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Abstract—Oxidation-induced microstructural changes in

reduced yttrium-doped barium titanate

(Ba, _,Y,Ti ‘l”_ Wi §+ 0;) are studied using samples sintered in areducing atmosphere ( Po, = 10~ Pa) and then
oxidized inair at 1150 and 1350°C. The resultsindicate that oxidation leads to precipitation of BagTi 70, and,
at relatively high doping levels, Y, Ti,O,. These phases increase the electrical resistance of the outer layer of

the grains in the ceramics.

INTRODUCTION

Donor-doped polycrystaline barium titanate sin-
tered in air possesses semiconducting properties in a
narrow range of doping levels and has a positive tem-
perature coefficient of resistance (PTCR), a feature of
great practical importance. Semiconducting properties
can be imparted to barium titanate by doping with rare
earths (e.g., withY, La, and Nd) on the Basite[1, 2] or
with group V and VI metals (e.g., Nb, Ta, and Mo) on
the Ti site [3, 4]. The semiconducting phase resulting
from doping with rare earths, e.g., with yttrium, can be
represented by the general formula
Ba, ,Y,Tii  Ti2 O, [5]. Hereafter, we use Kroger
notation [6]: Y~ standsfor an yttriumion in the Basite
(excess positive charge 1+), and VT is a Ti vacancy
(excess negative charge 4-). Postsintering cooling may
be accompanied by grain-boundary oxidation, resulting
in oxidized barium titanate, a dielectric material con-
taining cation vacancies, which compensate the excess
charge introduced by donor doping [7]. As shown by
Buskaglia et al. [8] in an atomistic simulation study of

doping processes, the energy of formation of the Y, +
V5 defect complex (4.35 €V) is lower than that for
Y ga + Vg, (7.23 V). Consequently, oxidized Y-doped
barium titanate can be represented by the general for-
mula Bay Y Ti1a(Vii ) O [7].

Grain-boundary oxidation processes during sinter-
ing and subsequent cooling in air are known to play an
important role in determining the PTCR behavior of
ceramics. These processes are difficult to investigate by
x-ray diffraction (XRD) because the yttrium content of
barium titanate istypically at alevel of afew tenths of

a percent and because oxidation occurs, asarule, in a
thin surface layer of the grains. To gain insight into
grain-boundary processes, a number of studies were
concerned with oxidation of fine-particle reduced bar-
ium titanate [7]. The use of fine powders markedly
increases the oxidation surface and, accordingly, the
content of the resulting phases, which allows these
phases to be identified by XRD. It is well known [9]
that synthesisin areducing atmosphere notably extends
the composition range of substitutional solid solutions
of rare-earth ions in barium titanate compared to syn-
thesis in air. Therefore, studying reoxidized barium
titanate, one can gain information about the phases
forming at grain boundaries at low rare-earth concen-
trations (at which samples synthesized in air exhibit
PTCR behavior) and high rare-earth concentrations (at
which samples synthesized in air are possess dielectric
properties and exhibit no PTCR behavior). This
approach was used by Makovec and Drofenik [7] to
investigate the microstructural changes during the oxi-
dation of reduced La-doped barium titanate.

In this paper, we describe microstructural changes
accompanying the oxidation of reduced Y-doped bar-

ium titanate (Ba, _,Y.Tij Tio O,;) and impedance
measurements carried out with the aim of elucidating

the grain-boundary processes taking place during the
synthesis of BaTiOs-based PTCR materials.

EXPERIMENTAL

Ba, Y, Tii Ti> O, ceramics were prepared by
solid-state reactions. Appropriate amounts of extra-
pure-grade BaCO;, TiO,, and Y,0O; were mixed by
grinding in an agate ball mill. After addition of 10%
aqueous poly(vinyl acohol), the mixtures were granu-
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Fig. 1. XRD patterns of Y-doped barium titanate samples with the nominal compositions (7, /') Ba0_99Y0.01Tig;9Ti851 O3 and

(2,2") Bag 975Y0.025 Tig_’;ﬂsTing)25 05 dfter (1, 2) sintering in a reducing atmosphere ( Po, = 10~ Pa) and (1", 2') and subsequent
oxidation in air for 20 h at 1150°C; BgT17 = BagTi17049, YT =Y ,TioO7.

lated and then pressed at 150 MPa into pellets 10 mm
in diameter and =2 mm in thickness, which were sin-

tered a 1400°C in a reducing amosphere (po, =

10~* P&). Under such conditions, theY solubility in the
Ba sublattice attains 4 at % [9], whereasthe Y content
of materials sintered in air is no higher than 1.5 at %
[10]. In studies of oxidation processes, we used sam-
pleswith x = 0.01 (below the solubility limit of Y in the
Basublatticein air) and 0.025 (abovetheY solubility in
the Basublatticein air but below that at py, = 10~ Pa).
The cation stoichiometry determined by wavelength-
dispersive x-ray microanalysis agreed well with the
nominal compositions of the samples. We oxidized
both pellets and powder samples prepared by grinding
pellets, followed by screening through a 400-mesh
nylon-6 sieve. Oxidation was carried out at 1150 and
1350°C for 20 and 1 h, respectively. The phase compo-
sition of the powders was determined by XRD on a
DRON-4-07 diffractometer (CuK,, radiation, 40 kV,
20 mA). The pellets were examined by e ectron micro-
scopy.

Didectric propertiesin the microwaveregion (1 GHz)
were studied on cylindrical samples 1 mm in diameter
and 1 mmin height, using acoaxial line. Dielectric per-
mittivity was evaluated as described elsewhere [11]. In
impedance measurements, we used a Solartron
PGSTAT-30 impedance analyzer in the range 100 Hz to
1 MHz and aVM-560 Q-meter in the range 50 kHz to
35 MHz. The components of the equivalent circuit were

identified using the Frequency Response Analyser 4.7
program.

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of samples with
the nominal compositions Bay 0oY 0, Tiges Tiag O3 and
BaggrsYoos Tiaers Tiogs O3 Sintered in a reducing
atmosphere (po, = 10~* Pa) and then oxidized in air for
20 h at 1150°C. Both before and after oxidation, the

samples had a tetragonally distorted structure (sp. gr.
P4mm[12]).

Asaresult of oxidation at 1150°C for 20 h, the sur-
face layer of the pellets turned light, attesting to
Ti* — Ti** oxidation, whereas the interior of the pel-
lets remained dark, characteristic of the reduced mate-
rial. Moreover, the sample interior was single-phase,
whereas the surface layer of the oxidized samples was
multiphase. In addition to the perovskite phase, it con-

tained the pyrochlore phase Y,Ti,O, (sp. gr. Fd3m,
no. 227 [13]) and the monoclinic phase BagTi;;O4
(sp. gr. C2/c, no. 15 [14]).

To assess the effect of yttrium on the temperature of
the ferroel ectric phase transition, we carried out dielec-

tric measurements on BaTiOs, BagooY o1 Tiges Tiaos O,

and B80.975Y0,025 Tl 33751-' 3-525 O'; Sampl eS | n the ml CrO'
wave region (1 GHz), where the effect of conductivity
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is insignificant (Fig. 2). Comparison of the curves in
Fig. 2aindicates that sintering of undoped BaTiO;in a
reducing atmosphere shifts the peak in ¢,,,, to lower
temperatures and broadens it in comparison with air
oxidation, which seemsto be due to the development of
lattice strain as a result of the formation of oxygen
vacancies and to partial Ti** — Ti** reduction, respec-
tively [15]. Clearly, these processes in undoped barium
titanate are interrel ated.

Yttrium doping of BaTiO; further increases the
width of the peak in g(t), for both the reduced and oxi-
dized materias (Figs. 2b, 2c), which is characteristic of
nonferroelectric impuritiesin ferroelectrics [ 16]. At the
same time, in contrast to undoped BaTiO;, we observe
an insignificant shift of the peak in € in going from the
reduced (curves 1) to the oxidized samples (curves 7).
Thisindicates that the broadening of the peak ismainly
due to the partial titanium reduction upon Y substitu-
tion on the Ba site. After sintering in a reducing atmo-
sphere, the Y-doped barium titanate samples contain no
oxygen vacancies or much lower concentrations of
oxygen vacancies compared to undoped barium titanate
[17], which accounts for the insignificant shift of the
peak in g(t).

The present results indicate that, in reduced barium
titanate, the excess charge introduced by Y doping is
neutralized owing to partial Ti** — Ti** reduction.
During heat treatment of Ba, _, Y. Ti; ,Ti> O, in an
oxidizing atmosphere, charge compensation is due to

the formation of Ti vacancies, accompanied by the pre-
cipitation of aTi-rich phase:

Ba, .Y Tist Ti¥*0, + ﬁoz

X - mn X -
— )_/Bal—xYle‘lh:xM(VTi x40z + 4_4836-]—'17040!

3
wherey = x(l— 2—2x) .

This mechanism of charge compensation is opera-
tiveat low doping levels (no higher than the yttrium sol -
ubility under oxidizing conditions).

If the doping level exceeds the yttrium solubility,
oxidation leads to the precipitation of both BazTi;;O,
andY ,Ti,O,, and the process can be represented by the
scheme

X+ X,
4

-4+ -3+
Bal—(x+xc)Yx+ch|1—(x+xc)T|x+xCO3+ 02

X . mn
— (1- Z)yCBal—ch x 11 it x/4( Vi )x 1403

Z

X, . .
+—=Ba;Ti;vO+ =Y, Ti,O-,
4 A5 111704 51211207
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Fig. 2. Temperature dependences of 1-GHz dielectric per-
mittivity for (a) BaTiOs, (b) BagooYo01 TigesTiagy O3
and (¢) Bag 975Y .05 Tiga7s Tig ops O after (1) sintering in
areducing atmosphere ( Po, = 10~ Pa) and (I') subsequent
air oxidation at 1150°C for 20 h.

wherey = xc(l—%xc) and z=x/(1 — x.).

Figure 3 shows the semilog plots of resistivity ver-
sus temperature for materials synthesized in vacuum
and then oxidized at high temperaturesin air. Theresis-
tivity of the samples sintered in a reducing atmosphere
decreases with increasing temperature. After oxidation,
the p(t) curves show regions of PTCR behavior.

Complex impedance and el ectric modulus measure-
ments over abroad frequency range indicate that doped
PTCR barium titanate ceramics consist of semicon-
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Fig. 3. Semilog plots of resistivity vs. temperature
for (I-3) BagooYo01 TigeoTiaes O3, (4-6)
Bag 975Y0.025 Tig 675 Ti 0,005 O3, and (7-9)
Bag oY 004 TigesTian O3 alter (1, 4, 7) sintering in a
reducing atmosphere (p02 =10 Pa) and subsequent air
oxidation at (2, 5, 8) 1150 and (3, 6, 9) 1350°C.

ducting grains, with a higher resistance outer layer and
high-resistance grain boundaries [18-20]. This structure
can be represented by an equivalent circuit comprising
three parallel RC circuits connected in series [20].

Dielectric properties can be analyzed in the form of
the frequency dependences of complex impedance Z*,

complex admittance Y*, complex permittivity e*, and
complex electric modulus M* [18-22]. These quanti-
tiesarerelated by

M* = 1/e* = 10CyZ* = 10Cy(1/Y*).

Datafor PTCR materials are commonly represented
asplotsof Z" versus Z', which are convenient for iden-
tifying the components of the equivalent circuit. In ana-
lyzing complex impedance data, use is also made of the
frequency dependences of Z" and M". For aparallel RC
circuit, the frequency dependences of Z" and M" have
theform [18-22]

R oRC 1)

z" -,
1+ (wRC)

. _ €& oRC
M* = 22—
C1+(wRC)

2)

where o = 2xf (f is frequency, Hz) and g, = 8.854 x
10~ F/cm isthe permittivity of vacuum.

Equations (1) and (2) indicate that the frequency
dependence of Z" is sensitive to R (in our case, grain-
boundary resistance), while that of M" isinfluenced by
the capacitancein the RC circuit (the capacitance of the
grain bulk and surface layer) [18-20].

Parameters of peaks in the Nyquist diagrams for BaTiOz-based ceramics oxidized in air at 1150 and 1350°C

"3
= E
N — . —_
frnax HZ & - g N |foae HZ| « =§E o § n | fae HZ
. — 3 N C Reotals
Composition 9 Loy T g ' kcb
Y ol o2 | &
2" (f) (grein boundries) N (rar
grain boundaries, . gran
(outer layer of the grains) bulk)
1150°C
BagsoY 0.01 Tiges Tigos Os 500 80| 30 |o087| - - - - | >10° | 80
BaoorsY 0,025 Tigers Tigees O3 | 360 86| 29 | 078 15000 | 4.6 05 |0.89| >10° | 91
BaoosY 004 Tiges Tiops Os 100 101 | 27 077 | 21000 | 28 11 |0.89| >106 | 11.2
1350°C
BaggeY 0,01 Tiges Tiges Os <10 | 630 52 | 094 | 3800| 28 1 0.90| >10° |830
BaggrsY 0025 Tigers Tiows O3 | <107 | 890 48 | 092 | 5300| 05 53 0.87| >10° |970
BaoesY 004 Tiges Tioes O3 <10% | 1700 46 | 090 | 14000 | 01 85 0.77| >10° |2270
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Fig. 4. (a, ¢, €) Nyquist diagrams and (b, d, f) frequency dependences of the imaginary part of impedance Z" and electric modulus
" 4+ .3 4 -3 4+ .3 )
M" for (a, b) Ba0.99Y0.01 TIO.‘;QTIOBl 03, (C, d) Ba0.975Y0‘025 TIO.‘;WSTIO.-‘(—)ZS 03, and (e, f) Ba0.96Y0.04T|O;6TIO_+(—)4 03 Samples (O

dized at 1150°C in air; measurements at 220°C.

It follows from Egs. (1) and (2) that

1
Omax = ﬁ:’ (3)
n R
Zmax = Ey (4)
n 8
Mmax = % (5)

Equations (3)«5) show that the frequencies corre-
sponding to Z.,, and M., depend on both R and C.
It should be emphasized that the frequency depen-
dences of Z,,, and M, are merely different repre-
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sentations of experimental data since these quantities
arerelated by

w _ &Z"
M CR (6)
In this study, impedance measurements were made at
220°C, where the temperature coefficient of resistanceis
negative in both reduced and oxidized samples (Fig. 3).
Figures 4 and 5 show the Nyquist diagrams Z"(Z") and
the frequency dependences of Z" and M" for samples

with the nominal compositions Bag eeY 0 Tiges Tiae; Os
A+ .3+
®, Bay,975Y 0,005 Tlog75 T10.025 O3 (), and

Bagos Yoo Tiges Tiaes Os (111) after air oxidation at 1150
and 1350°C, and the table lists some parameters of
peaks in the Nyquist diagrams. Note that the Nyquist
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Fig. 5. (a ¢, € Nyquist diagrams and (b, d, f) frequency dependences of the imaginary part of impedance Z" and electric modulus
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M" for (a, b) Ba0‘99Y0'01 TI0.99T|0.01 03, (C, d) Ba0'975Y0.025 T|0_975T|0.025 03, and (e, f) Ba0'96Y0‘04T|0_96T|0_O4 03 Samples OXI-

dized at 1350°C in air; measurements at 220°C.

plots deviate from ideal semicircles, which can betaken
into account by introducing constant-phase elements
(CPEs). CPEs are often used to represent diffusion
regions and are characterized by two parameters, Q and
n, according to the formulaZ = Z/(im)". At n = 1, the
CPE is equivalent to capacitance Q; n values below
unity indicate that Q is frequency-dependent (dielectric
dispersion) [23].

After oxidation at 1150°C, the Z"(f) curves each
show asingle peak (Figs. 4b, 4d, 4f) at 500 (sample),
400 (samplel), or 100 Hz (sample 1), due to changes
inthe electrical properties of the dielectric grain bound-
aries. The M"(f) curves of samples I-1Il1 show an
increasein M" around 1 MHz, suggesting that, at higher
frequencies, there is a maximum due to the semicon-
ducting properties of the grains (Fig. 4b). At the same
time, increasing the'Y content givesriseto an additional
feature (at 15 kHz in Fig. 4d and at 21 kHz in Fig. 4f),
due to changes in the electrical properties of the outer
layer of the grains.

Similar behaviors of Z" and M" were revealed after
air oxidation at 1350°C (Fig. 5). The oxidation rate at
this temperature is faster than that at 1150°C, and the
grain-boundary resistance reaches a higher level, which
shows up as a shift of the peak in Z" to lower frequen-
cies (Fig. 5). In addition, the resistance of the outer
layer increases, and its capacitance drops (table).

Thus, increasing the yttrium content of oxidized
barium titanate markedly increases the resistance of the
outer layer of the grains, which isattributableto thefor-
mation of BasTi;7O, and Y ,Ti,O-, revealed by XRD.

CONCLUSIONS

Oxidation of barium titanate doped with low yttrium
concentrations leadsto Bag Ti;;O,, precipitation. At rel-
atively high yttrium concentrations, both BagTi;;O,
and Y,Ti,O; precipitate. The oxidation of reduced
Y-doped barium titanate increases the resistance of the
outer layer of its grains, the effect being stronger at
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higher yttrium (donor impurity) concentrations and
oxidation temperatures, which seems to be associated
with the formation of BggTi;7O4 and Y ,Ti,0;.

10.
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