was displaced to a relatively high temperature,
(about 1370 °C). The final density value in the last sin-
tering step approached 99% of the theoretical density.
Fig. 4 provides further information on the sintering of
these highly reactive BaTiO3; nanosized powders.

Fig. 5 shows the effect of heating rate on the densifi-
cation behaviour of BaTiO; compacts. Four relevant
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Fig. 3. Densification behaviour under constant-heating-rate (5 °C/
min) for pure BaTiO3 green compacts.
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Fig. 4. Sintering curve for nanosized BaTiO; powder. The constant
heating rate was 5 °C/min.
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Fig. 5. Sintering curves for the nanosized BaTiO3 powders at different
constant heating rate.
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features can be observed: (i) the densification is initiated
at approximately the same temperature, independent of
the heating rate, (ii) the total shrinkage was lower for the
higher heating rate, (iii) the shrinkage rate maxima were
displaced towards higher temperatures as the heating rate
was raised, and (iv) the final density increased with the
heating rate up to a value of 5.95 g cm—3, (about 99%
theoretical value) for a heating rate of 5 °C/min, and then
goes down to 5.85 g cm~3 (about 97% theoretical den-
sity) when the heating rate was raised up to 15 °C/min.

The densification behaviour of BaTiO; compacts was
further studied under isothermal conditions at 1260 °C,
i.e. below the eutectic melt temperature of the BaTiOs—
TiO, system [29], which is located at about 1312, and
1370 °C, i.e. above the eutectic melt, for sintering times
from 0.5 to 10 h. Fig. 6 shows plots of relative density vs
sintering time at 1260 and 1370 °C for different heating
rate regimes. In the solid state densification region, the
densification rate is higher for the samples sintered at
the higher heating rate, but a lower density after 1h was
attained, (94 against 97%). Above that sintering time a
maximal density of 98% after 5 h was achieved, and a
slight desintering, (97.5%), was observed after 10 h for
the lower heating rate. When the heating rate is raised
up to 15 °C/min, the maximal density (94.5%) was
attained after 1 h followed by a strong decrease in den-
sity after 2 h. The final density decreased up to 92%
after 10 h.

In the liquid phase sintering region a maximal density
of 97% was attained at 1370 °C without holding time,
and such a densification level was maintained after 1 h.
For longer sintering times a strong desintering took
place and the density decreased up to 94% after 10 h.
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Fig. 6. Density versus time for the nanocrystalline BaTiO; powder
isothermally treated at 1260 and 1370 °C.

Fig. 7. SEM micrographs of nanosized BaTiO; powders isothermally
sintered at 1260 °C and a heating rate of 2.5 °C/min: (A) D=96%
theoretical; (B) D=97%, and (C) D=98%, showing discontinuous
grain growth.
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3.3. Microstructural development during sintering

Although several factors can influence on the micro-
structural features to be developed during sintering, we
will take into account the temperature and the sintering
time as the main factors controlling the microstructure
in those samples sintered above and below the eutectic
temperature of the BaTiO;-TiO, system. Fig. 7 shows
the microstructure of samples sintered at 1260 °C for 1-
5 h at a heating rate of 2.5 °C/min. As can be seen, the
grain size hardly increases with the sintering time up to
3 h and an abnormal grain growth took place for a sin-
tering time of 5 h. The average grain size was measured
to be between 2 and 3 pm in the fine grained ceramic
matrix. The anomalous grain size was well above 10 pm.
Fig. 8 shows the microstructure of the samples sintered
at the same temperature but at a heating rate of 15 °C/
min, for 0.5-2 h. The developed microstructure was of
polygonized grains with a grain size slightly smaller
than those samples sintered at a heating rate of 2.5 °C/
min. The only distinguishable fact was the absence of
abnormal grain growth at these last sintering condi-
tions. Fig. 9 shows the microstructure of samples sin-
tered above the eutectic temperature of the BaTiOs—
TiO, system. A common fact, independent of the heat-
ing rate, was present in all the samples sintered above
1312 °C, and this is that of a microstructure of abnor-
mally growing grains embedded in a fine grained matrix.
Fig. 9(A) is representative of such developed micro-
structure, in which the grain size of the abnormal grains
was four or five times greater than those of the ceramic
matrix grains. The final grain size in the ceramic matrix
was in all cases about 2.5 um, as is shown in Fig. 9(B)—
(D). A characteristic feature of the samples sintered at a
heating rate of 15 °C/min, as shown in the Fig. 9(E) was
the presence of a swelling phenomenon as a con-
sequence of gas entrapment. Fig. 9(F) shows a typical
grain surface habit plane in the fine-grained matrix. As
can be observed, traces of a twin lamella were present in
some grains with a thickness of about 0.2 pm.

3.4. Dielectric properties

Table 1 shows the temperature dependence of the per-
mittivity for the BaTiO; ceramics sintered at different sin-
tering conditions. As can be seen, the grain size has a
strong effect on both the Curie temperature and the per-
mittivity but all sets show a maximum at the transition
temperature of about 12042 °C. Although the evolu-
tion is in close agreement with other reports in which
such a temperature dependence was only attributed to a
microstructural factor, i.e. the grain size [30,31] but our
results show evidence for a correlation between the
crystal structure of the BaTiO; ceramics and the dielec-
tric properties, without underestimating the influence of
the grain size. As is shown, the permittivity increases

Fig. 8. SEM micrographs of nanosized BaTiO; powders isothermally
sintered at 1260 °C and a heating rate of 15 °C/min: (A) D=92.5%
theoretical; (B) D=94.5%, and (C) D=94%, showing no dis-
continuous grain growth.
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Fig. 9. SEM micrographs of nanosized BaTiO; powders sintered at 1370 °C without holding, (A) showing a general aspect of the microstructure;
(B), (C), and (D) show the ceramic matrix microstructure of samples sintered at a heating rate of 2, 5 and 15 °C/min, respectively, showing several
twin lamella and twined grains; (E) shows the swelling phenomenon observed in samples sintered at 15 °C/min, and (F) sintered sample showing a
clear trace of twin lamella.
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Table 1

Dielectric properties for BaTiO; ceramics sintered at different temperatures

Temperature (°C) Density (%) Grain size (um)

Dielectric constant Curie temperature (°C)

RT Te
1260-0 h 96 1.01 > 5500 10000 120
12852 h 99 2 2200 9500 110
1285-10 h 98 3.2 2340 10000 112
1370-0 h* 97 1.9 3650 12800 110
1370-0 h# 97.5 1.8 ~5000 15800 112

* Heating rate, 2 °C/min.
# Heating rate, 3 °C/min.

with the grain size decreasing and a maximal permittiv-
ity was attained when the grain size reached ~1 pm and
the abnormal grain growth was restricted. The higher
permittivity value at room temperature and 1 kHz (=
5000) was achieved for a sintering temperature of
1260 °C, and the grain size in such a sample, as shown
in the Fig. 10, was about 1.01 pm. The dissipation factor
was, in all cases, slightly less than 3%, which is similar
to those reported in other papers [32,33].

4. Discussion

The above obtained results on a BaTiO3 powder pro-
duced by a slightly modified Pechini method indicated
that such a powder was strongly agglomerated which,
after compaction the relatively high strength of some
agglomerates led to green compacts with a bimodal pore
size distribution, see Fig. 2. As a consequence of the
resistance of hard agglomerates to be broken during
pressing, this heterogeneous green microstructure gave
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Fig. 10. Temperature dependence of the dielectric constant of nano-
sized BaTiO; sample sintered at 1260 °C with the highest room tem-
perature value (=5000), and the best grain size (1.01 pm).

rise to the formation of two distinct areas, one more
dense than the other. Thus, with the mentioned two
pore size distribution in which the peaks corresponding
to the larger pore sizes are considered to be generated
by large interagglomerate pores, we can suggest that the
presence of different kinds of agglomerates in the
BaTiO; powders gives rise to a broader inhomogeneous
pore size distribution.

From Figs. 3 and 4 it seems clear that a good corre-
lation exists between the pore size distribution and the
densification behaviour of the BaTiO; green compacts.
The smaller pores are eliminated at the lower tempera-
tures but their volume is not sufficiently high as to pro-
voke a strong shrinkage of the green compacts. In fact,
the elimination of the smaller pores, or intraagglome-
rate porosity, from the beginning of the earlier sintering
steps, at about 960-980 °C, does not produce a shrink-
age higher than about 5%. The larger pores, or inter-
agglomerate porosity, need higher temperatures to be
eliminated [34]. Thus, a rapid shrinkage takes place
above 1100 °C for the different heating rates with a
small grain growth, indicating that the main densification
of the samples took place in the intermediate stage of sin-
tering, see Fig. 3. It is interesting to point out that at the
lower heating rate (2.5 °C/min), a discontinuous grain
growth was observed when the sintering time was larger
than 5 h and the density was about 97% theoretical. On
the contrary, for the higher heating rate (15 °C/min), no
abnormal grain growth was observed within the sinter-
ing time interval here studied, although the sintering
density was not higher than 94% theoretical, see Fig. 6.
These results indicate some correlation between sinter-
ing density and abnormal grain growth [35,36]. Hsieh
and Fang [37], found that abnormal grain growth was
only present for sintering density >99% theoretical.
However, if most of the porosity is eliminated, as is the
present case, the anomalous grain growth can take place
beyond a critical value of the density, thus supporting
the Coble and Gupta suggestions [35,36]. This is
thought to occur in the samples sintered in the solid-
state at a heating rate of 15 °C/min (see Fig. 6), in which
the sintering density was about 94% theoretical. Based
on the present results we estimate that for a density level
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higher than 96% theoretical, the anomalous grain growth
takes place when the samples are sintered in the solid-state
region, i.e. below the eutectic temperature of the TiO,—
BaTiOj; system, for a relatively short time (&2 h). This
statement is contradictory to that of Schmelz and Meyer
[38], who postulated an anomalous grain growth by
solid-state mechanism attributed to the formation of
twinned crystals in a dense matrix as a necessary
requirement, but our results are in close agreement with
those of Hsieh and Fang [37], obtained on agglomerated
samples previously calcined at 1300 °C. Xue and Brook
[39] attributed a short-term increase in densification to
an abnormal grain growth process, interpreting that
such a densification rate enhancement cannot be related
to the presence of a liquid phase, but rather to a
favourable influence of abnormally increased grain size
on the thermodynamic driving force for densification. It
must be noted that their results were also obtained on
BaTiO; samples sintered at 1290 °C, which is below the
eutectic temperature of the BaTiO3-TiO, system. At this
point it must be indicated that no twinned grains were
observed in our samples with a sintering density lower
than 96% theoretical and a grain size smaller than 2 pm.
Then it should be assumed that if to initiate the anom-
alous grain growth process a twinning phenomenon is
required, then a critical grain size for the formation of
twins detectable on the grain surfaces has to exist above
which the abnormal grain growth process is triggered.
Schmelz and Meyer [38] considered that density of the
samples was not a factor to take into account for the
abnormal grain growth process, since this phenomenon
was already present in a 65% dense sample. However,
in some cases, in spite of the presence of a twinning
phenomenon, not all the twinned grains grew further,
i.e. only a few grains are able to continue growing.
Therefore, it should be assumed that not only a critical
grain size for the development of anomalous grains
would be necessary but a minimal densification level
would also trigger the anomalous grain growth process.
Hsieh and Fang [37] denied the necessary presence of a
twinning phenomenon for the development of the
anomalous grain growth process. At any case, it is clear
that normal grain growth in undoped BaTiO; ceramics
sintered in the solid-state region is quite slow within a
density range (see Fig. 9).

Sintering above the eutectic point at 1312 °C, in the
hypothesis of the existence of excess TiO, in the sintered
samples, our results have shown that, independent of
the heating rate and sintering time, an abnormal grain
growth process takes place in all cases [see Fig. 9(A)],
showing the abnormally growing grains. In some cases,
a single-twin located nearly at the middle of each grain
can be seen. The exaggerated grain growth of BaTiO;
when the samples are sintered in the liquid phase region
could be explained by an Ostwald ripening process if all
the BaTiO; grains are wetted by a liquid phase thin film,

i.e. if the volume of the formed liquid phase is suffi-
ciently high. In the present case, in which the stoichio-
metric deviation was, if any, very small, the amount of
the formed liquid phase was so small that the abnormal
grain growth process would be rather favoured by the
initial number of nuclei (twinned grains) in the sample.
The presence of twinned grains heterogeneously dis-
tributed in our BaTiO;5 sintered samples supported the
above contention which, on the other hand, is in close
agreement with previous suggestions [38,39]. Further-
more, it must be mentioned that the formation of
abnormally growing grains does not enhance the densi-
fication at least in the final sintering stage which is con-
trary to that postulated by Xue and Brook [39]. Our
results showed evidence, as shown in the Fig. 9E, that a
certain bloating phenomenon was present in the samples
sintered at the higher heating rate in the liquid phase
region, giving rise to grain growth and pore coalescence,
and, as consequence, to a decreasing in the density [40].
A heterogeneous phase equilibria with evolution of
entrapped gas could be the cause for such a dedensifi-
cation process [41].

From the above results and comparing them with the
well known role of (111) twins in abnormal grain
growth for BaTiO; ceramics containing an excess of
TiO, [42,43], it can be concluded that both the experi-
mental conditions for (111) twin formation and the for-
mation mechanism are not still unambiguously
explained. For nanosized powders, as is the present
case, (crystallite size ~ 30 nm), it was pointed out that
although the bulk structure of BaTiO3; powder appeared
cubic, but the Raman characterisation showed the pre-
sence of a tetragonal structure for such a small particle
size [15]. This being so, the appearance of a twinning
phenomenon already in the calcined powders could be
reasonably assumed [42]. The measure in which the
twinned grains are favourably rotated during the parti-
cle rearrangement in the initial sintering stages, leading
to the formation of a twin lamella as a nucleus for the
discontinuous grain growth would trigger such a pro-
cess. However, for nanosized powders the diffusion
paths are much shorter, and the normal grain growth by
grain boundary diffusion can be favoured between the
smaller particles. If these small particles are not uniform
in size, then the larger particles can grow in an anisotropic
manner at the expenses of the smaller ones up to a critical
grain size above which a twinning phenomenon can also
be present. In those initially twinned grains, the formation
of a twin lamella, acting as a nucleus, would favour the
anomalous grain growth process according to the sin-
tering schedule and other experimental conditions. In
summarising, we suggest that in undoped-BaTiO;
nanosized powders with no excess of TiO,, the global
grain growth process could take place in two different
ways, (i) the grains with an initial averaged pseudo-
cubic structure can normally grow by a grain boundary
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diffusion, and (ii) in the grains having already in the
calcined powders a twinned tetragonal structure met all
the favourable conditions for an anomalous grain
growth process during sintering, as postulated by Kast-
ner et al. [44]. This suggestion is in agreement with the
microstructure shown in the Fig. 9(D), in which two
kinds of grains, (twinned and untwinned) are present.
Therefore, the necessary conditions for the formation of
(111) twins in BaTiO3 ceramics claimed by Lee et al. [45]
could not be recognised as the only cause.

As shown in Table 1, the grain size influences the
dielectric constant of the BaTiO3 ceramics in such a way
that it is strongly degraded when the grain size increases
above 1 pm. Some small fluctuations were also observed
in the Curie transition temperature, (7). These features
are in close agreement with the suggestions of Arlt et al.
[30] and Takeuchi et al. [46], which emphasised the
decreasing of the dielectric constant below and above a
critical grain size, (~0.8 um). Such behaviour was attrib-
uted to domain size effects and/or to a ferroelectric struc-
ture change. In our case, in which a relatively wide grain
size range was a current characteristic of the BaTiOj5 sin-
tered samples, it is believed that although the bulk struc-
ture can be considered as a tetragonal one, but the
presence in the final microstructure of many small grains
(<0.5 um) with a probable cubic structure, could give rise
to a lower dielectric constant and a distribution of
transition temperatures. As a consequence, the internal
stresses heterogeneously distributed in the system can
explain the small changes of the Curie temperature in the
BaTiOj; sintered samples [47]. Some broadening of the
dielectric constant peak supported the above statement. In
such finer grains the absence of twins can strongly affect
the internal stresses of the system and, therefore, the
dielectric properties of the BaTiO; ceramics [48].

5. Conclusions

It has been established that the high purity BaTiO;
nanosized powders prepared by thermal decomposition
of (Ba,Ti)-citrate polyester resins are highly agglomerated.
After milling, the agglomerates strongly determined the
compaction behaviour and, depending on the agglomer-
ates strength, some of them survived after compaction
leading to heterogeneous pore size distribution in the
green compacts.

On non-isothermal sintering in air (at a heating rate
of 5 °C/min) the smaller pores are eliminated at the
lower temperatures, i.e. in the earlier sintering stages up
to 1100 °C, with a rearrangement particle process. Such a
process led to a new pore size configuration which
favoured the larger pores elimination and rapid densifica-
tion during the intermediate sintering stage, i.e. up to
about 1300 °C, with a slow grain growth. Above 1300 °C,
the final sintering stage, dense BaTiO; ceramic bodies,

(=99% theoretical density) were obtained and an
abnormal grain growth process took place.

From the isothermal sintering experiments up to 1260
and 1370 °C at different heating rates (2.5 and 15 °C/
min), it can be stated that in the low temperature region
treatment the densification rate increased as the heating
rate increased and the grain growth decreased, but the
final density was lower. No abnormal grain growth at the
higher heating rate was observed. In the high temperature
treatment the final density increased with decreasing
heating rate and an abnormal grain growth process was
always present, independently of the heating rate.

According to the microstructural development during
sintering it can also be stated that a minimal densification
level, (~96% theoretical), and a critical grain size, (<1
um) are necessary for the development of twinned and
discontinuous grain growth in pure BaTiO5 ceramics.

Although the best dielectric constant, (=5000) was
found for BaTiO; ceramics with a grain size of about 1
pm, both the dielectric constant and the Curie temperature
degraded and lowered, respectively, as consequence of a
higher grain size, heterogeneities in the microstructure,
and the stresses generated during the cubic-tetragonal
transition on cooling.
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