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Influence of Oxygen Substoichiometry on the Dielectric
Properties of BaTiO3_5 Nanoceramics Obtained by Spark

Plasma Sintering
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Oxygen-deficient BaTiOj3 5 nanoceramics were prepared by spark plasma sintering. Partially reduced raw nanopowders
led to unusual dielectric properties. A short postsintering treatment was performed to reach a high €/tan 8, which makes
them attractive for industrial applications such as low-frequency capacitors. Surprisingly, our ceramics also remained black
even after annealing for 5 days at 850°C in air, indicating the presence of barriers against oxygen diffusion. This exceptional
behavior in pure barium titanate was consistent with a core—shell structure made of semiconductive grains and insulating

grain boundaries, due to the presence of T4/ Ti%

Introduction

Because of its interesting electrical properties, bar-
ium titanate, BaTiO3, has become one of the most suc-
cessful dielectric materials for electronic applications
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and oxygen vacancies.

such as thermistors, multilayer ceramic capacitors
(MLCCs), and pressure sensors.' > Many studies have
been carried out recently on the sintering of pure “°
or doped BaTiO3 ceramics”® by the spark plasma sin-
tering (SPS) technique. The SPS technique offers the
possibility to obtain ceramics with small grain size

given the relatively low temperature and short time



when compared with conventional sintering techniques.
As shown in our previous work,” BaTiO5 ceramics,
when sintered by SPS, exhibit unusual electrical proper-
ties with colossal relative permittivity in the range of
several hundred thousands at room temperature and
kHz frequencies.

The SPS process takes place under vacuum atmo-
sphere, and the nanosized powder is introduced into a
graphite die. Consequently, resulting nanosized-grain
ceramics BaTiOj; s are oxygen deficient, which is visu-
ally evidenced by the dark blue color of the pellets. It
is now well established that the oxygen substoichiome-
try is the result of a high concentration of oxygen
vacancies.'® At the same time, Ti*" is reduced to Ti’*
Given this,
a postsintering annealing treatment is customarily

. . 11
as a charge compensation mechanism.

required to reoxidize ceramics. Then, the samples usu-
ally regain the original white (cream) color of the start-
ing powder. Despite this well-known methodology for
conventional BaTiOj processing, there are no extensive
studies on the effect of the annealing parameters on
samples sintered by SPS. To date, most of the thermal
treatments reported in literature consist of heating runs
under an oxidizing atmosphere for a given time, usually
up to 12 h."*'? Conversely, many reports have been
made on the oxygen diffusion during the reoxidation
process of base metal electrode MLCCs obtained
after conventional sintering under a reducing atmo-
sphere."*'> For example, Yang ez al. '®" revealed that
in BaTiO3-Ni MLCCs, BaTiO; becomes an n-type
semiconductor due to the oxygen vacancies created dur-
ing the co-firing process. Furthermore, depletion charge
layers are formed at grain boundaries,'® and these layers
act as double Schottky barriers against the mobility of
oxygen vacancies. In addition, Takashi Oyama ez /. '’
showed that the grain boundaries will also limit the dif-
fusion of oxygen vacancies, particularly in small-grain-
size ceramics, thereby making them more difficult to
reoxidize. However, this barrier to reoxidation in nan-
oceramics has not been investigated or reported during
the annealing of SPS BaTiOj3 ceramics.

In this work, the reoxidation process of pure Ba-
TiO3 nanoceramics obtained by SPS was studied. The
influence of various parameters of the heat treatment
(temperature, dwell time, cooling rate) on the dielectric
properties of the material was investigated. It has been
shown before that for BaTiO; ceramics prepared by
conventional sintering,”® a change in Ba/Ti ratio affects
the sintering behavior and the microstructure, which

also influences the final dielectric properties of the
ceramics. Therefore, ceramics containing varying Ba/Ti
ratios were also studied to understand better the latter
properties. Finally, a mechanism to explain the unusual
electrical properties of SPS nanograin BaTiO3 ceramics
is here proposed.

Experimental Procedure

Powder Synthesis

The BaTiO3 nanopowders were synthesized by an
oxalate precipitation route. The procedure was
described in detail in a previous paper.” BaCl,2H,0
(Prolabo) and TiCl; (Prolabo) were used as precursors
for three batches (A1, A2, and A3), while TiOCl, (Pro-
labo) was used as Ti precursor for an additional batch
(B). The precursors were weighted in appropriate pro-
portions to control the powder stoichiometry, dissolved
in water, and then added to an ethanolic oxalic acid
solution. The Al, A2, and A3 batches have, respec-
tively, a Ba/Ti ratio equal to 0.9, 0.95, and 1. The B
powder has a Ba/Ti ratio of 1. The solution was stirred
and aged for 5 h, then centrifuged, and dried overnight
at 80°C. The oxide powders were obtained after calci-
nation at 850°C for 4 h in static air. In addition, a
commercial BaTiO3 powder (Ba/Ti=1) from PI-KEM
(Grade HPB-1000, average grain size of 50 nm) was
studied for comparison.

Spark Plasma Sintering (SPS)

To densify the BaTiO3 nanopowders, SPS was car-
ried out using a Dr. Sinter 2080 device from Sumito-
mo Coal Mining (Fuji Electronic Industrial, Saitama,
Japan). The same processing parameters were used for
all the compositions. Briefly, 0.9 g of each batch was
loaded in an 8-mm-inner-diameter graphite die. A sheet
of graphitic paper was placed between the punch and
the powder as well as between the die and the powder
for easy removal of the pellet after sintering. Powders
were sintered in vacuum (residual cell
pressure < 10 Pa). A pulse pattern of twelve current
pulses followed by two periods of zero current was
used. A heating rate of 25°C/min was used from 600
to 1150°C, where a 3-min dwell time at the sintering
temperature was applied. An optical pyrometer focused
on a small hole at the surface of the die was used to
measure and monitor the temperature. A uniaxial pres-



sure of 50 MPa was applied 2 min before reaching the
dwell temperature. After the 3-min dwell, the electric
current was switched off and the pressure was released.
In situ dilatometry-based shrinkage curves for the dif-
ferent powders were recorded during the sintering pro-
cess. The as-sintered pellets presented a thin carbon
layer due to graphite contamination from the graphite
sheets. This layer was removed by polishing the surface.
In a previous work,”" the presence of residual carbon
due to SPS processing technique was determined
through the spectrometric quantification of CO, and
appeared to be very low with a concentration of
93 ppm. Samples appeared dark blue, consistent with
the presence of Ti’* caused by the reducing atmosphere
used during SPS (low vacuum) as previously demon-
strated using X-ray photoelectron spectroscopy (XPS).?'
SPS pellets were annealed in oxidizing atmosphere in
an attempt to restore the oxygen stoichiometry. Differ-
ent parameters of the thermal treatment (temperature,
time, cooling rate, and atmosphere) were analyzed.

Characterization

The chemical composition of the different oxide
powders (Ba/Ti ratio) was determined using induced
coupled plasma—atomic emission spectroscopy (ICP-
AES) with a JY 2000 device (Horiba Jobin Yvon, Kyoto,
Japan). The particle size and morphology of the powders
were observed with a field emission gun scanning elec-
tron microscope (FEG-SEM, JSM 6700F, JEOL,
Tokyo, Japan) and a high-resolution transmission elec-
tron microscope (HRTEM, JEM 2100F, JEOL). The
crystalline structure was investigated by X-ray diffraction
analysis using a D4 Endeavor X-ray diffractometer
(CuK, = 0.154056 nm  and  CuKp=0.154044 nm;
Bruker AXS, Karlsruhe, Germany) from 20° to 80°
(2-theta). To identify the oxidation state of titanium
cations, electron paramagnetic resonance (EPR) spectra
were recorded at 300 K using a Bruker Elexsys E500
EPR spectrometer. The density of the pellets was deter-
mined by the Archimedes method using an AR]J 220-4M
balance (KERN, Murnau-Westried, Germany). Prior to
electrical measurements, the ceramic disks were coated
with thin gold electrodes (thickness ~ 30 nm) by sput-
tering (108 Auto, Cressington Scientific Instruments,
Watford, U.K.). The relative permittivity and the dielec-
tric losses were obtained from impedance measurements
using a 4294A Impedance Analyzer (Agilent Technolo-
gies, Palo Alto, CA) in the range of 100 Hz to 40 MHz

at room temperature and an applied voltage of 1 V. For
temperature dependence of the dielectric properties,
the electroded samples were placed in a closed cycle cry-
onic workstation (CTT 22, Cryo Industries of America,
Manchester, NH) and measurements were taken as a
function of temperature (20 K ~ 300 K) using an Agi-
lent 4284A LCR meter.

Results and Discussion

BaTiO3 Powders

Phases and grain sizes of the synthesized powders
and sintered ceramics are presented in Table I. The
FEG-SEM images of the BaTiO5 powders of different
compositions prepared are shown in Fig. 1. Powders Al,
A2, A3, and B present a morphology similar to small
particles, mostly agglomerated (Fig. 1a—d). It can be seen
that the Al and A2 powders have a particle size of about
80 nm, while the A3 and B powders have a higher parti-
cle size of ~150 nm. It is important to note that the as-
synthesized Al, A2, and A3 powders have a light yellow
color that can be attributed to the presence of Ti’*
cations, whereas the B powder is white. The presence of
Ti** was confirmed by the EPR spectra as shown in
Fig. 2. At 3400 Gauss, the representative signal of Ti’*
22 is observed for each composition (Al to A3), while a
very low signal is observed for the B powder. No signal is
observed for the reference powder from PI-KEM. Fur-
thermore, it is also clear that the calcination treatment
performed at 850°C for 4 h was not enough to fully oxi-
dize the Ti’" cations of the Al, A2, and A3 powders.

X-ray diffraction patterns corresponding to the pow-
ders are presented in Fig. 3. As expected, all powders
crystallize in the cubic perovskite structure due to the
small particle size.”>** For the powders Al and A2, an
additional phase, BaTi,0s, is also observed. It is not sur-
prising as there is a titanium-excess in those powders.
The amount of the BaTi,Os5 phase, estimated from the
relative peak intensities, increases from 1 wt% to 5 wt%
as the Ba/Ti ratio decreases from 0.95 to 0.90. For the
powders A3 and B with Ba/Ti = 1, no secondary phase
is formed. These observations are in agreement with the

phase diagram reported by Lee er al*

BaTiOj3 5 Ceramics

The sintered materials obtained by SPS displayed
a dark blue color due to the reducing sintering



Table I. Characteristics of the Synthesized Powders and the Corresponding Ceramics Sintered by Spark
Plasma Sintering (SPS) at 1150°C (compositions Ba/Ti = 0.9, 0.95, and 1)

Powder Ceramic
Composition Particle Grain Densification
Powder (Ba/Ti ratio) Phases size Phases size (%)
Al 0.9 C BaTiO; + 80 nm C + T BaTiO; + 150 nm 98
BaTi,O5 Ba,Ti1,0,7
A2 0.95 C BaTiO; + 80 nm C + T BaTiO5 + 150 nm 98
BaTi,Os BasTi;,0,
A3 1 C BaTiO3 150 nm C+T 200 nm 98
BaTiO;
B 1 C BaTiO; 150 nm C+T 200 nm 98
BaTiO;
Reference 1 C BaTiO; + 50 nm T 5 pum 98
from BaCO; BaTiO;
PI-KEM

C, cubic perovskite; T, tetragonal perovskite.

Fig. 1. FEG-SEM images of the BaTiOjs powders: (a) Al (Ba/Ti = 0.90); (b) A2 (Ba/Ti = 0.95); (c) A3 (Ba/Ti = 1); and (d) B

(Ba/Ti = 1).

atmosphere.9’26 Ti-excess BaTiOj3.5 ceramics (Al and
A2) and the BaTiO;35 ceramics with Ba/Ti =1 (A3
and B) present a high densification of 98%.

The freshly fractured ceramics were observed by
FEG-SEM (Fig. 4). The grain size is about 150 nm for
Al and A2 (Fig. 4a,b) and 200 nm for A3 and B
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Fig. 2. Electron paramagnetic resonance(EPR) spectra of the
BaTiO; powders with different Ba/Ti ratios.
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Fig. 3. X-ray diffraction patterns of the BaliO5 powders.

(Fig. 4c—d). Samples of A2 and A3 ceramics were
observed by HRTEM (Fig. 5a). A dense and homoge-
nous grain structure is evidenced. Ceramics contain
compact and well-crystallized nanograins, and grain
boundaries are very small with a width in the nanome-
ter scale.

Figure. 6 shows the X-ray diffraction patterns of
the BaTiO;5 ceramics. The Al, A2, A3, and B
ceramics consist of a mixture of cubic and tetragonal
perovskite phases, as shown by the broadening of the
(200) peak (see insert Fig. 6). This is in agreement
with previous results evidencing the coexistence of
both phases after SPS sintering.27 For the BaTiOj3
ceramics A3 and B with Ba/Ti =1, no secondary
phase is formed. On the contrary, BasTi;,0,; (1-5

wt%) is observed as a secondary phase for the Ti-rich
BaTiO5_5 ceramics (Al and A2). These results are in
agreement with those of Lee er al*® who showed that
the BasTi;,0,; phase is found when annealing Ti-rich
BaTiO3; powder under low PO, conditions. The
reduction of some Ti** to Ti** explains the formation
of this additional phase, considering that the composi-
tion can be written as BasTi,>"Tijo*"O,. The
amount of this phase increases from 1 wt% to 5 wt%,
as the Ba/Ti ratio decreases.

Dielectric Characteristics

After SPS treatment, the as-sintered ceramics (Al,
A2, A3, and B) present colossal relative permittivity of
~2.5%10° regardless of compositions and synthesis his-
tory. By comparison, the ceramics prepared from the
commercial powder (PI-KEM) under the same sintering
conditions show an order of magnitude lower relative
permittivity. It is important to note that these mea-
sured values are associated with high dielectric losses
and therefore are not representative of a capacitive
behavior and, therefore, are not relevant for industrial
applications. It is then necessary to anneal the ceramics
to decrease the dielectric loss and regain their insulating
behavior. The annealing parameters studied here were
the cooling rate and the dwell time.

The initial annealing parameters were taken from
one of our previous studies and can be summarized as
follows: anneal at 850°C during 2 h in air with a heat-
ing and a cooling rate of 150°C/h.?" After the anneal-
ing process, the Al, A2, and A3 ceramics remain dark
blue, while the B ceramic becomes white.

In this work, a thorough study of the influence of
different annealing parameters was performed on A3
(Ba/Ti = 1) ceramics, and the results are presented in
the following subsection. The optimum parameters
were then used for the reoxidation of the composition
A2 (Ba/Ti = 0.95), which shows the most interesting
properties.

BaTiOs.5 Ceramics with Ba/Ti = 1 (A3)

Influence of the Cooling Rate—The influence of
the cooling rate on the dielectric properties after the
annealing process performed in air on a set of
BaTiO;_s ceramics with Ba/Ti =1 is shown in Fig. 7.
The dielectric properties are listed in Table II. Two
ceramics were introduced into the hot furnace held at



Fig. 4. FEG-SEM images of the BaTiOjs ceramics: (a) AI (Ba/Ti = 0.90); (b) A2 (Ba/Ti = 0.95); (c) A3 (Ba/Ti = 1); and (d) B
(Ba/Ti = 1).

Fig. 5. HRTEM images of the BaTiOj ceramics: (a, b) A2 (Ba/Ti = 0.95); and (¢, d) A3 (Ba/Ti = 1).
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Fig. 6. X-ray diffraction patterns of the BaTiOj5 ceramics.
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Fig. 7. Influence of the cooling rate during the annealing
process at 850°C during 5 min in air of A3 (Ba/Ti = 1) on the
dielectric permittivity and dielectric loss.

850°C, during the dwell, and maintained in this
temperature for only 5 min. Then, one ceramic was
quenched in air, while the other was cooled down
with a low cooling rate (150°C/h). A higher relative
permittivity is obtained for the quenched ceramic
(e, = 3.2 x 10°), up to three times the value of the
ceramic cooled down slowly (g, = 1.1 x 10°). How-
ever, the ceramics present very similar and still high
dielectric losses (tand = 0.10 and 0.11 for the
quenched and slow-cooled samples, respectively, at
room temperature and 1 kHz). So, quenched samples
showed higher relative permittivities than slow-cooled
samples. The slow cooling process allows more Ti’* to
be oxidized in Ti*", and the number of charge carriers
therefore decreases. The relative permittivitcy decreases
consequently. In the meantime, the grain boundaries
(GBs) become quickly saturated by the oxygen vacan-
cies upon cooling and the dielectric loss reaches rap-
idly a small value. No further variation of the
dielectric loss is observed as the “frozen” states of the
oxygen vacancies in GB act as resistive interfaces. This
will be discussed later.

Influence of the Reoxidation Time—To study the
influence of the reoxidation time on the dielectric prop-
erties, the ceramic was annealed in air at 850°C for
5 min and then quenched. After the electrical measure-
ments, the sample was introduced again in the furnace
under the same conditions once the thin layer of gold
was removed. The process was repeated several times
until reaching a reoxidation time of 45 min. The thin
layer of gold was removed by polishing, and the
absence of gold at the surface of the ceramic was
checked by X-ray diffraction. The relative permittivity
and the loss of BaTiOj;_5 ceramics at selected frequen-
cies in air are listed in Table III as a function of the
annealing time at 850°C. The relative permittivity

Table II. Dielectric Properties of the A3 Ceramic (Ba/Ti = 1) Annealed in Air at 850°C
During 5 min and Slowly Cooled (~150°C/h) or Quenched

Frequency
10” Hz 10° Hz 10* Hz
Cooling rate € tand € tand € tand
Slow (~150°C/h) 122,322 0.10 105,975 0.11 88,787 0.12
Fast (quenching) 375,376 0.10 318,309 0.10 283,665 0.12




Table III. Dielectric Properties of the A3 Ceramic (Ba/Ti=1) Annealed for Different
Time at 850°C in Air Followed by Quenching

Frequency
10% Hz 10° Hz 10* Hz
Annealing
time (min) € tand € tand € tand
5 400,895 0.10 340,724 0.10 283,884 0.12
10 370,496 0.13. 324,066 0.12 280,149 0.15
15 329,147 0.12 279,322 0.12 232,257 0.15
30 171,166 0.11 145,971 0.12 120,386 0.15
45 121,148 0.11 103,408 0.11 85,697 0.15
Table IV. Dielectric Properties of the A2 Ceramic (Ba/Ti=0.95) Annealed for Different
Times at 850°C in Air Followed by Quenching
Frequency
10> Hz 10° Hz 10* Hz
Annealing
time (min) € tand € tand € tand
5 1,046,380 0.11 942,444 0.09 864,943 0.10
10 836,005 0.11 744,584 0.09 674,387 0.12
15 487,419 0.06 458,842 0.05 433,470 0.08
30 288,911 0.05 270,889 0.05 252,758 0.08

decreases when increasing the annealing time. It varies
from €, = 3.4 x 10° for a reoxidation time of 5 min
to 1.0 x 10° for a time of 45 min. On the contrary,
the dielectric losses of the material are not influenced
by the annealing time as the value of tand remains
close to 0.12.

BaTiOs 5 Ceramics with Ba/Ti = 0.95 (A2)—After
annealing using the optimum parameters for sample A3
(i.e., 850°C, 5 min in air, and air-quenched), sets of
BaTiOj_5 ceramics with a Ba/Ti ratio of 0.95 showed
the highest permittivity-to-loss ratio. Therefore, the
annealing time was re-optimized for those ceramics as
well. The values of the relative permittivity and the
dielectric losses (at 1 kHz) of ceramic A2 for different
annealing times are listed in Table IV. The relative
permittivity decreases when increasing the annealing
time as it was the case for the ceramics with Ba/Ti = 1.
The relative permittivity varies from &, = 9.4 x 10> for

a reoxidation time of 5 min to & = 2.7 x 10° for
30 min. The dielectric losses also decrease when increas-
ing the annealing time of the ceramic up to 15 min.
For annealing times higher than 15 min, the values of
the dielectric losses remain stable at values below 0.05.
Therefore, a 15-min annealing time was determined to
be the optimum for obtaining a ceramic presenting the
most promising properties: a high relative permittivity
and low dielectric losses. When processed in this partic-
ular way, A2 BaTiOj_ s ceramics present very attractive
properties: €, = 4.6 X 10° and tand = 0.05. This is
presented in Fig. 8, where the frequency dependence of
the relative permittivity and the dielectric loss of the
ceramics with Ba/Ti = 1 and 0.95 are contrasted. The
thermal treatment of the ceramics was identical (i.e.,
annealed in air at 850°C for 15 min and air-quenched).
The dielectric permittivity of the A2 (Ba/Ti = 0.95)
BaTiO3.5 ceramic is about double that of A3 (Ba/
Ti = 1) BaTiO;_5 ceramic.



: 0.30
Ba/Ti=0.95 L e
BaTi=1
i i 025
5 TEECERTETTY I e |||.'.--||I:IFIJI-||.,_
E = g
2 | . [
N (— i, : e
g | TTT—— L Loiws &
‘E' 107 o ‘—\‘\__ 2
= 5 3
m L ,
_ / k &
& i N, 1 e’
TLLED \."-'Luns
10° 4 :
L ! . . :
107 w0 1ot L "

Frequency (Herz)

Fig. 8. Influence of the Ba/Ti ratio of a ceramic annealed at
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dielectric permittivity and dielectric loss.

Perhaps more interesting is the fact that the pres-
ent work indicates that ceramics obtained after SPS
sintering (which are in a reduced state) do not fully
reoxidize after typical annealing treatments, but do
recover dielectric characteristics. A mechanism explain-
ing this interesting behavior is proposed in the follow-
ing of this article. Between all ceramic compositions we
studied, the best g/tan O ratio was obtained for Ba/
Ti=0.95 (A2). The Ti-excess in the inital powder
contributes to an increase in Ti°* concentration associ-
ated with oxygen vacancies. When Ba/Ti < 0.95, the
secondary phase, Ba,Ti,> +Ti104+027, is observed by X-
ray diffraction and could increase, at low extent, the
amount of the reduced titanium ion in ceramics. But,
as Ba/Ti decreases further, this secondary phase
increases in the materials and the €/tan J ratio is dete-
riorated. On the other hand, when Ba/Ti varies from
0.95 to 1, the secondary phase, if present, could not be
seen by X-ray diffraction (XRD) and ¢,/tan & dimin-
ishes.

Artemenko et al?’ investigated the reoxidation of
BaTiO; at SiO, core—shell ceramics obtained by SPS
and showed that the silica shell prevents the reoxida-
tion. The oxygen-deficiency-related defects created
during SPS sintering are blocked at the compositional
interface with a semiconducting BT core. In our
study, the BaTiO3; material has no additional phase
(apart from a small amount of BasTi;,0,; observed
in some cases only). However, in both cases, as oxy-
gen vacancies are expected to be the dominant point
defects, the observed resistance to reoxidation is
related to the stability of these oxygen vacancies at the
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Fig. 9. Dielectric permittivity and dielectric loss of the ceramic
A2 (Ba/Ti = 0.95) annealed ar 850°C in air during 30 min
Jollowed by quenching, as a function of temperature.

interfaces. Grain boundaries act as blocking barriers
against oxygen diffusion.

Dielectric constant and dielectric losses of the A2
sample were also measured as a function of temperature
(25 K ~ 300 K) across several frequencies in the space-
charge region (40 Hz ~ 1 kHz). Fig. 9 shows that as
the temperature decreases, the colossal permittivity of
the A2 sample decreases in a step-like fashion, and
dielectric loss peaks appeared, with the temperature of
the occurrence of both features decreasing with decreas-
ing frequency. This implies that the mechanism giving
rise to colossal permittivity is a thermally activated pro-
cess, consistent with space-charge dielectric relaxation.
It is clear that the colossal permittivity up to the value
of magnitude 10° is still maintained above 180 K and
that the drop-off in the permittivity is completed by
50 K. This behavior is also observed in the well-known
high-permittivity material CaCusTi4O1; (CCTO).>®
To further investigate this phenomenon, a Debye relax-
ation model was applied where the relaxation frequency
can be represented by the following expression:

(&7)
v=uv,exp| ——=
kg T

where kg, V,, and E, represent the Bolezmann constant,
the pre-exponential factor, and the activation energy
required for relaxation, respectively. A maximum in the
imaginary part of permittivity (g,") arises when vt = 1 is
satisfied, where T is the dielectric relaxation time. Thus,
the & values were calculated from the permittivity
and the dielectric losses, and the relaxation temperatures
at the different frequencies (40 Hz ~ 1 kHz) were



extracted from the different maxima. The Arrhenius plot
using the obtained values in the above equation is shown
in Fig. 10. A linear fit is evident with an activation
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Fig. 10.  Arrhenius behavior of relaxation extracted from dielec-
tric measurements.

BalTi=1
{TIOCI, as Ti source)

energy of 0.054 eV and an attempt-jump frequency of
3.57 x 10" Hz. These results indicate a space-charge
relaxation phenomenon following Debye’s theory, which
would be here directly related to the interfacial polariza-
tion effect by oxygen vacancies localized in the grain
boundaries and polarons hopping within the grains. An
illustration of the mechanism responsible for the oxygen
vacancy distribution and rearrangement after reoxidation
is given in the schematic representation in Fig. 11. The
number of oxygen vacancies in the as-sintered ceramics
elaborated by the SPS process is related to the Ba/Ti ratio
of the initial powder and the titanium source used during
powder processing. The number of oxygen vacancies
increases when decreasing the Ba/Ti ratio and/or using
Ti3+—containing raw powders (TiCl;) instead of Ti*
source (TiOCl,). First, when annealing the ceramics in
air at 850°C for a short time (15 min), the oxygen
vacancies get reorganized and move toward the GB. In a

BaiTi=1 BalTi=0.95
(TiCl, as Ti source) (TiCl, as Ti source)

Oxygen vacancies /

Ceramics after
reoxidation in air
at 850°C during

15 min

S

[/ Bwn uonepxoay

Ceramics after

reoxidation in air

at 850°C during
48 hours

Fig. 11.  Influence of the reoxidation time on the oxygen vacancies behavior in the ceramics of different compositions.



second time, after a long reoxidation time (48 h), in the
case of ceramics elaborated with a Ti*" source, most of
the oxygen vacancies have been removed. The ceramic is
totally reoxidized and of white color. Finally, for ceram-
ics elaborated with a Ti’" source, the numerous oxygen
vacancies are quickly concentrated at the GB, which act
as blocking barriers against any further oxygen diffusion,
with a few of them that might remain in the grain cores.
The ceramics could not be fully reoxidized and remain
dark in color, even after 5 days of reoxidation time. A
broadband dielectric spectroscopy study is currently
being undertaken to evidence clearly the origin of colos-
sal permittivity in our ceramics.

Conclusion

Nanometric powders of barium titanate with differ-
ent Ba/Ti ratios were obtained by a coprecipitation synthe-
sis followed by a thermal treatment in air using two
different titanium sources. The powders synthesized from
Ti®* source (TiCl;) and with a titanium-excess (Ba/
Ti = 0.95) originally contain a large number of oxygen
vacancies. After the spark plasma sintering process, the
nanoceramics present a densification of 98% and are
highly oxygen deficient. The as-sintered ceramics are con-
ductive. Therefore, annealing is necessary to recover the
insulating characteristics. Oxygen vacancies associated with
Ti** cations contained in the powders and ceramics and
their localization at grain boundaries seem to be the key
factor to control the dielectric properties. The highest
value of relative permittivity (g, = 5 X 10°) (ar 1 kHz
and room temperature) and the lowest dielectric losses
(tand = 5%) are obtained for a BaTiO3_5 ceramics, with
Ba/Ti = 0.95, annealed in air at 850°C for 15 min fol-
lowed by air quenching. The obtained dense nanoceramics
represent a very interesting engineered material for low-
frequency capacitive applications.
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