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A B S T R A C T

Fine-crystalline barium titanate was synthesized by a new method using supercritical water and examined as a
raw material for dielectric ceramics preparation by semidry pressing and further high-temperature sintering. The
nature of temporary technological binder utilized at the stage of pressing significantly affected the structural,
mechanical and electro-physical properties of BaTiO3 ceramics. Ceramics prepared from BaTiO3 powder syn-
thesized in supercritical water possessed necessary applied characteristics: the dielectric permittivity as high as
2819 and loss tangent as low as 0.012.

1. Introduction

An activation effect of supercritical water on the process of solid
state interaction was reported previously [1]. This phenomenon pro-
vided with opportunity of energy-saving and ecologically benign
synthesis of widely used and industrially required powder materials.
The activation effect became a basis for developing the technologies for
fine-crystalline materials such as SiO2, Al2O3, Y3Al5O12, ZnS, LiNbO3,
BaFe12O19, MgAl2O4 and BaTiO3 [2–7].

Production of dense fine-grained ceramics for microelectronics re-
quires pure fine-crystalline raw materials with narrow size distribution
[8]. One of the most important raw materials for multilayer ceramic
capacitors is barium titanate, which composes up to 98 mass.% of a
device depending on the MLCC model [9,10]. Methods for BaTiO3

synthesis may be divided to those based on conventional solid-state
process and to the approaches of wet chemistry [11–13]. However a
large number of the proposed methods are not applied in industry for
the reason of their complication and high cost. The exceptions are solid-
state, hydrothermal and oxalate technologies mostly applied for BaTiO3

preparation on modern plants [10]. Previously the authors proposed a
method of fine-crystalline BaTiO3 synthesis in supercritical water [7].
This method allowed obtaining of high-quality and industrially per-
spective product.

Currently a number of rather novel technologies such as hot
pressing, spark plasma sintering, microwave sintering, and others find a
use in production of different types of technical ceramics, in particular,

microelectronic ceramics [8]. However a conventional method of
semidry pressing with further high-temperature treatment still ranks
high in industry of radio-technical devices due to operation simplicity
and low cost. Pressing as a method is especially of interest in the pro-
duction of thin microelectronic components [14]. The pressing of
powder mass usually requires the use of temporary technological bin-
ders. Without an addition of temporary technological binder the den-
sification of powder is less effective [15]. The applied pressure is spent
in part to overcome the friction of particles. The purpose of temporary
technological binder is to enhance the mobility of particles under
pressure and to provide the mechanical strength of the green body
sufficient for further operations [14]. Chemical purity and high density
of ceramics are of importance for microelectronics because these
characteristics significantly affect the electro-physical properties. In
this connection ceramics processing mostly utilizes temporary binders
of organic nature, which could be completely removed from the ma-
terial during high-temperature treatment. It is also required that the
binder wetted the surface of powder particles and possessed minimal
adhesion to the details of the die. It is strongly undesirable to use toxic
or high-cost substances as binders [14–16].

The most common kind of temporary technological binders used in
case of semidry pressing is aqueous binder, for example, polyvinyl al-
cohol (PVA) [17–23] and sodium polymethacrylate [24]. A widespread
use of PVA is caused by its low ash content, high binding strength, and
consequently, high strength of the obtained green bodies [14]. How-
ever, aqueous temporary binders have some disadvantages. The
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prepared press-powder should be kept in a hermetically closed con-
tainer to prevent water evaporation which leads to the loss of binding
properties. In particular, the lowering of wet content in green bodies
pressed with the addition of PVA was accompanied by weakening of
bonding between particles and lowering of the strength of green bodies
[25]. At the same time, availability of the use of nonaqueous binders
such as paraffin was previously noted [15]. Paraffin provides high
plasticity of press-powder and strength of green bodies, is non-volatile
at room temperature, and does not loose binding properties in case of
prolonged storage of press-powder.

The main goal of the present study was to examine the fine-crys-
talline BaTiO3 powder synthesized in supercritical water as a raw ma-
terial for ferroelectric ceramics processed by semidry pressing. Also the
influence of the nature of temporary technological binder on the
properties of ceramics was revealed and the most adequate binder was
chosen for the processing.

2. Experimental

2.1. Materials

Fine-crystalline barium titanate was synthesized from an equimolar
mixture of TiO2 (STP TU KOMP 2-340-11, ≥ 99.5% purity) and BaO
(TU 6-09-03-375-74, ≥ 98% purity) in a medium of supercritical water
according to the technique described elsewhere [7]. The mixture of
reagents was placed into a stainless steel container inside a laboratory
autoclave. The amount of water required to generate pressure in su-
percritical conditions was poured at the bottom of the autoclave sepa-
rately from dry reagents. The synthesis was carried out at the tem-
perature of 400 °C and the pressure of 26.0 MPa during 20 h. The
obtained product consisted of BaTiO3 crystals in tetragonal modifica-
tion with the mean size of 130 nm (Fig. 1).

Synthesized BaTiO3 powder was used to prepare two types of press-
powders: one with the use of an aqueous temporary technological
binder (polyvinil alcohol (PVA) solution, 5 mass.%, Zschimmer &
Schwarz (Germany)) and another with the use of non-aqueous tem-
porary technological binder (paraffin). Binders of both types were
added to the powder in amount of 5 mass. %.

Green bodies of BaTiO3 were prepared by cold uniaxial pressing at
three different values of pressure: 50, 100, or 150MPa.

Sintering of the samples was carried out in air at temperature of
1250, 1300, or 1350 °C during 1 h. The temperature regimen of heating
was chosen on the base of thermogravimetric analysis (TGA) of press-
powders with the aim to ensure complete removal of temporary binders
(see Fig. 3). At the first step the heating rate for green bodies with PVA
was 200°h−1. Green bodies with paraffin were heated with the rate of
100°h−1. After reaching 300 °C the samples were held at this

temperature for 0.5 h. Then the heating continued with the rate of
200°h−1 for both types of green bodies until the temperature of sin-
tering was reached.

2.2. Methods

The size and shape of the synthesized BaTiO3 crystals were observed
by means of transmission electron microscope JEOL JEM-1011 (JEOL
Ltd., Japan).

Rheological properties of two types of press-powders based on
synthesized BaTiO3 powder with addition of PVA solution or paraffin as
temporary technological binders were tested in accordance with stan-
dard procedures.

The apparent density of ceramic samples was estimated by the
Archimedes method. The method of kerosene saturation was used to
measure the porosity of the samples.

The surface of ceramic samples was prepared for the scanning
electron microscopy studies by polishing and chemical etching. Mean
grain size of each ceramic sample was calculated from SEM images on
the base of 200 measurements.

Ultimate compression strength of ceramics was determined by
means of electromechanical testing machine LFM-C (Walter + Bai AG,
Switzerland).

Ceramic powders were characterized by X-ray diffraction (Rigaku
D/Max-2500, Japan). The patterns were registered using CuKα radia-
tion in a range of 20°< 2θ< 90° with a step of 0.02°. Phase contents
of samples were identified by comparison of experimental data with
those from PDF-2 database. Jana2006 program was utilized for fitting
of diffraction pattern profiles by Le Bail method and for refinement of
unit cell parameters by Rietveld method [26].

To evaluate the dielectric properties of the manufactured BaTiO3

ceramics, the disks of 11–13mm diameter and 1.6–2.2mm thickness
were polished and silver electrodes were painted on their both parallel
sides. DC resistivity of the samples was measured by means of Agilent
4339 B (Agilent Technologies, Japan) with the Agilent 16008 B mea-
suring cell. Dielectric constant and loss tangent were calculated from
the results of the capacitance measurements in a range of 20 Hz to
2MHz carried out at Agilent E 4980A.

3. Results and discussion

3.1. Properties of BaTiO3 press-powders prepared with different types of
temporary binders

Rheological tests of two kinds of press-powder prepared from
BaTiO3 with addition of 5 mass% PVA solution or paraffin as temporary
technological binders performed close values of the angle of repose and
of the bulk density regardless the nature of the binder (Table 1).

Berezhnoy equation, which shows the dependence of density of a
green body ρ on logarithm of applied pressure P from a range of
10–200MPa, is used often to compare the compaction ability of press-
powders [27,28]:

= +ρ A B lg P. (1)

The lower the ratio A/B the higher the compaction ability of a press-
powder. The experimental data on the density of green bodies pressed

Fig. 1. TEM image of BaTiO3 powder synthesized in supercritical water at
400 °C, 26.0 MPa.

Table 1
Rheological properties of BaTiO3 press-powders prepared with the addition of
different types of temporary technological binders.

Property Type of temporary technological binder

PVA (aq., 5%) Paraffin

Angle of repose 60.6° 60.1°
Bulk density (g cm−1) 1.14 1.16
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from BaTiO3 powders with addition of PVA or paraffin at 50–150MPa
and a linear approximation of these data according to the Eq. (1) are
shown in Fig. 2. The ratio A/B takes close values though in case of
paraffin it was slightly higher than when PVA was added (5.04 and
5.29, respectively).

The density of green bodies was 3.4–3.7 g cm−3 as in case of PVA,
and in case of paraffin as a binder. This value corresponded to 56–61%
of the theoretical density of BaTiO3 ceramics (6.01 g cm−3). It is known
that low density of green bodies (40–45% of the theoretical value) does
not allow production of dense ceramics. Higher green density (55–60%)
provides better densification on sintering and shows a positive corre-
lation with the density of final material [29]. The results showed that
the both types of temporary technological binders provide compaction
sufficient for subsequent sintering of dense ceramics.

From thermogravimetric analysis (TGA) of two types of press-
powders, in both cases the weight loss was observed in a wide tem-
perature range and mostly terminated by 500 °C (Fig. 3, a). It was re-
ported that elimination of PVA might last while the sample was being
heated up to 800 °C, elimination of paraffin from BaTiO3 based body –
up to 900 °C, but these processes could hardly be observed by TGA
[30,31]. It should be noted that the weight loss of press-powders with
PVA was only 3.57 mass.%, which was less than 5 mass.% added in-
itially. This fact pointed to evaporation of water from this type of press-
powder even during short-term storage in a closed storage tank.

Thermal effects observed by means of DSC showed the processes
occurred to the technological binders on heating of press-powders
(Fig. 3, b). Below 400 °C press-powder containing PVA evaporates
water and emits acetic acid which is formed as a result of partial de-
composition of the polymer [30]. Exothermic effects in this area were
observed about 279 and 325 °C. Full decomposition of polyvinyl chains
occurred above 400 °C and appeared as an exothermic effect at about

418 °C. Elimination of paraffin from BaTiO3 press-powder began from
its melting accompanying by an endothermic effect at 55 °C. Pyrolysis
of paraffin as of hydrocarbon mixture occurred in several stages at
temperature above 200 °C. An intensive exothermic effect at 254 °C and
less pronounced peaks at 352 and 403 °C corresponded to this process.

3.2. Composition and properties of the sintered ceramics

BaTiO3 crystals above 120–130 °C (Curie temperature for BaTiO3)
possess cubic symmetry and typical paraelectric properties. On cooling
below this temperature barium titanate undergoes a phase transition to
tetragonal modification which possesses practically important ferro-
electric properties. Such a phase transition is usually difficult in nano-
sized crystals [32,33]. High defect concentration and high specific
surface area impede spontaneous polarization. BaTiO3 nanocrystals
perform a size effect consisting in retention of metastable paraelectric
modification until the room temperature. Previously it was shown by
means of XRD and Raman spectroscopy that BaTiO3 crystals synthe-
sized in a medium of supercritical water were ferroelectric tetragonal at
room temperature [7].

The absence of side phases such as polytitanates is essential for
ferroelectric properties of BaTiO3. Polytitanates do not possess high
dielectric permittivity [11,34,35] and thus deteriorate functional
properties of ceramics.

Fig. 4 shows XRD patterns of BaTiO3 powder synthesized in super-
critical water and of ceramics prepared from it with the use of PVA (a)
or paraffin (b). The samples consisted of barium titanate (PDF-2 no. 00-
075-0460). The increase in peak intensity and decrease in its width
during the transition from powder to ceramics pointed to perfection of
crystal structure on sintering. In case of using PVA this effect was ob-
served for all the ceramic samples. In case of paraffin as a binder similar
result was fixed for sintering at 1250–1300 °C. The sintering at 1350 °C
led to broadening of peaks and decrease in their intensity. This might
sign the changing in mechanism of sintering at high temperature,
partial structure disorder, and formation of glass phase.

A transition from powder to ceramics was accompanied by an in-
crease in unit cell tetragonality (c/a ratio) at room temperature. This
value reached 1.0069 for the starting BaTiO3 powder and increased
after the sintering (Fig. 5). When ceramics were prepared with the
addition of PVA and sintered at 1250–1300 °C, its tetragonality was
1.0083–1.0084 (Fig. 5, a). Processing of a similar green body at 1350 °C
led to c/a =1.0086. Ceramic samples produced with the use of paraffin
as a binder possessed lower tetragonality (1.0076–1.0084), which
reached maximum after sintering at 1300 °C (Fig. 5, b).

Microstructure of ceramic samples substantially depended on the
type of temporary technological binder used for its preparation and on
the temperature of sintering. Fig. 6 shows the microstructure of samples
pressed at 150MPa and processed at different temperatures. Ceramics
sintered at 1250 °C consisted of rectangular and round-shaped grains

Fig. 2. Linear approximation of density of BaTiO3 green bodies with addition of
5% aqueous PVA or paraffin vs compacting pressure.

Fig. 3. TGA (a) and DSC (b) curves of BaTiO3 press-powders containing 5 mass. % of temporary technological binders: 5% aqueous PVA or paraffin.
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separated by a large amount of intergranular pores (Fig. 6, a, d).
Average grain size in the sample pressed with paraffin was
1.2 ± 0.4 µm (Fig. 6, d). The sample pressed with addition of PVA
consisted of smaller grains, 0.8 ± 0.2 µm (Fig. 6, a). Increase in the
temperature of sintering led to significant changes in microstructure of
samples pressed with paraffin (Fig. 6, e). When processing temperature
rose from 1250 to 1300 °C the growth of grain size from 1.2 to 4–5 µm
and formation of facets were observed as well as the decrease in the
amount of intergranular pores. Such changes were not found in case of
sintering of green bodies with the addition of PVA at 1250–1300 °C
(Fig. 6, a-b). Increase of temperature did not affect the size and ar-
rangement of grains and led to formation of areas with different degree
of compaction. A further increase in the sintering temperature to
1350 °C in the case of ceramics with a paraffin binder (Fig. 6, f) led to
intensive growth of grains and the formation of rounded intracrystalline
as well as elongated pores. In case of PVA, the structure of ceramics
consists of continuous networks of solid matter and pores (Fig. 6, c).

BaTiO3 ceramics are characterized by a solid-phase mechanism of
sintering which occurs due to diffusion. Depending on the character of

the diffusion, the sintering process can proceed predominantly in the
direction of consolidation or coarsening of grains [29,36]. Analysis of
the microstructure of the obtained samples showed that when paraffin
was used as binder, bulk diffusion and diffusion along the grain
boundaries occurred, accompanied by a change in the shape and size of
the pores and a general decrease in porosity (Fig. 6, d-e). At 1350 °C the
formation of a liquid phase also contributed the sintering process, as
indicated by the presence of pores of an elongated shape (Fig. 6, f). In
the case of using PVA as a binder, the green bodies showed lower sin-
tering activity. The change in the microstructure observed at
1250–1350 °C was typical for the realization of surface diffusion, which
facilitated the grain growth while maintaining intercrystalline porosity
(Fig. 6, b, d, f).

Local microscopic study of ceramics was supplemented by studying
its integral structural characteristics, such as density and porosity.
Using a temporary technological binder on both aqueous and non-
aqueous basis, an increase in the density of the sintered BaTiO3 cera-
mics was observed with an increase in the compaction pressure from 50
to 150MPa and a sintering temperature in the range 1250–1350 °C, but
the character of this growth was different in the two cases (Fig. 7).
Ceramics prepared with the use of paraffin (Fig. 7, b) possessed a re-
lative density of 0.82 at the lowest values of applied pressure and firing
temperature (50MPa and 1250 °C) to 0.87 at the highest values of these
parameters (150MPa and 1350 °C). In the case of using PVA as a binder
(Fig. 7, a), the relative density of the ceramics increased from 0.65 to
0.89 with a similar change in the parameters of sintering. Under the
mildest operating conditions (50MPa and 1250 °C), the density of the
obtained ceramics slightly differed from that of a green body. However,
this value increased rapidly with increasing sintering temperature.
When using paraffin, a significant compaction was achieved already at
1250 °C. For both types of binders it was characteristic that an increase
in temperature of sintering led to a more pronounced densification of
the samples than an increase in the compacting pressure. After the
sintering at the highest of the temperatures used, samples prepared
under the same conditions had close density values, regardless of the
nature of the temporary technological binder.

The increase in the compacting pressure and the sintering tem-
perature led to a significant reduction in the open porosity of the
ceramics when either PVA or paraffin were used as temporary binders
(Fig. 8). In samples pressed with paraffin, the maximum value of open
porosity reached 14.3%, the minimum value was 2.4%. For samples
from another series (PVA), these values corresponded to 31.9% and
4.8%, respectively. For each pair of values of compacting pressure and
sintering temperature, the value of open porosity of ceramics prepared
using PVA was 2–3 times higher than its value for ceramics pressed with
paraffin. Taking into account that the maximum density of ceramics
obtained with two different binders had similar values, it can be con-
cluded that in samples prepared using paraffin, the proportion of closed
pores was much higher than for samples with PVA. This indicated a
more intensive growth of grains in samples with paraffin additive

Fig. 4. XRD patterns of raw BaTiO3 powder and ceramics produced by com-
paction at 150MPa and sintering at 1250–1350 °C with the use of temporary
technological binders: a – 5% aqueous PVA, b – paraffin.

Fig. 5. Cell parameters and tetragonality c/a of BaTiO3 ceramics produced by compaction at 150MPa and sintering at 1250–1350 °C with the use of temporary
technological binders: a – 5% aqueous PVA, b – paraffin.
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compared to samples originally containing PVA, and is consistent with
the data of a microscopic study of the structure.

The type of temporary technological binder also had a significant
effect on the compressive strength of ceramic samples (Fig. 9). On

average BaTiO3 ceramics have a compressive strength of about
300–450MPa [37]. All the samples, prepared with the use of paraffin,
possessed a higher compressive strength than samples from the series
with PVA. In the case of PVA, a slight increase in the tensile strength

Fig. 6. SEM images of the surface of BaTiO3 ceramics. Pressure of 150MPa was applied for compaction of green bodies. The sintering temperature is indicated at each
image. The temporary technological binders used: a, b, c – 5% aqueous PVA; d, e, f – paraffin.

Fig. 7. Relative density of BaTiO3 ceramics processed by compaction at 50–150MPa and sintering at 1250–1350 °C with the use of temporary technological binders:
a – 5% aqueous PVA, b – paraffin.
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was observed with an increase in the compacting pressure and a more
pronounced growth - with an increase in the sintering temperature. The
ultimate strength as a whole increased from 77 to 320MPa. With the
use of paraffin as a binder, the increase in the tensile strength of sam-
ples with pressure and temperature was less significant (from 448 to
529MPa). Thus, the samples of the series produced with addition of
paraffin possessed an increased compressive strength.

As a result of pressing and sintering of press powders with two types
of temporary technological binder (paraffin and aqueous PVA solution)
having close rheological properties and the compacting ability, two
series of samples of ceramics with different properties were obtained.
Comparison of the structural characteristics of samples from two series
showed that when using paraffin as a binder, the powder particles

exhibited higher activity during sintering and subsequent grain growth
than when using PVA. The essential difference in the properties of the
obtained ceramics with two different types of binders was determined
to a large extent by the process of their removal from bodies during
heating. As it was shown above, paraffin removal began with its melting
and outflow from the body and was accompanied by the action of
pulling capillary forces on the powder particles, thereby promoting
their mutual orientation and additional compaction [38]. The changes
to which PVA underwent on heating occurred inside the body. In the
initial stages, additional connection of molecular chains was possible
with an increase in the degree of polymerization. As a result, agglom-
erates of BaTiO3 particles were separated by polymer films. Later on,
when the polymer burned out, the body underwent mechanical stress
due to the pressure gradient caused by the flow of gases from the inside.
Thus, when using PVA in the process of pressing, further compaction
and rearrangement of the structure of the samples during sintering was
difficult. The effect of compacting the body, accompanying the removal
of paraffin, had a positive effect on the uniformity and mechanical
strength of the resulting ceramics.

3.3. Electrophysical properties of BaTiO3 ceramics

The most important characteristics of ceramic materials for capa-
citors are electrical conductivity, dielectric permittivity and dielectric
losses. To estimate the electrical conductivity, the inverse of the con-
ductivity is often used, the resistance. Fig. 10 shows the dependence of
the specific volume resistance of BaTiO3 ceramics on the conditions of
its fabrication. With the increase in the sintering temperature, a pro-
nounced increase in the resistivity of the ceramics prepared with the
use of paraffin as a binder was observed (Fig. 10, b). This result

Fig. 8. Open porosity of BaTiO3 ceramics processed by compaction at 50–150MPa and sintering at 1250–1350 °C with the use of temporary technological binders: a –
5% aqueous PVA, b – paraffin.

Fig. 9. Compressive strength of BaTiO3 ceramics processed by compaction at
50–150MPa and sintering at 1250–1350 °C with the use of 5% aqueous PVA or
paraffin as temporary technological binders.

Fig. 10. Specific volume resistance of BaTiO3 ceramics processed by compaction at 50–150MPa and sintering at 1250–1350 °C with the use of temporary tech-
nological binders: a – 5% aqueous PVA, b – paraffin.
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conformed to the data on the density and porosity of these samples.
Moisture inevitably contained in open pores under experimental con-
ditions increased the conductivity of the material and reduced its re-
sistance [39]. Thus, the smallest values of resistivity corresponded to
the most porous samples in this series. In a series of samples manu-
factured using PVA, the resistivity had lower values, and the depen-
dence on the sintering temperature was less pronounced (Fig. 10, a).

Fig. 11 shows the frequency dependences of the dielectric permit-
tivity of BaTiO3 ceramics fabricated with the use of paraffin and PVA.
Permittivity increased with decreasing frequency. In the low-frequency
region, the dielectric was polarized due to the redistribution of free
charges in its volume [28]. In the region of medium frequencies, this
type of polarization contributed less to its overall value, and the di-
electric constant of the samples reached the plateau. In a series of
samples prepared using paraffin as a binder (Fig. 11, d-e), the highest
permittivity values (2590–2700) were achieved after the sintering at
temperature of 1300 °C. For ceramic samples prepared with addition of
PVA, the maximum permittivity values (2050–2150) were recorded
after the sintering at 1350 °C (Fig. 11, a-c). It should be noted that the

nature of the changes in permittivity with the sintering temperature
correlated with the changes in the tetragonality c/a in both series of
samples (see Fig. 5). The ratio c/a, characterizing the degree of tetra-
gonal distortion of the BaTiO3 cell, is considered as an indirect estimate
of the permittivity, since distortion is the main reason for the high
permittivity of this material [40]. The microstructure features, such as
porosity and the presence of an amorphous phase prevent spontaneous
polarization and lead to a decrease in tetragonality c/a and dielectric
permittivity. Along with this, an important role for the value of per-
mittivity is played by the grain size and the effect of paraelectric grain
boundaries [41]. George et al. [42] fabricated BaTiO3 ceramics with a
grain size of 0.5–2 µm and a relative density of about 97%, having a
dielectric constant of 1223 at room temperature at a field frequency of
1MHz. Bocquet et al. [43] reported for a similar ceramics ε=2000. For
ceramics BaTiO3 with a grain size of 0.2–0.8 µm and a density of 98%,
the value ε=2780 is given in their work. Ávila et al. [44] reported a
value of ε=1000–1100 with a grain size of 0.2–0.8 µm, but a lower
relative density of 83–90%.

The increase in the dielectric constant and the loss tangent at low

Fig. 11. Frequency dependence of dielectric permittivity of BaTiO3 ceramics processed by compaction at 50–150MPa and sintering at 1250–1350 °C with the use of
temporary technological binders: a-c – 5% aqueous PVA, d-f – paraffin.
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frequencies depend to a large extent on the conditions of the sintering
[28]. Fig. 12 showed that at a low compacting pressure (50MPa) and
low sintering temperature (1250 °C), the greatest increase in dielectric
losses occurred in the considered frequency range, both in a series
prepared with the use paraffin and in a series with PVA. Ceramics with
the lowest dielectric losses (0.007–0.011) and the least pronounced its
frequency dependence was obtained with the use of paraffin during
sintering at 1300–1350 °C. One of the lowest values of tgδ =0.0035 for
BaTiO3 ceramics is given in [42]. High, but acceptable, values for such
ceramics are the results of [45], which are 0.021–0.037. In ceramic
materials, dielectric losses are usually made up of the energy expended
on electrical conductivity, polarization, and ionization of gases con-
tained in pores [46]. For ferroelectric materials, the largest contribution
is made by losses to polarization.

A study of ceramics prepared from fine-crystalline BaTiO3 synthe-
sized in supercritical water showed the perspective of its use for the
production of capacitor ceramics with high dielectric characteristics.
Depending on the model of the capacitor and its application, the
ceramic layer performs different permittivity (from 100 up to 18,000)

and the loss tangent in a certain range of operating temperatures (−
55…125 °C) [9,10]. The achievement of the required characteristics
occurs, in particular, by chemical modification of barium titanate. Ac-
cording to research data and industrial report, the ceramics produced
from pure barium titanate powder and recommended for production of
capacitors were characterized by a permittivity of 1050–3000 and a loss
tangent of the order of 10−2 at room temperature [47–49]. In the
current work, comparable results were obtained on the dielectric con-
stant of ceramics from pure barium titanate powder. When using the
technology of semidry pressing with high-temperature sintering, the
best functional properties were obtained for the BaTiO3 material com-
pacted with the use of paraffin as a temporary technological binder.

4. Conclusion

In the present work, the process of sintering of fine-crystalline
BaTiO3 synthesized in supercritical water in accordance with the pre-
viously developed technique was studied in detail. The structural, me-
chanical and electro-physical properties of the ceramics obtained from

Fig. 12. Frequency dependence of loss tangent of BaTiO3 ceramics processed by compaction at 50–150MPa and sintering at 1250–1350 °C with the use of temporary
technological binders: a-c – 5% aqueous PVA, d-f – paraffin.
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BaTiO3 powder were studied. The nature of the temporary technolo-
gical binder and the mechanism of its removal during the sintering of
ceramics had a significant influence on the microstructure and di-
electric characteristics of the final BaTiO3 material. Ceramics with
homogeneous structure were obtained from the synthesized powder
using paraffin as a temporary technological binder by pressing at
100–150MPa and subsequent sintering at a temperature of 1300 °C.
The dielectric constant of the prepared ceramics (88% of theoretical
density) was 2819 at 1 kHz and 2630 at 1MHz. Based on the obtained
result, it can be concluded that BaTiO3, synthesized in supercritical
water medium, is a promising raw material for the production of ca-
pacitor ceramics.

Acknowledgements

The work was supported in part by M.V. Lomonosov Moscow State
University Program of Development. The work was carried out with the
financial support of The Ministry of Education and Science of the
Russian Federation within the framework of the State Task “The
Development of a Perspective Method for Obtaining of Ultra Dispersive
Barium Titanate (BaTiO3) as a Main Component in the Production of
Ceramic Capacitors” No. 10.2729.2017 from May, 31 2017 and with
the use of equipment of the Centre of Collective Usage “High
Technology in Engineering” of Moscow Polytech (Number for pub-
lications: 10.2729.2017/4.6.).

References

[1] M.N. Danchevskaya, Y.D. Ivakin, S.N. Torbin, G.P. Panasyuk, V.N. Belan,
I.L. Voroshilov, Scientific basis of technology of fine-crystalline quartz and cor-
undum, High Press. Res. 20 (2001) 229–239, http://dx.doi.org/10.1080/
08957950108206170.

[2] S.N. Torbin, M.N. Danchevskaya, L.F. Martynova, G.P. Muravieva, Role of inter-
mediate solid phase in the process of magnesium and lanthanum aluminates for-
mation in sub- and supercritical water, High Press. Res. 20 (2001) 109–119, http://
dx.doi.org/10.1080/08957950108206158.

[3] A.V. Maryashkin, Y.D. Ivakin, M.N. Danchevskaya, G.P. Murav, M.N. Kirikova,
Synthesis of corundum doped with cerium in supercritical water fluid, Mosc. Univ.
Chem. Bull. 66 (2011) 290–298, http://dx.doi.org/10.3103/S0027131411050087.

[4] Y.D. Ivakin, M.N. Danchevskaya, G.P. Muravieva, Kinetic model and mechanism of
Y3Al5O12 formation in hydrothermal and thermovaporous synthesis, High Press.
Res. 20 (2001) 87–98, http://dx.doi.org/10.1080/08957950108206156.

[5] M.N. Danchevskaya, Y.D. Ivakin, S.N. Torbin, G.P. Muravieva, O.G. Ovchinnikova,
Thermovaporous synthesis of complicated oxides, J. Mater. Sci. 41 (2006)
1385–1390, http://dx.doi.org/10.1007/s10853-006-7411-0.

[6] A. Kholodkova, M. Danchevskaya, A. Fionov, Study of nanocrystalline barium ti-
tanate formation in water vapour conditions, in: International Conference
NANOCON 2012, Brno, Czech Republic, EU, 2012: pp. 3–8.

[7] A.A. Kholodkova, M.N. Danchevskaya, Y.D. Ivakin, G.P. Muravieva, A.S. Tyablikov,
Crystalline barium titanate synthesized in sub- and supercritical water, J. Supercrit.
Fluids 117 (2016), http://dx.doi.org/10.1016/j.supflu.2016.06.018.

[8] N.P. Bansal, A.R. Boccaccini (Eds.), Ceramics and Composites Processing Methods,
first ed., John Wiley & Sons, Inc, 2012.

[9] H. Kishi, Y. Mizuno, H. Chazono, Base-metal electrode-multilayer ceramic capaci-
tors: past, present and future perspectives, Jpn. J. Appl. Phys. 42 (2003) 1–15.

[10] C. Pithan, D. Hennings, R. Waser, Progress in the synthesis of nanocrystalline
BaTiO3 powders for MLCC, Int. J. Appl. Ceram. Technol. 2 (2005) 1–14, http://dx.
doi.org/10.1111/j.1744-7402.2005.02008.x.

[11] P.P. Phule, S.H. Risbud, Low-temperature synthesis and processing of electronic
materials in the BaO-TiO2 system, J. Mater. Sci. 25 (1990) 1169–1183, http://dx.
doi.org/10.1007/BF00585422.

[12] P. Nanni, M. Viviani, V. Buscaglia, Synthesis of dielectric ceramic materials, in:
H.S. Nalwa (Ed.), Handb. Low High Dielectr. Constant Mater. Their Appl. Academic
Press, 1999, pp. 429–455, , http://dx.doi.org/10.1016/B978-012513905-2/
50011-X.

[13] G. Philippot, C. Elissalde, M. Maglione, C. Aymonier, Supercritical fluid technology:
a reliable process for high quality BaTiO3 based nanomaterials, Adv. Powder
Technol. 25 (2014) 1415–1429, http://dx.doi.org/10.1016/j.apt.2014.02.016.

[14] V.L. Balkevich, Technical ceramics, 2nd ed., Stroyizdat, Moscow (in Russian).
[15] N.P. Bogoroditskii, V.V. Pasynkov, B.M. Tareev, Electrotechnical materials, 7th ed.,

Energoatomizdat, Leningrad (in Russian).
[16] K.G. Zemlyanoi, Temporary technological binders in industry, Refract. Ind. Ceram.

53 (2013) 283–288, http://dx.doi.org/10.1007/s11148-013-9512-z.
[17] V. Vinothini, P. Singh, M. Balasubramanian, Synthesis of barium titanate nano-

powder using polymeric precursor method, Ceram. Int. 32 (2006) 99–103, http://
dx.doi.org/10.1016/j.ceramint.2004.12.012.

[18] L. Simon-Seveyrat, A. Hajjaji, Y. Emziane, B. Guiffard, D. Guyomar, Re-

investigation of synthesis of BaTiO3 by conventional solid-state reaction and oxalate
coprecipitation route for piezoelectric applications, Ceram. Int. 33 (2007) 35–40,
http://dx.doi.org/10.1016/j.ceramint.2005.07.019.

[19] H.I. Hsiang, C.S. Hsi, C.C. Huang, S.L. Fu, Sintering behavior and dielectric prop-
erties of BaTiO3 ceramics with glass addition for internal capacitor of LTCC, J.
Alloy. Compd. 459 (2008) 307–310, http://dx.doi.org/10.1016/j.jallcom.2007.04.
218.

[20] H. Gong, X. Wang, S. Zhang, H. Wen, L. Li, Grain size effect on electrical and re-
liability characteristics of modified fine-grained BaTiO3 ceramics for MLCCs, J. Eur.
Ceram. Soc. 34 (2014) 1733–1739, http://dx.doi.org/10.1016/j.jeurceramsoc.
2013.12.028.

[21] W. Chen, X. Zhao, J. Sun, L. Zhang, L. Zhong, Effect of the Mn doping concentration
on the dielectric and ferroelectric properties of different-routes-fabricated BaTiO3-
based ceramics, J. Alloy. Compd. 670 (2016) 48–54, http://dx.doi.org/10.1016/j.
jallcom.2016.01.187.

[22] T. Zheng, J. Wu, Quenched bismuth ferrite-barium titanate lead-free piezoelectric
ceramics, J. Alloy. Compd. 676 (2016) 505–512, http://dx.doi.org/10.1016/j.
jallcom.2016.03.205.

[23] N. Sareecha, W. Ali Shah, M. Anis-ur-Rehman, M. Latif Mirza, M.S. Awan, Electrical
investigations of BaTiO3 ceramics with Ba/Ti contents under influence of tem-
perature, Solid State Ion. 303 (2017) 16–23, http://dx.doi.org/10.1016/j.ssi.2017.
02.003.

[24] K.L. Ying, T.E. Hsieh, Sintering behaviors and dielectric properties of nanocrystal-
line barium titanate, Mater. Sci. Eng. B Solid-State Mater. Adv. Technol. 138 (2007)
241–245, http://dx.doi.org/10.1016/j.mseb.2007.01.002.

[25] H. Tanaka, S. Fukai, N. Uchida, K. Uematsu, A. Sakamoto, Y. Nagao, Effect of
moisture on the structure and fracture strength of ceramic green bodies, J. Am.
Ceram. Soc. (1993) 3077–3080.

[26] V. Petrícek, M. Dušek, L. Palatinus, Crystallographic computing system JANA2006:
general features, Z. Fur Krist. 229 (2014) 345–352, http://dx.doi.org/10.1515/zkri-
2014-1737.

[27] I.Y. Guzman, Chemical technology of ceramics, OOO RIF Stroymaterialy, Moscow
(in Russian), 2003.

[28] K. Okadzaki, Technology of ceramic dielectrics, Energiya, Moscow (in Russian),
1976.

[29] L.C. De Jonghe, M.N. Rahaman, Sintering of ceramics, Handb. Adv. Ceram. Mater.
Appl. Process. Prop. 1–2 (2003) 187–264, http://dx.doi.org/10.1016/B978-
012654640-8/50006-7.

[30] S. Baklouti, J. Bouaziz, T. Chartier, J.F. Baumard, Binder burnout and evolution of
the mechanical strength of dry-pressed ceramics containing poly (vinyl alcohol), J.
Eur. Ceram. Soc. 21 (2001) 1087–1092, http://dx.doi.org/10.1016/S0955-
2219(00)00305-8.

[31] E. Medvedovski, M. Peltsman, Low pressure injection molding of advanced ceramic
components with complex shapes for mass production, Adv. Process. Manuf.
Technol. Struct. Multifunct. Mater. VI (33) (2012) 35–52.

[32] T. Hoshina, Size effect of barium titanate: fine particles and ceramics, J. Ceram. Soc.
Jpn. 121 (2013) 156–161, http://dx.doi.org/10.2109/jcersj2.121.156.

[33] S. Aoyagi, Y. Kuroiwa, A. Sawada, H. Kawaji, T. Atake, Size effect on crystal
structure and chemical bonding nature in BaTiO3 nanopowder, J. Therm. Anal.
Calorim. 81 (2005) 627–630, http://dx.doi.org/10.1007/s10973-005-0834-z.

[34] T. Ahmad, A.K. Ganguli, Synthesis, characterization and dielectric properties of
nanocrystalline strontium zirconate prepared through a modified reverse micellar
route, Mater. Lett. 60 (2006) 3660–3663, http://dx.doi.org/10.1016/j.matlet.2006.
03.079.

[35] S. Tashiro, K. Ishii, Phase change in calcination process for BaTi2O5 and proposal of
a new temperature profile, Adv. Powder Technol. 25 (2014) 761–766, http://dx.
doi.org/10.1016/j.apt.2013.11.007.

[36] W.D. Kingery, H.K. Bowen, D.R. Uhlmann, Introduction to Ceramics, 2nd ed., John
Wiley & Sons, Inc, New York, 1976.

[37] L.M. Levinson (Ed.), Electronic Ceramics: Properties: Devices, and Applications,
Marcel Dekker Inc, New York, 1988.

[38] T. Ring, Fundamentals of Ceramic Powder Processing and Synthesis, 1st ed.,
Academic Press, 1996.

[39] A.T. Volochko, K.B. Podbolotov, E.M. Dyatlova, Refractory ceramic materials,
Belaruskaya Navuka, Minsk (in Russian), 2013.

[40] D.H. Yoon, Tetragonality of barium titanate powder for a ceramic capacitor ap-
plication, J. Ceram. Process. Res. 7 (2006) 343–354.

[41] V. Buscaglia, M.T. Buscaglia, M. Viviani, L. Mitoseriu, P. Nanni, V. Trefiletti,
P. Piaggio, I. Gregora, T. Ostapchuk, J. Pokorný, J. Petzelt, Grain size and grain
boundary-related effects on the properties of nanocrystalline barium titanate
ceramics, J. Eur. Ceram. Soc. 26 (2006) 2889–2898, http://dx.doi.org/10.1016/j.
jeurceramsoc.2006.02.005.

[42] C.N. George, J.K. Thomas, H.P. Kumar, M.K. Suresh, V.R. Kumar, P.R.S. Wariar,
R. Jose, J. Koshy, Characterization, sintering and dielectric properties of nano-
crystalline barium titanate synthesized through a modified combustion process,
Mater. Charact. 60 (2009) 322–326, http://dx.doi.org/10.1016/j.matchar.2008.09.
012.

[43] J.F. Bocquet, K. Chhor, C. Pommier, Barium titanate powders synthesis from sol-
vothermal reaction and supercritical treatment, Mater. Chem. Phys. 57 (1999)
273–280, http://dx.doi.org/10.1016/S0254-0584(98)00233-8.

[44] H.A. Ávila, L.A. Ramajo, M.M. Reboredo, M.S. Castro, R. Parra, Hydrothermal
synthesis of BaTiO3 from different Ti-precursors and microstructural and electrical
properties of sintered samples with submicrometric grain size, Ceram. Int. 37
(2011) 2383–2390, http://dx.doi.org/10.1016/j.ceramint.2011.03.032.

[45] W. Lu, M. Quilitz, H. Schmidt, Nanoscaled BaTiO3 powders with a large surface area
synthesized by precipitation from aqueous solutions: preparation, characterization

A.A. Kholodkova et al. Ceramics International 44 (2018) 13129–13138

13137

http://dx.doi.org/10.1080/08957950108206170
http://dx.doi.org/10.1080/08957950108206170
http://dx.doi.org/10.1080/08957950108206158
http://dx.doi.org/10.1080/08957950108206158
http://dx.doi.org/10.3103/S0027131411050087
http://dx.doi.org/10.1080/08957950108206156
http://dx.doi.org/10.1007/s10853-006-7411-0
http://dx.doi.org/10.1016/j.supflu.2016.06.018
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref7
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref7
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref8
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref8
http://dx.doi.org/10.1111/j.1744-7402.2005.02008.x
http://dx.doi.org/10.1111/j.1744-7402.2005.02008.x
http://dx.doi.org/10.1007/BF00585422
http://dx.doi.org/10.1007/BF00585422
http://dx.doi.org/10.1016/B978-012513905-2/50011-X
http://dx.doi.org/10.1016/B978-012513905-2/50011-X
http://dx.doi.org/10.1016/j.apt.2014.02.016
http://dx.doi.org/10.1007/s11148-013-9512-z
http://dx.doi.org/10.1016/j.ceramint.2004.12.012
http://dx.doi.org/10.1016/j.ceramint.2004.12.012
http://dx.doi.org/10.1016/j.ceramint.2005.07.019
http://dx.doi.org/10.1016/j.jallcom.2007.04.218
http://dx.doi.org/10.1016/j.jallcom.2007.04.218
http://dx.doi.org/10.1016/j.jeurceramsoc.2013.12.028
http://dx.doi.org/10.1016/j.jeurceramsoc.2013.12.028
http://dx.doi.org/10.1016/j.jallcom.2016.01.187
http://dx.doi.org/10.1016/j.jallcom.2016.01.187
http://dx.doi.org/10.1016/j.jallcom.2016.03.205
http://dx.doi.org/10.1016/j.jallcom.2016.03.205
http://dx.doi.org/10.1016/j.ssi.2017.02.003
http://dx.doi.org/10.1016/j.ssi.2017.02.003
http://dx.doi.org/10.1016/j.mseb.2007.01.002
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref22
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref22
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref22
http://dx.doi.org/10.1515/zkri-2014-1737
http://dx.doi.org/10.1515/zkri-2014-1737
http://dx.doi.org/10.1016/B978-012654640-8/50006-7
http://dx.doi.org/10.1016/B978-012654640-8/50006-7
http://dx.doi.org/10.1016/S0955-2219(00)00305-8
http://dx.doi.org/10.1016/S0955-2219(00)00305-8
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref26
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref26
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref26
http://dx.doi.org/10.2109/jcersj2.121.156
http://dx.doi.org/10.1007/s10973-005-0834-z
http://dx.doi.org/10.1016/j.matlet.2006.03.079
http://dx.doi.org/10.1016/j.matlet.2006.03.079
http://dx.doi.org/10.1016/j.apt.2013.11.007
http://dx.doi.org/10.1016/j.apt.2013.11.007
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref31
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref31
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref32
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref32
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref33
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref33
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref34
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref34
http://dx.doi.org/10.1016/j.jeurceramsoc.2006.02.005
http://dx.doi.org/10.1016/j.jeurceramsoc.2006.02.005
http://dx.doi.org/10.1016/j.matchar.2008.09.012
http://dx.doi.org/10.1016/j.matchar.2008.09.012
http://dx.doi.org/10.1016/S0254-0584(98)00233-8
http://dx.doi.org/10.1016/j.ceramint.2011.03.032


and sintering, J. Eur. Ceram. Soc. 27 (2007) 3149–3159, http://dx.doi.org/10.
1016/j.jeurceramsoc.2007.01.002.

[46] E.S. Lukin, N.T. Andrianov, Technical analysis and control of ceramics production,
Stroyizdat, Moscow (in Russian), 1975.

[47] S. Kimura, Flame-sprayed barium titanate as a capacitor dielectric, IEEE Trans.
Parts Mater. Pack. 6 (1970) 3–11, http://dx.doi.org/10.1109/TPMP.1970.

1136249.
[48] L.S. Chen, S.L. Fu, K.D. Huang, Barium titanate-based capacitors buried into

ceramic substrates, Jpn. J. Appl. Phys. Part 2 Lett. 37 (1998) L1241–L1243.
[49] C.R. Koripella, Dielectrics beyond barium titanate, TechTopics 2 (1992) 1–3

〈http://www.kemet.com/Lists/TechnicalArticles/Attachments/70/
V02N01%20Diel%20other%20than%20BaTiO3.pdf〉.

A.A. Kholodkova et al. Ceramics International 44 (2018) 13129–13138

13138

http://dx.doi.org/10.1016/j.jeurceramsoc.2007.01.002
http://dx.doi.org/10.1016/j.jeurceramsoc.2007.01.002
http://dx.doi.org/10.1109/TPMP.1970.1136249
http://dx.doi.org/10.1109/TPMP.1970.1136249
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref41
http://refhub.elsevier.com/S0272-8842(18)31009-5/sbref41
http://www.kemet.com/Lists/TechnicalArticles/Attachments/70/V02N01%20Diel%20other%20than%20BaTiO3.pdf
http://www.kemet.com/Lists/TechnicalArticles/Attachments/70/V02N01%20Diel%20other%20than%20BaTiO3.pdf

	Properties of barium titanate ceramics based on powder synthesized in supercritical water
	Introduction
	Experimental
	Materials
	Methods

	Results and discussion
	Properties of BaTiO3 press-powders prepared with different types of temporary binders
	Composition and properties of the sintered ceramics
	Electrophysical properties of BaTiO3 ceramics

	Conclusion
	Acknowledgements
	References




