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bstract

aTiO3 nanopowders prepared by two different wet chemical routes, one based on microemulsion-mediated synthesis (M-BT) and the other one
n the alkoxide–hydroxide method (A-BT) were consolidated by spark plasma sintering (SPS). The densification process, the linear shrinkage
ates and the relative densities achieved were strongly dependant on the synthetic route. The results show that fully densified BaTiO3 ceramics

ith a grain size of about 200 nm can be obtained in both cases by controlling the sintering temperature during the SPS process. The study of
ielectric properties revealed that M-BT derived ceramics show higher permittivity values compared to those obtained for A-BT. The influence of
he barium/titanium ratio on the sintering behavior and the dielectric properties is discussed.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

The ferroelectric compound barium titanate (BaTiO3) repre-
ents one of the most extensively studied perovskite-type oxides
ue to its excellent dielectric, piezoelectric and ferroelectric
roperties.1 It is widely used in various electronic compo-
ents including thermistors, sensors, electro-optical devices and
ulti-layer ceramic capacitors (MLCCs).2,3 With the ongoing

rend to miniaturization of electronic devices in general, and
n MLCC industry in particular, the layer thickness of BaTiO3

ased dielectrics is expected to decrease continuously well
elow 1 �m to reach values of only a few hundreds of nm.4
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Manufacturing MLCCs consisting of ferroelectric ultrafine
r even nanocrystalline grains, however, still remain challeng-
ng, because the polarity and herewith the dielectric constant
f BaTiO3 generally deteriorates with decreasing grain-size, a
henomenon which is commonly referred to as “size-effect”.
t is often reported that downsizing the crystals dimensions of
aTiO3-grains below a critical value results in the stabilization
f the paraelectric and crystallographically centrosymmetric
ubic, high-temperature polymorph of the perovskite lattice
t the expense of the tetragonal structure, even at room
emperature.5,6 This leads in average to a reduction of the tetrag-
nal distortion of the lattice and a decrease of the herewith
onnected ferroelectric polarization. Arlt et al. showed that for
aTiO3 maximum values of permittivity around 5000 can be
chieved at grain sizes of 0.8–1 �m.7 Similarly, Hirata et al.
eported later that the dielectric constant showed a slightly higher
aximum of 5700 at a grain size of approximately 1.4 �m.8 In
ny case, however, a marked decrease of the relative dielec-
ric constant with diminishing grain-size is observed. Contrary
o this, Guillemet-Fritsch et al. reported recently that ultrafine
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Table 1
Crystal size, particle size, and Ba/Ti ratio for the A-BT (alkoxide–hydroxide
method) and M-BT (microemulsion synthesis) powders.

Name Crystal sizea (nm) Particle sizeb (nm) Ba/Ti ratioc

A-BT 40 828 0.9434
M-BT 10 15 1.0021

a Calculated by Scherrer equation.
b
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a-doped BaTiO3 ceramics with an average grain size of only
50–300 nm unexpectedly show colossal permittivity values up
o 106.9 For a much finer grain-size of 70 nm in average Frey
t al. reported that the overall dielectric constant of the ceramic
as only about 2500.10 These authors claimed the existence of a

ow permittivity grain-boundary region of approximately 0.8 nm
hickness with a dielectric constant of 130 that surround the
igh permittivity (εr = 4800) ferroelectric cores of the BaTiO3-
rains. With decreasing grain-size the relative volume fraction
ccupied by the grain boundary regions increases and in conse-
uence, because of this “dilution effect”, the overall dielectric
onstant is lowered. Earlier studies on the size effect of ferroelec-
ric particles like BaTiO3 often suggested from the extrapolation
f the reduction of the tetragonality in lattice distortion or of
he Curie temperature Tc that ferroelectricity completely van-
shes below a certain critical value of grain-size. In this context
rey et al. assumed according to their analysis that this critical
ize should be smaller than 40 nm. To answer the question of
his ferroelectric limit in grain-size for nanocrystalline BaTiO3
eramics several reports have addressed the issue again exper-
mentally. Buscaglia et al. investigated nanocrystalline BaTiO3
eramics consolidated from powders synthesized by the tubular
ow method by spark plasma sintering (SPS) with a resulting
verage grain-size of only 50 nm. They directly evidenced weak
etragonality on the macroscopic scale by Raman-spectroscopy
nd showed the existence of regions that revealed local hys-
eric switching by piezoresponce force microscopy, while other
arts in the microstructure seemed to be inactive.11,12 Shiratori
t al. described in more detail the stability of the tetrago-
al phase and other polymorphs of nanocrystalline BaTiO3
s a function of the crystallite size and aggregation degree in
oose powders, annealed and coarsened aggregates and finally
intered nanoceramics.13–15 These results, also based on Raman-
pectroscopy, clearly showed the presence of a polar structure in
eramics with an average grain-size as small as 35 nm. The com-
arison of the temperature dependence of their spectroscopic
ata for the three different microstructural conditions mentioned
efore, indicated, that tetragonality is stabilized in the densi-
ed polycrystalline state in contrast to crystallites of almost the
ame size in the free (non-aggregated but loosely agglomerated)
ondition. After all, the nature of the size effect and the ori-
in and value of the critical size of BaTiO3 nanocrystals is still
iscussed controversially since many factors, including the syn-
hesis method of the powders and the conditions of their further
hermal treatment or processing to consolidated sintered bodies
ffects the crystallography, mesostructure and permittivity.

To successfully densify ceramic nanopowders into consoli-
ated solids while preserving an ultrafine microstructure, spark
lasma sintering (SPS) has been proven to be one of the most
ffective sintering techniques. Because SPS offers the combined
dvantages of fast heating rates, the application of mechani-
al pressure, short sintering times at generally low sintering
emperatures, SPS provides a valuable approach to promote

ensification and reduce grain coarsening during sintering of
anopowders.16,17 Takeuchi et al. have reported that dense
aTiO3 ceramics with an average grain size of less than 1 �m can
e fabricated by SPS.18 In the course of studying the sintering

o
A
p
f

Obtained by dynamic light scattering (DLS) measurement.
c Obtained by inductively coupled plasma (ICP).

ehavior of nanocrystalline BaTiO3 powders (with an average
article size ranging between 60 and 80 nm) using SPS, Liu et al.
ave found the existence of a window of processing param-
ter within which the densification process can be kinetically
eparated from grain growth.19 Deng et al. have successfully
repared dense BaTiO3 ceramics with the grain size of 20 nm
y SPS and the crystal structure and ferroelectric properties of
anocrystalline BaTiO3 were investigated.20,21

Up to date, however, no publication has yet reported
bout SPS of BaTiO3 nanopowders synthesized through
icroemulsion-mediated synthesis or the alkoxide–hydroxide
ethod and the dielectric properties of the resulting ceramics.

. Experimental procedures

BaTiO3 nanopowders were synthesized via microemulsion-
ediated synthesis or the alkoxide–hydroxide sol-precipitation
ethod, respectively. The synthesized BaTiO3 nanoparticles
ere aggregates of nanosized primary particles of about 40 nm

n size for the alkoxide–hydroxide method and as small as
0 nm for microemulsion-mediated synthesis. Both these pow-
ers are denoted as A-BT (alkoxide–hydroxide method) and
-BT (microemulsion synthesis) respectively in the following.

he experimental details of the preparation procedures and of
he characteristics of the synthesized nanopowders are described
n previous papers and summarized in Table 1.22–25

In order to densify the BaTiO3 nanopowders, spark plasma
intering (SPS) has been carried out using a Dr. Sinter 2050
pparatus (SPS Syntex Inc., Sumitomo Coal Mining Co., Tokyo,
apan). SPS allows a densification at relatively low temperatures
nder the application of a mechanical pressure and an electrical
ischarge, substantially limiting coarsening of the microstruc-
ure due to the extensive grain-growth. In a typical consolidation
ycle, nanopowder (1.6 g) was loaded into a graphite pressure
ie (inner diameter of 12 mm) which is heated up to a tem-
erature of 600 ◦C via a preset heating program within 3 min.
he temperature was then automatically regulated from 600 ◦C

o the final sintering temperature (TF) with a heating rate of
00 K/min and monitored with an pyrometer focused on the
urface of the graphite die. Different sintering temperatures TF
f 950 ◦C, 975 ◦C, 1000 ◦C, 1025 ◦C and 1050 ◦C were applied
espectively. As soon as TF was reached an uniaxial pressure
f 75 MPa was applied and the dwelling time kept was 5 min.

pplying the pressure at TF results in a finer grain structure com-
ared to the case when the pressure is already directly applied
rom the beginning of the heating cycle.26
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ture between 780 ◦C and 1000 ◦C. After pressurization the M-BT
powder densifies much quicker than the A-BT–powder. In the
case of M-BT densification is already almost completed within
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Fig. 1. X-ray diffraction patterns of compacts obtained f

The sintered pellets were characterized regarding phase
omposition by powder X-ray diffraction (XRD, Philips
’PERT, Koninklijke Philips Electronics N.V., Amsterdam,

he Netherlands) using Cu-K� radiation with a wavelength of
= 1.5418 Å. The respective diffraction patterns were recorded

n the range from 20◦ to 80◦ (2θ) using an angular step interval
f 0.02◦.

The grain size and its spatial distribution in the sintered
aTiO3 ceramics were investigated by field emission scan-
ing electron microscopy (FE-SEM, LEO1530, Carl Zeiss AG,
ena, Germany) operating at an accelerating voltage of 20 kV.
he average grain size (G) was then determined via the linear

ntercept method from micrographs of fractured surfaces of all
amples, using the relationship G = 1.5·L, where L is the aver-
ge intercept length.27 Approximately a number of 350–500
ntercepts were counted for each sample.

For the dielectric measurements, gold electrodes were
eposited onto the sintered pellets by sputtering. The measure-
ents were performed in a frequency range from 0.1 Hz to
MHz with an applied AC voltage of 1.5 V for temperatures
etween 25◦ and 250 ◦C using an impedance analyzer (Alpha
ielectric Analyzer, NOVOCONTROL Technologies GmbH &
o. KG, Hundsangen, Germany). The system used consisted of a

requency response analyzer (Solartron SI 1260, Solartron Ana-
ytical, Farnborough, U.K.) and a broadband dielectric converter
Novocontrol BDC, NOVOCONTROL Technologies GmbH &
o. KG, Hundsangen, Germany).

In order to study the stoichiometry of the as synthesized pow-
ery products, M-BT and A-BT nanopowders were sintered at
000 ◦C by SPS and additionally post-annealed at 1350 ◦C for
0 min in air applying a heating and cooling rate of 5 K/min
espectively and investigated by XRD.

. Results and discussions
.1. Sintering behavior and microstructural evolution

Fig. 1 shows the X-ray diffraction patterns of some repre-
entatively selected ceramics derived from M-BT and A–BT

F
A
b
t

A-BT and (b) M-BT powders after SPS (BT: BaTiO3).

espectively. All reflection peaks were identified to arise from
aTiO3 and no other secondary phases could be found, sug-
esting that no detectable side reaction took place during
he sintering process over the temperature range investigated
950–1050 ◦C).

Dilatometric linear shrinkage curves recorded for compacts
f A-BT and M-BT sintered at 1000 ◦C are shown in Fig. 2.
he shrinkage in the case of A-BT started at about 980 ◦C and
strong increase in the shrinkage occurred when the uniaxial

ressure of 75 MPa was applied as soon as the sintering tem-
erature of 1000 ◦C was reached. Then, in the course of further
ensification, the linear shrinkage gradually increased with the
ncrease in dwelling time. The corresponding linear shrinkage of

-BT derived powders already starts at a temperature of about
80 ◦C, which is 200 K below that for A-BT, where a significant
ncrease in densification starts. The large difference in the onset
emperature of sintering is probably due to different agglomer-
tion degrees of the raw powders (see Table 1) and the herewith
elated formation of initial sintering necks. The difference in
inter-activity manifests itself even more clearly in the tempera-
ig. 2. Linear shrinkage rate plotted versus the temperature for compacts of
-BT and M-BT sintered at 1000 ◦C and a pressure of 75 MPa (heating rate
etween 600 ◦C and 1000 ◦C was 100 K/min). The right part of the figure shows
he evolution of the shrinkage with time after applying the pressure at 1000 ◦C.
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ig. 3. Relative density of ultrafine grained BaTiO3 compacts in dependence of
intering temperature.

min, whereas in the case of A-BT the saturation in the dis-
lacement recorded by the dilatometer can be recognized after
min.

Fig. 3 illustrates the densification behavior of A-BT and M-
T in more detail and shows the influence of temperature on the
alues of the final relative density achieved for the sintered com-
acts. In the case of M-BT a continuous but only relatively small
ncrease in relative density from 95.8 to 99.1% was observed. For
-BT nanopowders, on the contrary, a sharp and rapid increase

n the relative density from 81.7 to 98.8% was observed within
very narrow temperature interval of 50 K, between 950 ◦C and
000 ◦C. A further increase in the sintering temperature above
050 ◦C does not enhance the densification of the compacts.
he threshold temperature above which creep or grain-boundary

liding is much higher for A-BT than for M-BT. Hague and Mayo
eported that during sinter-forging of nanocrystalline zirconia,
ynamic grain growth due to the applied plastic strain induced

p
1
t

ig. 4. SEM micrographs of A-BT ceramics (upper row (a–c)) and M-BT ceramics
c and f), respectively.
ramic Society 31 (2011) 1723–1731

y plastic deformation can provide an additional driving force
n grain growth and densification.28 In our study, M-BT have
xperienced larger plastic strains in lower temperature region
ompared to A-BT during SPS due to the smaller initial particle
ize and higher surface to volume ratio.

The evolution of the microstructures with increasing sinter-
ng temperature is shown in Fig. 4. The fractured surfaces of all
amples reveal nanosized grains. Channels of remaining open
orosity can be recognized for A-BT compacts sintered at 950 ◦C
Fig. 4(a)) due to the low relative density (81.7%). However,
hen the sintering temperature is increased up to 1050 ◦C, much
ore densified sintered bodies can be achieved (98.8%). This

nhancement in density is nevertheless accompanied by grain
rowth. A much higher relative density (95.8%) was obtained
or M-BT compacts sintered at 950 ◦C. This is probably mainly
ue to the onset of sintering and neck formation at a tempera-
ure as low as 780 ◦C. However, gradual grain growth was also
bserved with increasing sintering temperature above 950 ◦C in
his case. As already indicated in relation with the dilatometric
inear shrinkage traces in Fig. 2, shrinkage in both, A-BT as
ell as M-BT compacts starts below 1000 ◦C: at 980 ◦C for A-
T and at 780 ◦C for M-BT. Even though primary particle sizes
ere very small in both cases (40 nm for A-BT and 10 nm for
-BT), it was difficult to achieve fully densified BaTiO3 nano-

eramics at temperatures below 1000 ◦C due to the tendency of
he BaTiO3 nanoparticles to form more or less stable agglomer-
tes. Therefore, a further decrease of the agglomeration degree
s desirable for the synthesis of nanoparticles in order to retain an
ven finer nano-crystalline microstructure at high density levels.

The measured grain sizes are plotted as a function of the sin-
ering temperature in Fig. 5. Two regimes of grain growth can be
istinguished. Below 1025 ◦C both A-BT and M-BT only show
rather small and almost linear increase of the average grain
ronounced, compared to M-BT. In both cases, however, below
025 ◦C the average grain size remains smaller than 400 nm. On
he other hand, above 1025 ◦C both powders have already almost

(lower row (d–f)) sintered at 950 ◦C (a and d), 1000 ◦C (b and e), and 1050 ◦C
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ig. 5. Grain size of A-BT and M-BT compacts in dependence of sintering
emperature.

eached the value of the theoretical density and a drastic promo-
ion of grain growth is observed. The observed microstructures,
hown in Fig. 4, reveal that homogeneous and not abnormal
oarsening is taking place in this temperature regime.

Fig. 6 illustrates the two concurrent mechanisms of grain
rowth and densification independently from temperature in a
intering-map, in which the achieved average grain size is plotted
ersus the relative density. Interestingly the representation of
he experimental data in this chart reveals that no significant or
undamental difference in the sintering kinetics of both powders
ccur during the final stages of consolidation, since the traces
f the grain size dependence from density seem to follow the
ame tendency above the value of closed porosity (about 94%).

n both cases very strong grain growth takes place just before
he theoretical density is reached if the temperature is increased.

ig. 6. Grain size as a function of density for A-BT and M-BT compacts.
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.2. Dielectric characteristics

Fig. 7 shows the frequency-dependence of permittivity for
ifferent sintering temperatures. Most of the ceramics obtained
rom A-BT powders had a sufficiently good stability of the per-
ittivity within the wide frequency range from 0.1 Hz to 1 MHz,

s illustrated in Fig. 7(a). The extremely low values of permittiv-
ty well below 1000 for A-BT sintered at 950 ◦C and 975 ◦C are
robably due to lower densities (“dilution effect” because of low
ermittivity pores) as well as small grain sizes (“size effect”).29

he permittivity values increase, however, for higher sintering
emperatures up to 1025 ◦C and thus larger densities and grain
izes. The A-BT sample sintered at 1050 ◦C interestingly shows
lower permittivity than that sintered at 1000 ◦C. An increase of

he permittivity also occurs in M-BT compacts with increasing
intering temperature up to 1025 ◦C at low frequencies as shown
n Fig. 7(b). The only exception to this trend occurs for M-BT
intered at 975 ◦C that shows the largest values of permittivity
n all M-BT compacts. The reasons for this behavior are not
nderstood at the moment. A very steep increase of permittiv-
ty was observed with decreasing frequency for M-BT derived
eramics sintered below 1000 ◦C having a grain size of 350 nm
r less. This increase is particularly steep for M-BT powders sin-
ered at 950 ◦C. Possibly this polarization contribution arises not
nly from the intrinsic dielectric response of the crystal lattice
ut also from extrinsically induced mechanisms, such as space
harge layers.

The dielectric losses (loss tangent, tan δ) for A-BT and M-
T as a function of frequency at room temperature are shown in
ig. 8. The A-BT samples sintered at 950 ◦C and 975 ◦C revealed
strong dependence of the dielectric losses from frequency.
ith increasing sintering temperatures, however, reduced fre-

uency dependence is observed (Fig. 8(a)), which is associated
ith a lower porosity and enhanced densification and grain
rowth.8 The M-BT samples also show the development of
lmost frequency independent losses for high values of the sin-
ering temperatures. Most of the M-BT samples show higher
alues of dielectric losses compared to those obtained for A-
T, as shown in Fig. 8(b). For the fully densified samples the
ielectric losses lie between 10−2 and 10−1 for A-BT and M-BT.

Typical permittivity–temperature characteristics reflecting
erroelectric behavior were obtained for both A-BT and M-
T samples and Fig. 9 shows representative examples of the

emperature dependence of permittivity at 1 kHz for A-BT sin-
ered at 1025 ◦C (99% density and 354 nm grain-size) and

-BT sintered at 975 ◦C (96% density and 284 nm grain-size),
oth cases having a comparable microstructure. The maximum
ielectric constant appears, as expected at around 115 ◦C, which
orresponds to the Curie-temperature of BaTiO3, where the
ransition between the ferroelectric (crystallographic tetragonal
olymorph) and the high-temperature paraelectric (crystallo-
raphic cubic polymorph) occurs.30 Above the Curie point, a
roportional relation between the reciprocal permittivity and

emperature holds for both A-BT and M-BT samples (inset in
ig. 9), corresponding to the Curie–Weiss law, ε = C/(T − T0),
here ε is the permittivity of material, C the Curie con-

tant, T the temperature and T0 the Curie–Weiss temperature.
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Fig. 7. Frequency dependence of permittivity for (a) A-BT and (b) M-BT compacts measured at room temperature.
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C = 1.55·105 K and T0 = 350 K for A-BT and C = 2.61·105 K

nd T0 = 349 K for M-BT, respectively). It should be noted that
nterestingly the overall permittivity is almost twice as high for

-BT compared to A-BT, although the microstructures are com-

ig. 9. Temperature dependence of permittivity for A-BT sintered at 1025 ◦C
99% density, 354 nm grain-size) and M-BT sintered at 975 ◦C (96% density,
84 nm grain-size) measured at 1 kHz.
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nd (b) M-BT compacts measured at room temperature.

arable with respect to density and grain-size, M-BT showing,
owever, a slightly smaller density and average grain-size than
-BT.
Fig. 10 represents the grain size dependence of permit-

ivity for A-BT and M-BT in comparison to further data on
he size-effect in sintered BaTiO3 that has been published
y other authors previously and that can be found in the

iterature.7,10,31–35 For A-BT, a sudden drop of permittivity with
ecreasing grain size occurs from 294 nm (sintering at 1000 ◦C)

ig. 10. Grain size dependence of permittivity for A-BT and M-BT in compar-
son to further data in the literatures.
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own to 268 nm (sintering at 975 ◦C). For all M-BT sintered
odies, however, the dielectric permittivity was much higher
han those obtained for A-BT. It is important to note here again
hat even at comparable values of the grain size (268 nm for A-
T and 261 nm for M-BT, respectively) and density (94.5% of

he theoretical density for A-BT and 95.9% for M-BT) at the
ame time very large differences in permittivity depending on
he synthetic route of nanoparticles are observed.

. Discussion

The sintering behavior of nanocrystalline BaTiO3 powders
ynthesized by the alkoxide–hydroxide method (A-BT) and by
icroemulsion-mediated synthesis (M-BT) is quite different.
his discrepancy in sintering behavior can be originated from the
ifference in particle size. It must be stressed, however, that the
egree of agglomeration usually also strongly affects sintering
s a further factor besides the initial particle size. Agglomer-
tes in ceramic powders often cause an inhomogeneous pore
istribution in green compacts, resulting in persisting porosity
ven in the sintered body. This hampers full consolidation and,
enceforth, sintering has to occur at a higher temperature in
rder to achieve high densification.36 The clear advantages of
anopowders, such as the higher sinter activity or the possibility
f realizing ultrafine microstructures are often put into question
ecause of the strong tendency to form hard agglomerates as the
article sizes decreases below 100 nm. For this reason there is a
igorous demand for the development of only loosely agglomer-
ted powders and of means allowing to control the spontaneous
gglomeration of nanoparticles during wet chemical processing
uch as the synthesis through the hydrothermal, the sol–gel, the
icroemulsion, and the alkoxide–hydroxide approach.
As already mentioned Liu et al. found the existence of

kinetic window within which the densification process of
anocrystalline BaTiO3 powders (average initial particle size
0–80 nm) could be separated from grain growth.19 In the
resent study, the initial particle size of the BaTiO3 nanopow-
ers was about 10 and 40 nm, respectively, and such a kinetic
indow was not observed. It should be noted in this context,

hat all grain sizes measured for our sintered A-BT and M-BT
ere significantly smaller than the ones reported previously for

he case where abnormal grain growth occurred and therefore it
an be concluded that the present data lie within or below the
inetic window reported by Liu et al. Presumably, both A-BT
nd M-BT experience grain growth without densification during
PS if a higher sintering temperature is applied.

The critical grain size where permittivities begin to decrease
rastically upon microstructural refinement was found to be
round 300 nm for A-BT. For M-BT permittivity remained
lmost constant down to this value and no critical value could be
ound experimentally. This difference in permittivity is believed
o result from factors affected by the synthetic approach, such as
or instance the concentration of point defects. It is well known

hat the sintering behavior of BaTiO3 is greatly influenced by
toichiometry and the occupancy balance of the cationic sites in
he perovskite lattice.37 Pinceloup et al. proved the existence of
narrow stoichiometry range of the Ba/Ti ratio from 0.995 to

b
i
d
r

t 1350 ◦C for 30 min. These compacts were sintered at 1000 ◦C by SPS before
nnealing (BT: BaTiO3).

.000 in which optimum sintering behavior and electrical prop-
rties of hydrothermally synthesized BaTiO3 nanopowders can
e obtained.38

In order to verify the stoichiometry of the synthesized BaTiO3
anopowders of the present study, XRD on post-sintering
nnealed ceramics was conducted. Fig. 11 shows XRD patterns
f A-BT and M-BT compacts (consolidated by SPS at 1000 ◦C)
hat were annealed at 1350 ◦C for 30 min. For M-BT, all reflec-
ion peaks could be indexed on the basis of the tetragonal BaTiO3
rystal structure. According to XRD no secondary phases form
uring annealing, indicating that these M-BT ceramics exist
n the pure stoichiometric composition. However, in the case
f A-BT Bragg-reflections of BaTi2O5 (JCPDS 34-0133) as a
econdary phase were identified beside BaTiO3 upon anneal-
ng, which proves the presence of fluctuations in stoichiometry.
ig. 1 shows that the content of secondary phases after sin-

ering, if present at all, is well below the XRD detection limit
<1 vol%) for both SPSed A-BT and M-BT compacts. In the
ase of the alkoxide method, however, hydroxyl ions are usually
ncorporated into the lattice, resulting in cationic vacancies on
empering.39,40 It is expected that due to the presence of barium
acancies in A-BT, Ti-rich secondary phases can be formed dur-
ng annealing. The change of the local stoichiometry can be one

ain factor which affects sintering and the dielectric behavior
f the nanocrystalline BaTiO3 ceramics from A-BT.

The different dielectric properties of the A-BT and M-BT
an be also probably originated from the existence of a non fer-
oelectric grain boundary layer, so-called “dead layer” which
etermines a progressive suppression of permittivity in BaTiO3
eramics.10,34,35 The thickness of this layer is related to the Ba/Ti
atio and in the A-BT ceramics there is probably thicker dead
ayer due to the significant Ti excess as evidenced in Table 1 com-
ared to M-BT. In this case an amorphous Ti-rich layer might
e also present at grain boundaries which would give a strong

mpact on grain growth and densification, as defect nature and
efect concentration in BaTiO3 are strongly dependent on Ba/Ti
atio. Thus, further investigations on the effect of dead layer will
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e carried out, which might provide fundamental understanding
f the origin of the different dielectric properties on the A-BT
nd M-BT ceramics.

. Summary

Nanocrystalline BaTiO3 powders prepared with
icroemulsion-mediated synthesis (M-BT) and

lkoxide–hydroxide method (A-BT) have been success-
ully densified by SPS. In-situ measurement of the linear
hrinkage behavior shows that in the case of M-BT sintering is
nitiated at much lower temperatures compared to A-BT due to
he small initial particles size. During SPS, both the processes of
rain growth and densification proceeded simultaneously below
000 ◦C whereas above approximately 1000 ◦C the sintering
ehavior is mainly governed by grain growth rather than den-
ification for both A-BT and M-BT powders. The study of the
ielectric properties revealed typical permittivity–temperature
haracteristics. M-BT, however, shows significantly higher
alues of permittivity compared to A-BT. Possibly the rather
oor control of stoichiometry during synthesis in the case of
-BT affects the dielectric behavior of the resulting ceramics.
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