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Abstract Barium titanate, which is characterized by a
positive temperature coefficient of resistance (PTCR), is
widely used in practice. At the same time, it is unknown
why only a small percentage of the introduced donor
dopant takes part in the formation of PTCR effect, which
phases appear at grain boundaries, how the introduced
acceptor dopants affect the properties of grains. Elucidation
of the above questions is of considerable scientific and
practical interest. It has been shown that the phases
BagTi 7040 and Y,Ti O, precipitate on grains of barium
titanate doped with donor dopant (yttrium). We identified
paramagnetic impurities (iron, manganese, chromium) in
starting reagents. These impurities can occupy titanium
sites. Therefore, the part of the donor dopant that is spent
on the charge exchange of acceptor dopants does not par-
ticipate in the charge exchange of titanium Ti*" — Ti**,
which is responsible for the appearance of PTCR effect in
barium titanate. It has been found that an extra acceptor
dopant (manganese) is distributed mainly at grain bound-
aries and in the grain outer layer. It has been shown
that manganese ions introduced additionally (as acceptor
dopants) increase the potential barrier at grain boundaries
and form a high-resistance outer layer in PTCR ceramics.
The resistance of grains, outer layers, and grain boundaries
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as a function of the manganese content has been
investigated.

Introduction

Barium metatitanate, which is characterized by a positive
temperature coefficient of resistance, is widely used in
engineering. One of the conditions for the appearance of
the above effect is potential barrier formation at grain
boundaries. Therefore, in the synthesis of materials in
which PTCR effect manifests itself, conditions are purpo-
sively created at which high-resistance boundaries and
semiconductive ceramic grains are formed. This is
achieved by partial substitution of barium by three-valent
ions (for example, Y, La, Nd, etc.) [, 2] or titanium by
ions of the fifth or sixth group (for example, Nb, Ta, Mo,
etc.) [3, 4]. At the same time many questions remain not
elucidated. For instance, it is unknown: (1) on what pro-
cesses that occur during the formation of PTCR materials
and in what proportions the introduced rare-earth ions (e.g.
yttrium ions) are spent; (2) what extra phases are formed at
grain boundaries; (3) how the acceptor dopants introduced
additionally affect the properties of grains, grain boundary,
and the outer layer (the intermediate region between grain
and grain boundary). It is to the elucidation of these
questions that this article is devoted.

An important process in the formation of PTCR prop-
erties during sintering in air is the oxidation of grain
boundaries on cooling. It is difficult to investigate these
oxidation processes using diffraction methods because the
doping level does not exceed one percent, and only outer
layers of grains are usually oxidized. To investigate the
processes occurring at grain boundaries, the oxidation
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processes in the reduced form of fine-grained powders can
be investigated supposing that the same processes occur at
grain boundaries. In fine-grained powders, the oxidized
area increases substantially, resulting in an increase in the
percentage of the phases, which are formed on oxidation
and, therefore, it is possible to use diffraction methods for
the investigation of phase composition. It is known that, in
comparison to the synthesis in air, the degree of substitu-
tion of rare-earth elements for barium ions is higher when
barium titanate is synthesized in a reducing atmosphere.
Therefore, by investigating the reduced form of barium
titanate after oxidation it is possible to obtain information
about the phases, which are formed at grain boundaries.
This approach was used by the authors of [9] for investi-
gations of microstructural changes during oxidation of the
reduced form of lanthanum-doped barium titanate.
Although yttrium-doped barium titanate has good electro-
physical characteristics, the redox processes during its
synthesis are not described in the literature.

Experimental

Extra-pure BaCO5 (purity 99.999%)," TiO, (rutile, purity
99.99%),> and Y,O5 (purity 99.99%)* were used as initial
reagents. The powders were mixed in the 1:1.02:x ratio
(x = 0.004—0.025) and ball-milled in an agate mortar. The
mixtures were granulated with the addition of 10% poly-
vinyl alcohol, pressed into pellets (10 mm in diameter and
2 mm in thickness) by uniaxial pressing at 150 MPa, and
sintered under reduction conditions (Po, = 107*Pa) at
1,400 °C for 4 h. The heating and cooling rates for all
samples were 300 °C h™'. Under these conditions, yttrium
is incorporated into barium titanate lattice in amounts
sufficient for X-ray analysis (yttrium solubility limit under
these conditions reaches ca. 4 mol% Yg, [5], while in the
case of sintering in air it does not exceed 1.5 mol% Yg,
[6]). The samples with an yttrium content of 1 mol% (less
than solubility limit in the case of synthesis in air) and
2.5 mol% (more than solubility limit in the case of syn-
thesis in air, but less than solubility limit at P, = 1074 Pa)
were chosen for investigation. The ratios of cation contents
measured using wave-dispersion spectroscopy (WDS) in
grains of solid solutions were in good agreement with the
nominal compositions of the samples. As-fired ceramic
pellets and powder after grinding and milling of ceramic

' Donetsk plant for chemical reagents, Donetsk, Ukraine; Manufac-
turer’s analysis: Fe < 3 ppm, Mn < 3 ppm, Cu < | ppm.

2 “Krasnyi Khimik>, St. Petersburg, Russia; Manufacturer’s analy-
sis: Fe < 3 ppm, Al < 2 ppm, Ca < 4 ppm.

3 “Krasnyi Khimik’’, St. Petersburg, Russia. Manufacturer’s analy-
sis: rare-earth oxides < 1 ppm, Fe,O3 <3 ppm; CaO < 5 ppm;
CuO < 1 ppm; PbO < 2 ppm.

pellets and sifting through a nylon mesh with 40 x 40 pm
grid were used for oxidation. Samples were oxidized at
1,150 °C for 20 h. The powders were used for X-ray
investigations, and the tablets were used for electron
microscopy.

The phases precipitated during the oxidation process
were characterized by X-ray powder diffractometry
(XRPD) using DRON-4-07 (Cu Ko radiation; 40 kV,
20 mA) and transmission electron microscopy (TEM)
using JEM 2000 FX, JEOL, Tokyo, Japan (LaBg¢ cathode;
accelerating voltage, 200 kV). Bright-field (BF) and dark-
field (DF) imaging in combination with selected area
electron diffraction (SAED), microdiffraction (MD), and
electron-dispersive X-ray spectroscopy (EDXS) were used.

Impedance data were obtained using a 1260 Impedance/
Gain-phase Analyzer (Solartron Analytical) in the range
100 Hz to 1 MHz and a VM-560 Q-meter in the range
50 kHz to 35 MHz. The components of the equivalent
circuit were identified using the Frequency Response
Analyzer 4.7 program.

Electron-spin resonance (ESR) spectra were recorded
using a spectrometer operating at a microwave frequency
of 9.2-9.4 GHz.

Results and discussion

Undoped barium titanate is known to have a high resistivity
(1010—1012 Q cm) [7]. On partial substitution of rare-earth
ions (e.g. yttrium ions) for barium ions, the resistivity
decreases by several orders of magnitude, and the ceramic
becomes conducting.

The highest conductivity of Y-doped barium titanate at
room temperature is 10 Q' m™', which is in good
agreement with literature data [7]. An yttrium concentra-
tion of the order of 5 10*° m™> (2,000—4,000 ppm) is
necessary for this. Measurements of thermal emf and Hall
effect [8] showed that the electron mobility (u) in BaTiO5
is 5 x 10°m? V2 57!, The conductivity ¢ is given by
g = e n u, where e is electron charge of 1.6 x 107 C,
n is the electron concentration, and u is the electron
mobility. Using the above equation, the conduction elec-
tron concentration can be determined. This allows the
estimation of the concentration of the introduced yttrium,
which gives rise to conduction. Calculations show the
electron concentration to be (1-2) x 10* m™3, which is
only 2-5% of the donor (yttrium) concentration.

It is clear that some amount of the yttrium ions can be
spent on charge exchange of paramagnetic impurities,
which are usually present in starting reagents. We used
ESR measurements to find out the sort of the paramagnetic
impurities introduced into synthesized BaTiOj3 ceramics.
The measurements performed at room temperature on both
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pure and weakly doped barium titanate revealed well-
known spectrum of Fe®* [13] and a weak signal with a
g-factorof 1.971-1.974 (Fig. 1).Itshould be noted that in the
literature there are several interpretations of this ESR signal:
intrinsic Ti**—related defect [10-11], charged barium
vacancy defect [12]. Our last investigation [13] on both
single crystal and ceramics of Cr-doped BaTiO3; unambig-
uously proved that the ESR spectrum at g = 1.971-1.974
belongs to Cr’* ions.

With increasing concentration of Y to 0.2-0.3% the
intensity of the Fe** spectrum essentially decreases, while
the intensity of the Cr’* spectrum increases, reaching sat-
uration at 0.1-0.2% Y. This can be explained by changing
the valence state of iron and chromium due to the processes
Fe** + e — Fe* and Cr** 4 e — Cr’* because Y* leads
to excess of positive charge in the lattice. Besides, when
the Y content was increased, resonance lines of Mn2*
appeared as well. This indicates that yttrium ions partici-
pate in the charge exchange of manganese from Mn** and/
or Mn’* to Mn**.
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Fig. 1 ESR spectra of Ba;_, Y; TiO3 at room temperature
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Thus, ESR measurements show that PTCR materials
contain paramagnetic impurities of chromium, iron, and
manganese. Their estimated concentrations are about 15,
200, and 100 ppm, respectively. In sum, it accounts only
for 5-10% of the yttrium which is spent on the charge
exchange of impurities.

To elucidate the processes on which the remaining
amount of introduced yttrium is spent, we studied the
phases that appear at grain boundaries in PTCR materials.
It is known that semiconducting barium titanate doped with
rare-earth ions as donor ions, e.g. yttrium ions, may be
represented by the chemical formula Ba;_, Y} Ti‘l‘fx
Ti>* O3 (where Ti** = Ti** + e7) [7]. This phase has a
high conductivity, which is typical of semiconducting
materials. During cooling after sintering, the ceramic is
oxidized, and the dielectric oxidized form of barium tita-
nate is formed, where cation vacancies arise for the
compensation of the excess charge of donor dopant [9]. In
Ref. [10] on the basis of atomistic simulation study of
doping processes it was shown that the formation energy of
Y3, + Vo, defect (4.35 eV) is lower than that of Y, + Vg,
defect (7.23 eV). Therefore the oxidized form of yttrium-
doped barium titanate may be represented as Baj_, Y}
Ti‘l‘fx /4 (Vf;/i)x/4 O;. This phase crystallizes as perovskite
structure and appears at grain boundaries in PTCR mate-
rials. To investigate other phases, which may appear at
grain boundaries during the formation of PTCR materials,
we made use of diffraction and electron microscope
investigations.

Figure 2 shows diffractograms of a sample of the
reduced form of yttrium-doped barium titanate with the
nominal formulas Bag oo Y001 TigheTiah; O3 and Bag s
Yo.005Tig 575 Tiz 0,503 before and after oxidation for 20 h at
1,150 °C in air. The diffractograms show that the samples
of perovskite phase before and after oxidation are tetrag-
onal (space group P4 mm [11]).

In the case of oxidation of ceramic samples for 20 h at
1,150 °C, only the areas near the surfaces of the pellets
were light, while the inner areas of the pellets remained
dark. Oxidation leads to the transition Ti** — Ti** and is
accompanied by the lightening of the material. XRPD
showed that the material inside the pellet was a single-
phase one, whereas the material near the surface of the
pellet was multiphase one (see Fig. 2, patterns 1/, 2/). In
addition to the perovskite phase, the cubic compound
Y,Ti,O; with pyrochlore structure (space group Fd3m
(227) [12]) and monoclinic compound BagTi704¢ (space
group C2/c (15) [13]) precipitated.

Figures 3-5 show micrographs of phases which
precipitate on grains of ceramic of the nominal composition
Ba0,975Y0,025Ti0_9754 +Ti0_0253+03 after oxidation. Investi-
gations of the microstructure of the ceramic show that in the
sample with low yttrium concentration (BagggYo.01
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Fig. 2 Diffractograms of yttrium-doped barium titanate with the
nominal compositions Bag.eoYo.01 Tig g Tigh; O3 (1, 1) and Baggrs
Yo.025Tig b, Tid 1,503 (2, 2') after sintering in reducing atmosphere,
Po, = 107* Pa (1, 2) and after oxidation in air for 20 h at 1,150 °C
(1,, 2/): BT = BaTiO3, B6T17 = B3.6Ti17040, YT = Y2Ti207

Tig 4o Tig§,03), as well as in the sample with high yttrium
concentration (Ba0.975Y0.025Tig§75TiSf)2503) the BagTi7
O, phase precipitates after oxidation, which agrees with the
XRPD results. The phase BagTi;7049 was located preferen-
tially inside the matrix grains. It was found in two different
forms. Figure 3 shows a TEM image of small bulk precipi-
tates in an oxidized sample of the nominal composition
Bag 975 Y0.025Tig b5 Tig 5,503 The precipitates are concen-
trated in a cluster, nearly rectangular in shape, which lies
parallel to the {111} planes of the perovskite structure.

Investigations showed that the compound BagTi ;049
also precipitated in the form of thin platelike particles,
lying in the perovskite close-packed {111} planes.

XRPD and electron microscopy showed that the second
phase, which precipitated on the oxidation of a sample with
a high yttrium concentration, Ba0_975Y0_025Tig;75TiSBZSO3,
was the Y,Ti,O; phase. The precipitates of this phase were
found in two different shapes. Figure 4 shows a small

Fig. 3 (a) Micrograph of
BagTi;7049 phase in the matrix
grain of a sample of the nominal
composition Bag g75Y.025
Tigh,5Tin 5503, Which
precipitates after oxidation in air
for 20 h at 1,150 °C. (b)
Electron diffraction pattern
taken in the region of the grain
with precipitate

precipitate (~0.2 pm in size) in an oxidized sample with
the nominal compositionBag 975 Y0.025Tig 75 Tig 25O03- This
precipitate has a cuboid shape. TEM analysis suggested
that there is a certain orientational relationship between the
precipitate and the perovskite matrix since the outer sur-
faces of cubic precipitate lie parallel to the {100} plane of
perovskite grain.

In addition to rectangular bulk precipitates, the Y,Ti,O,
phase was also found in globular shape. Figure 5 shows a
spherical precipitate of ~1 um size, and SAED shows that
it is oriented in the (211) direction.

These investigations show that in PTCR ceramics with
low yttrium concentration Bag oo Yo 01 Tigh, Tiah, O3, the
phases Bal,xYxTi‘l‘_x/z‘(VTi)x/4 and BagTi;704 appear at
grain boundaries. When the yttrium concentration is
increased, an extra phase Y,Ti,O; is formed at grain
boundaries. These phases are characterized by dielectric
properties, and yttrium is spent on their formation.

It is known that the introduction of acceptor dopants (for
example, manganese) in synthesized materials improves
the above characteristic of PTCR barium titanate [14, 15].
The effect of manganese additive on the properties of
PTCR materials based on barium titanate was investigated
in a number of works [14, 16-20]. It has been shown that
manganese is located at grain boundaries and acts as
acceptor dopant, increasing the order of magnitude of
resistivity change in the area of PTCR effect [14]. Intro-
duction of manganese in PTCR ceramics based on barium
titanate changes the energy of acceptor states [16, 17].
Manganese forms a number of associates with oxygen
vacancies, which act at grain boundaries as acceptorlike
centers of electron capture [18]. In the case of partial
substitution of titanium ions by manganese ions in barium
titanate, the samples become bimodal at manganse contents
of over 1 mol%, and in the range of 0.5-1.7 mol% the
coexistence of tetragonal and hexagonal perovskite phases
is observed [19]. However, information about the

(100}, *(091),
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B 410 -
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Fig. 4 (a) Micrograph of
rectangular Y,Ti,O; phase in
the matrix grain of a sample
of the nominal composition
Ba.o75 Y0025 Tig 75 Ti 5 O3
which precipitates after
oxidation in air for 20 h at
1,150 °C. (b) Electron
diffraction pattern taken in the
region of the grain with
precipitate, marked by an arrow
in (a)

Fig. 5 (a) Micrograph of
spherical Y,TiO; phase in the
matrix grain of a sample of the
nominal composition

Bag 975 Y0.025Tig 75 Tig 605 O3
which precipitates after
oxidation in air for 20 h at
1,150 °C. (b) Electron
diffraction pattern taken at the
precipitate

distribution of manganese dopant and its effect on the
properties of grain, boundary, and the outer layer in poly-
crystalline material is scantily presented in the literature.

Electron micrographs of (Bag.ogsY0.004)TiO3 ceramic
without and with the manganese dopant sintered in air for
2 h are shown in Fig. 6. The average grain size of barium-
titanate-based ceramic is ca. 35 pm.

The temperature dependence of resistivity of PTCR
ceramics may be divided schematically into 3 ranges (Fig. 7).
Range I extends from room temperature to the phase transi-
tion temperature and is characterized by relatively low
resistivity, which decreases with temperature (the tempera-
ture dependence demonstrates semiconductor behavior).
Range 1II is situated over the phase transition temperature,
where a rapid growth of resistivity is observed (PTCR effect).
Range III exists at higher temperatures and is characterized
by high resistivity, which decreases with temperature. When
PTCR ceramics based on barium titanate are doped with
manganese, the order of magnitude of resistivity change in
the PTCR area increases (see Fig. 7, range II).

@ Springer

The results of frequency investigation of the PTCR
ceramics based on barium titanate can be analyzed from
four types of dependences: complex impedance (Z*),
complex admittance (Y*), complex permittivity (¢*), and
complex electric modulus (M*) [21-23].

The resistances of grain, the outer layer, and grain

boundary of the PTCR ceramic (BaggosY0.004)TiO03
without manganese dopant were calculated from the
experimental data (Fig. 8a). The temperature dependence
of the outer layer resistance of (Bag.ggsY0.004)TiO3 cera-
mic is of the character similar to that of grain and
demonstrates no anomalies (Fig. 8a, curves 2, 3), whereas
that of grain boundary displays anomalies. Formation of
outer layer in the PTCR ceramics without manganese
dopant occurs due to the diffusion of oxygen into grains
on cooling. In this case the trivalent titanium ions par-
tially change to tetravalent ones in the outer layer,
resulting in an increase in the electrical resistivity of this
layer [24]. Hence, the PTCR effect in (Bag g9 Y0.004)TiO3
ceramic without manganese dopant occurs due to a
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Fig. 6 Microstructure of the
PTCR ceramics

(B29.996 Y0.004)TiO3 (a);
(Bap.996Y0.004)

TiO5; + 0.006 mol% Mn (b).
Scale bar = 10 pm

p, Qcm 1 I 111
107
10*
Oo-oo-oooo-crd‘
T 1

0 100 200 300 T, °C

Fig. 7 Resistivity (p) of the PTCR ceramics (Ba,Y)TiO; (1);
(Ba,Y)TiO3 + 0.006 mol% Mn (1') versus temperature. I, Il and III
are the ranges with different character of dependences p(T)

change in electrophysical properties of grain boundaries
(Fig. 8a, curve 1).

The resistance of grain, the outer layer, and grain
boundary of the PTCR ceramics (BaggogY.004)TiO5 and
(Bao_996Y0.0()4)TiO3 4+ 0.006 mol% Mn is shown in Flg 8
b. The character of the variation of the outer layer resis-
tance of the ceramic (BaggosY.004)TiO3 + 0.006 mol%

Mn with temperature is similar to that of the variation of
grain boundary resistance in contrast to the ceramics
without manganese dopant (Fig. 8a, curves 2, 3). This is
probably due to the fact that manganese partially diffuses
into the grain outer layer [25].

Conclusions

Thus, in Y-containing BaTiO;—based PTCR ceramics, the
introduced yttrium is spent on various processes. For
instance, 2-5% of the introduced yttrium is involved in the
charge exchange of titanium (Ti** 4+ e~ < Ti**), which
leads to an increase in conductivity. 5-10% of yttrium
participates in the charge exchange of paramagnetic
impurities (chromium, iron, manganese ions) which are
present in the starting reagents. The remaining yttrium is
present in the phases at grain boundaries (Ba;_, Y}
Tij", Ti2" O3, BagTi;7040 and Y, Ti,O7), which are char-
acterized by dielectric properties.

PTCR ceramic of (BaggoeYo0.004)TiO3 system has a
coarse-grained microstructure. When adding manganese
dopant, manganese ions diffuse into the grain, essentially

Fig. 8 Resistance of grain R, Q . R,Q
boundary (1), outer layer (2) and s 1 a 1
grain (3) of PTCR ceramics 10°
(Ba,Y)TiO3 (a) and 10°
(Ba,Y)TiO3 + 0.006 mol% Mn s .
(b) versus temperature 10 /—6\“ 2
a
10’ 5 s
e 0 o o
3 3
0 100 200 T.°C 0 100 200 T,°C
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changing the properties of grain outer layers. At the same
time, the electrophysical properties of grain core and grain
boundaries change slightly.

The utilized methodology of the investigation of redox
processes and grain boundary phases allows one to study
the systems with low dopant concentrations as well as
to intentionally control the PTCR properties of barium-
titanate-based materials, when they may contribute to
extending the range of their application.
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