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Dielectric properties of spark-plasma-sintered

BaTiO3
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Spark-plasma-sintering (SPS) has been applied to BaTiO3 to prepare dense ceramics
consisting of submicrometre-sized powder. Relatively dense (typically 97% of the
theoretical X-ray density) pellets with an average grain size remaining similar to that of the
starting powder, approximately 0.6 µm, were obtained by the SPS process. Fixed frequency
(1 kHz) measurements show the room temperature permittivity of SPS ceramics to be
relatively high, approximately 3500, and at least double the value of conventionally
sintered ceramics, approximately 1500. Alternating current (a.c.) impedance spectroscopy
measurements show that SPS is an effective process to reduce the influence of
intergranular (grain boundary) effects on the permittivity and direct current (d.c.) resistance
characteristics of BaTiO3 ceramics substantially. C© 1999 Kluwer Academic Publishers

1. Introduction
Barium titanate (BaTiO3) is a well known ferroelec-
tric material with a high room temperature permit-
tivity value, ≥1000, and will continue to be used in
the manufacture of thermistors, multilayer capacitors
and electro-optic devices into the next century [1]. Re-
cently, it has been extensively studied particularly for
its application as a capacitor material in down-sized
portable machines and dynamic random access mem-
ory (DRAM) devices [2–5]. For the above applications,
BaTiO3 ceramics with both high dielectric constants
and high resistivity properties in small size are required.

However, drastic decrease in electrical permittivity
has been reported for BaTiO3 ceramics with submicro-
metre-sized grains [6–10]. This arises mainly because it
is difficult to prepare dense BaTiO3 ceramics with fine
grains (<1µm) via conventional sintering process.

Oonishiet al. [11] prepared dense BaTiO3 ceram-
ics (more than 98% of the theoretical X-ray density)
with submicrometre-sized grains (0.2–0.6µm) by hot
isostatic pressing (HIP). They applied 500 MPa to the
powders during sintering, which is enough to decrease
thec/a-ratio of the tetragonal unit cell, Curie temper-
ature and permittivity of BaTiO3 ceramics [12, 13].

Spark-plasma-sintering (SPS) is a process that makes
use of microscopic electrical discharge between parti-
cles under pressure (approximately 30 MPa) [14–16].
Although SPS is commonly used to produce dense
metal and engineering ceramics, there are relatively few
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reports on the application of this technique to produce
dense ceramics of oxides for electrical ceramics. The
SPS process enables a compact powder to be sintered
under uniform heating to high density at relatively lower
temperatures and in much shorter sintering periods, typ-
ically a few minutes, compared with conventional sin-
tering of cold-isostatic pressed (CIP) pellets [14–16].
The short sintering periods carried out for the SPS pro-
cess would be advantageous in suppressing exaggerated
grain growth.

Many researchers who have studied the dielec-
tric properties of BaTiO3 ceramics report only fixed-
frequency measurements, e.g. permittivity and/or
dissipation factor (tanδ) at 1 kHz [1]. Polycrystalline
materials commonly exhibit a variety of frequency-
dependent effects associated with heterogeneities, such
as grain boundaries or surface layers, in addition to the
intrinsic properties of the materials concerned [17]. In
order to characterize the electrical properties of poly-
crystalline ferroelectric BaTiO3 ceramics fully, Hirose
and West have recently shown that a.c. impedance mea-
surements should be made over a wide frequency range
and the data analysed using a variety of formalisms [17].

In this paper, we try to produce dense pellets of
BaTiO3 with submicrometre grain size using the SPS
process. The electrical properties of the SPS BaTiO3
pellets were measured using a.c. impedance spec-
troscopy and the results compared with those obtained
for conventionally sintered BaTiO3 ceramics.
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TABLE I Synthesis methods of the starting BaTiO3 powders, sintering methods and densities of the pellets (theoretical X-ray density is
6.01 g cm−3)

Pellet Synthesis method of the starting BaTiO3 Sintering method Density (g cm−3)

SPS Hydrolysis (Ba(OH)2 + Ti[OCH(CH3)2]4) Spark-plasma-sintering (1100◦C 3 min) 5.80 (97)a

CH Hydrolysis (Ba(OH)2 + Ti[OCH(CH3)2]4) Conventional heating (1200◦C 2 h) 5.29 (88)a

SSR Solid state reaction (BaCO3 + TiO2) Conventional heating (1200◦C 2 h) 5.47 (91)a

aValues in parenthesis are per cent relative densities.

2. Experimental procedure
BaTiO3 powders were prepared by alkoxide hydro-
lysis from the addition of reagent grade titanium
tetraisopropoxide (Ti[OCH(CH3)2]4; Wako Pure
Chemical Industries) to 0.45 N barium hydroxide
(Ba(OH)2; Wako Pure Chemical Industries, reagent
grade) aqueous solution at 80◦C under a N2 atmo-
sphere to avoid the formation of BaCO3, as described
previously [18, 19]. The precipitate was filtered and
dried in an oven (100◦C) overnight. The as-prepared
powders were calcined at 1200◦C for 4 h, leading
to tetragonal BaTiO3 with an average particle size
of 0.6 µm [19]. These powders were subsequently
sintered in the form of discs by SPS using an SPS-2040
(Sumitomo Coal Mining) or by conventional heating
in a muffle furnace.

Fig. 1 shows a schematic representation of the SPS
system employed. BaTiO3 powder was placed into a
graphite die (2 cm in diameter) and an electric current
(d.c.) of 4000 A was applied under a pressure of 39
MPa. During this procedure, the temperature increased
to 1100◦C at a rate of approximately 200◦C min−1.
Although the temperature was monitored at the sur-
face of the graphite die by a pyrometer, the tempera-
ture difference between the graphite surface and sam-
ple interior was less than 20◦C in this system [20].
After it was maintained at 1100◦C for approximately
3 min, the applied electric current was stopped, pres-
sure was released and the sample was cooled to room
temperature (it took approximately 1 min for cooling
from 1100 to 600◦C). Although the as-sintered pellets
(2 cm in diameter and 0.2 cm in thickness) were black in
appearance, probably due to contamination of carbon
from the die and/or the reduction of the sample pel-
lets, the white appearance of the pellets was restored
by annealing in air at 1200◦C for 2 h (SPS pellets).
For the conventional heating process, BaTiO3 prepared

Figure 1 Schematic representation of the spark-plasma-sintering system
(SPS 2040 of Sumitomo Coal Mining) employed in this study.

by the hydrolysis method (average grain size was ap-
proximately 0.6µm) was pressed into pellets under a
pressure of 190 MPa (green density was typically 2.83
g cm−3, i.e. 47% of the theoretical X-ray density) and
subsequently sintered in air for 2 h at 1200 ◦C (CH
pellets). For comparison, BaTiO3 was also prepared by
solid state reaction of BaCO3 (Wako Pure Chemical
Industries, 99.9%) and TiO2 (Wako Pure Chemical In-
dustries, reagent grade) at 1200◦C for 4 h (average grain
size was approximately 1µm and the Ba/Ti cation ratio
was 1.00± 0.01 by ICP measurements). These samples
were also pressed into pellets under a pressure of 190
MPa (green density was typically 2.78 g cm−3, which
was 46% of the theoretical X-ray density) and sintered
in a muffle furnace at 1200◦C for 2 hours (SSR pellets).
The synthesis method of the starting BaTiO3 powders
and sintering methods for the pellets are summarized
in Table I.

Phase purity and composition of the pellets were
checked by X-ray diffractometry (XRD; Rigaku Rint-
1500 using CuKα radiation), scanning electron mi-
croscopy (SEM; Nikon E-SEM 2700L) with energy
dispersion X-ray (EDX) microanalysis (Philips Edax
DX-4), electron probe microanalysis (EPMA; Cameca
SX51) and Raman spectroscopy (Jobin Yvon T64000).
In the EDX system, the detector window was made
from a thin polymer film, which enabled the detection
of light elements such as carbon and oxygen, and the
standard used for Ba and Ti analysis in EPMA was
BaTiSi3O9. Thermogravimetry (Rigaku TAS200) was
employed to monitor any weight changes on reoxida-
tion of the pellets prepared from the SPS method.

A.c. impedance measurements were carried out using
combined Solartron 1250/1286 and Hewlett Packard
4192A instrumentation, covering the frequency range
10−2–107 Hz. Prior to electrical measurements, pellets
were coated with Au paste electrodes (Engelhard A-
3360), which were fired on at 600◦C. All samples were
measured over the temperature range 25–300◦C, with
equilibration periods of 15 min at each temperature.

3. Results and discussion
XRD patterns of the starting powder, and SPS pellets
before and after annealing are shown in Fig. 2. The
presence of graphite contamination from the carbon
die in sintered SPS pellets was clearly observed in the
XRD patterns; however, annealing the pellets in air at
1200◦C for 2 h was sufficient to remove graphite con-
tamination. Lattice parameters of the annealed pellets
werea= 0.3997(5) nm andc= 0.4038(6) nm, in good
agreement with those reported previously for tetrag-
onal BaTiO3 [21] and with those of the starting powder,
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TABLE I I Composition for the SPS, CH and SSR BaTiO3 pellets determined with EPMA

SPS BaTiO3 CH BaTiO3 SSR BaTiO3

Theoretical value
Standard Standard Standard for BaTiO3

Element Average deviation Average deviation Average deviation (at %)a

Ba 19.86 0.17 19.99 0.11 20.01 0.05 20
Ti 20.00 0.11 20.00 0.08 19.99 0.03 20
O 60.13 0.06 60.00 0.04 60.00 0.02 60

aThe atomic per cent shown here is normalized to give total per cent= 100. The actual total weight per cent was 100.02 in the SPS pellet, 99.56 in
the CH pellet and 99.40 in the SSR pellet. Data of ten points were averaged in determining the composition for each sample.

Figure 2 XRD patterns (CuKα radiation) of the starting BaTiO3 powder,
and SPS pellets before and after annealing at 1200◦C for 2 h in air.

Figure 3 EDX results for SPS BaTiO3 pellets before (top) and after
(bottom) annealing at 1200◦C for 2 h in air.

a= 0.3996(5) nm andc= 0.4038(6) nm. The EDX re-
sults shown in Fig. 3 further confirm the removal of
carbon contamination by annealing; the large peak at
approximately 0.28 keV, attributed to the carbonKα

peak, is absent after reoxidation.
Thermogravimetry showed a weight loss of approxi-

mately 0.3 wt % on heating to 1200◦C in air, probably
due to the elimination of graphite as the form of gaseous
CO2 and/or CO from the samples. SPS pellet densities
remained high, typically 5.80 g cm−3 (97% of the the-
oretical X-ray density) after annealing at 1200◦C.

A typical SEM micrograph of the fracture surface of
an annealed SPS pellet is shown in Fig. 4a. The SPS
pellets consist of mainly submicrometre-sized grains,
indicating that the average grain size remains similar to
that of the starting powder, approximately 0.6µm. In
our parallel experiments for SPS at 1100◦C for 30 min,
exaggerated grain growth to more than 10µm was
observed. Therefore, the short sintering period would
be an essential factor to obtain BaTiO3 ceramics with
submicrometre-sized grains in the SPS process. For
comparison, SEM micrographs of the fracture surfaces
of CH and SSR pellets are shown in Fig. 4b and c,
respectively. In contrast to SPS pellets, the mean grain
size of both pellets increased from 0.6 to approximately
2 µm, and pellet densities were much lower, typically
5.29 (CH pellet) and 5.47 g cm−3 (SSR pellet) than
those of the SPS pellets.

The chemical composition and homogeneity of the
samples were analysed on a micrometre scale by
EPMA, Table II. Although the main phase in the SPS,
CH and SSR pellets was stoichiometric BaTiO3, within
experimental errors, small quantities of a titanium-
rich (Ba : Ti ratio 1 : 2) second phase were detected
as isolated grains in SPS pellets. The presence of this
titanium-rich, minor phase may occur due to the loss of
barium during the SPS process. This may be a reason
why the compositional fluctuation and Ti/Ba ratio of the
SPS pellets are slightly larger than those of the CH and
SSR pellets. Raman spectra (not shown) for the SPS,
CH and SSR pellets were all in good agreement with
that of the characteristic tetragonal BaTiO3 reported
previously [22, 23], signifying negligible amounts of a
nonstoichiometric phase such as BaTi2O5 [23].

Fixed-frequency, 1 kHz, permittivity data for SPS,
CH and SSR pellets over the temperature range
25–300◦C are shown in Fig. 5. Although all sets show
a maximum at the ferroelectric Curie temperature of
approximately 120◦C, SPS data show higher permit-
tivity values, particularly below the Curie temperature;
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(a)

(b)

(c)

Figure 4 SEM micrographs of fracture surfaces for (a) SPS, (b) CH, and
(c) SSR BaTiO3 pellets.

the room-temperature permittivity of SPS pellets is ap-
proximately 3500, higher than the value for CH pel-
lets (approximately 1500) and SSR pellets (approxi-
mately 1800). Although commercially available doped-
BaTiO3 shows much higher permittivity values [7], the
present SPS pellets show relatively higher permittiv-

Figure 5 Temperature dependence of the permittivity at 1 kHz for SPS,
CH and SSR BaTiO3 pellets.

ity values in “pure” BaTiO3. The dissipation factors at
1 kHz for the SPS pellets are less than 3% at 25–300◦C,
which agrees with those of reported values for well sin-
tered BaTiO3 ceramics [1], suggesting less amounts of
oxygen defects as well as less amounts of pores in the
SPS pellets. It is well documented that the permittivity
of BaTiO3 ceramics depends on the grain size [6–9]
and in particular that large permittivity values are ob-
tained when the grain size is restricted to approximately
1µm. The SPS process is clearly effective in restricting
exaggerated grain growth within BaTiO3, Fig. 4a, and
can be used to produce dense pellets of submicrometre
grain sized ceramics with relatively large permittivity
values. In contrast, conventional heat processing results
in porous pellets of larger grain size and consequently,
lower permittivity values.

The reciprocal permittivity values at 1 kHz above
the Curie temperature were plotted against tempera-
ture, Fig. 6. Data for SPS pellets showed Curie–Weiss
paraelectric behaviour up to approximately 270◦C,

ε−1 = A−1(T − T0) (1)

where A is the Curie–Weiss constant andT0 is the
Curie–Weiss temperature. An extrapolated apparentT0
value was approximately 108◦C, close to the reported
value (approximately 115◦C) [17]. Above 270◦C de-
viation from the Curie–Weiss law is observed. Data for
CH pellets obey the Curie–Weiss law over a narrower
temperature range, i.e. between 130 and 200◦C, and
give a lower extrapolatedT0 value of 98◦C. At temper-
atures in excess of 200◦C, gross deviation from linear-
ity occurs. Curie–Weiss plots for SSR pellets showed
similar behaviour to that observed for CH pellets.

In order to investigate the difference inε−1 versus
T plots of SSR, CH and SPS pellets, permittivity data
were analysed as a function of frequency. Spectroscopic
plots of the real component (ε′) of complex permittivity
(ε= ε′ + i ε′′) for SSR, CH and SPS pellets at elevated
temperatures are shown in Figs 7, 8 and 9, respectively.
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Figure 6 Reciprocal permittivity data as a function of temperature at 1
kHz for SPS, CH and SSR BaTiO3 pellets. Lines indicate whether each
ε′−1 versusT set could be fitted to a line derived from Curie–Weiss law
or not.

Figure 7 Frequency dependence of the real part of the complex permit-
tivity, ε′, for SSR BaTiO3 pellets at three temperatures. Thickened arrow
indicates 1 kHz datum point.

For SSR pellets, permittivity data reveal two distinct
plateaus; with increasing temperature, spectra are dis-
placed to higher frequencies. In contrast, data for a CH
pellet at three temperatures show scatter in the low fre-
quency region (<1 Hz) with ε′ decreasing slowly at
higher frequencies with no well defined high frequency
plateau value. Data for SPS pellets at approximately
180 ◦C show clearly the presence of a high frequency
plateau and at higher temperatures, e.g.>300 ◦C, a
second, less well resolved intermediate plateau region.
There appear to be no clear plateaus in the low fre-
quency (<1 Hz) region for all samples, suggesting the
absence of space-charge at the Au electrode–sample
interface [24].

Figure 8 Frequency dependence of the real part of the complex permit-
tivity, ε′, for CH BaTiO3 pellets at three temperatures. Arrow indicates
1 kHz datum point.

Figure 9 Frequency dependence of the real part of the complex permit-
tivity, ε′, for SPS BaTiO3 pellets at three temperatures. Thickened arrow
indicates 1 kHz datum point.

Hirose and West [17] have already shown that two
plateau regions can be observed inε′ spectroscopic
plots for conventionally sintered BaTiO3 ceramics pre-
pared from solid state reaction. Based on their model,
where incompletely sintered ceramics consist of grains
(of permittivity εb) separated by narrow, intergranular
necks (of effective permittivityεgb) including air gaps,
they demonstrated that the lower frequency plateau
value corresponds to the permittivity of the grain
boundaries,εgb, whereas the high frequency plateau
value,εH, is a composite term containing both grain
and grain boundary components, i.e.

εH =
(
ε−1

b + ε−1
gb

)−1
(2)
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For most ceramic materials, the capacitance of the
grain boundary component (Cgb, proportional toεgb)
is much larger than the grain component (Cb, propor-
tional toεb), and the high frequency permittivity plateau
value can be approximated to the grain permittivity,εb,
sinceCgbÀCb. This approximation, however, cannot
be used if grain capacitance values are large, as is the
case for ferroelectric materials close to the Curie tem-
perature or for poorly sintered ceramics where the grain
boundary capacitance is low, such thatCgb∼Cb.

Using this model, we can explain the fixed-frequency
Curie–Weiss paraelectric behaviour and general signa-
ture of theε′ spectroscopic plots in the paraelectric re-
gion for the three types of pellets prepared in this study.
The low frequencyε′ plateau value in the SSR data,
Fig. 7 corresponds to the grain boundary permittivity,
whereas the high frequencyε′ plateau is a composite
value, which is dominated by the grain permittivity and
is temperature dependent. Deviation in the Curie–Weiss
law above 200◦C for fixed-frequency measurements on
SSR pellets, Fig. 6, can be explained by the fact that in
this temperature region (240 and 300◦C), 1 kHz data
lie in the intermediate region between the two plateaus
and are therefore an overestimation of the grain per-
mittivity. Suchε′ spectroscopic plots demonstrate that
fixed-frequency 1 kHz data do not give accurate grain
permittivity values for BaTiO3 ceramics at moderate
temperatures above the Curie temperature.

The absence of any well defined plateau in theε′
spectroscopic plots for CH pellets may be attributed to
poor sintering; CH pellet densities were typically 88%
of the theoretical X-ray density. The presence of large
air gaps substantially reduces the capacitance associ-
ated with the grain boundary component, such that its
capacitance value is similar to that of the grain response.
Thus, a gradual decrease in permittivity with increas-
ing frequency is observed, Fig. 8, rather than two, well
resolved, frequency-independent plateaus associated
with grain boundary and grain responses. In addition,
1 kHz fixed-frequency data become increasingly dom-
inated by grain boundary and electrode-polarization
effects with increasing temperature and account for
the deviation from Curie–Weiss paraelectric behaviour
above 200◦C. The lowT0 value of approximately 98◦C
for CH pellets can also be explained using the model
proposed by Hirose and West [17]; taking intoε= εb
in Equation 1, combining Equations 1 and 2 gives

ε−1
H = ε−1

b + ε−1
gb = A−1(T − T0)+ ε−1

gb

= A−1[T − (T0− A/εgb)] (3)

This equation shows that the apparent Curie–Weiss
temperature is smaller than the true value,T0, by an
amount1T = A/εgb [17]. Porous CH pellets have
lower εgb values, leading to larger shifts in1T and
therefore lower apparentT0 values compared with the
more dense SPS pellets.

In contrast,ε′ spectroscopic plots for SPS pellets
show clearly the presence of a high frequency plateau
above the Curie temperature and, in addition, an inter-
mediate, lower frequency plateau at temperatures above
approximately 300◦C. Due to the higher density of SPS

Figure 10 Impedance plane plots for (a) SPS and (b) SSR BaTiO3 pellets
at 240◦C. Inset shows the high frequency region for SSR pellets. Selected
frequencies are shown in hertz.

pellets compared with CH pellets,εgb is larger since
there are fewer air gaps, and two plateau regions are
resolved. The high frequency plateau value is temper-
ature dependent and is dominated byεb, sinceεgb is
large. The 1 kHz fixed-frequency data for temperatures
below 300◦C lie on the high frequency plateau, cor-
respond toεb and therefore obey the Curie–Weiss law.
Above 300◦C, deviations from the Curie–Weiss law
occur as the 1 kHz data points lie on the intermediate
region between the two plateau regions.

Representative impedance plane plots,Z∗, for SPS
and SSR pellets at 240◦C are shown in Fig. 10. SPS
pellets exhibit a clearly defined, high-frequency semi-
circular arc with an associated capacitance of 330 pF.
The associated resistance (corrected for sample geom-
etry) was 4.8 MÄ, Fig. 10a. In contrast, the overall
resistance of SSR pellets is two orders of magnitude
greater than that for SPS pellets at 240◦C, Fig. 10b.
The impedance plane plots for SSR pellets exhibit two
semicircular arcs; a large, low frequency semicircular
arc with an associated capacitance of 1.7 nF, which can
be assigned to a grain boundary component [17], and a
small, high frequency arc, inset of Fig. 10b, with an as-
sociated capacitance of 190 pF, which can be assigned
to a grain capacitance value [17]. The associated grain,
Rb, and grain boundary,Rgb, resistances are 4.1 and
450 MÄ, respectively. Based on these two associated
capacitance values of SSR pellets, the semicircular arc
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Figure 11 Arrhenius plots forRb and Rgb of SPS and SSR BaTiO3
pellets.

of SPS pellets can be assigned to a bulk component. The
low frequency response in Fig. 10a shows evidence of
a small “tail,” which is associated with a small grain
boundary contribution to the overall d.c. resistance of
the sample.

Resistance data for SPS and SSR pellets are summa-
rized in an Arrhenius plot, Fig. 11. There is exception-
ally good agreement for the grain resistance value,Rb,
and for its activation energy of both samples, 0.64 eV
for SPS and 0.73 eV for SSR. This indicates clearly
that the SPS process is effective in removing the high
resistive grain boundary component that is commonly
observed for BaTiO3 ceramics prepared via conven-
tional sintering. The activation energies forRb in both
samples are smaller than the band gap for intrinsic elec-
tronic conduction in pure BaTiO3 (approximately 3 eV
[17, 25]), signifying thatRb values for SPS and SSR
samples are attributed to extrinsic conduction mech-
anisms, probably associated with minor impurities in
the starting reagents. But this result cannot affect our
conclusion that the SPS process is effective in remov-
ing the resistive grain boundary component of BaTiO3
ceramics.

So far, we have obtained well defined stoichio-
metric fine BaTiO3 powder by a decomposition of
organometallic crystal (sol–crystal method [26]), which
shows relatively high dielectric constant (3700 at room
temperature [27]). Combing these two methods, i.e.
sol–crystal (preparation of well defined fine powder)
and spark-plasma-sintering (well sintering method),
may open the possibility to produce fine BaTiO3 ce-
ramics with much higher permittivity.

4. Conclusions
We have employed spark-plasma-sintering to obtain
dense BaTiO3 pellets (97% of the theoretical X-ray

density) with an average grain size similar to that of
the starting powder, typically approximately 0.6µm.
The 1 kHz, fixed-frequency permittivity measurements
show that the permittivity of SPS pellets is relatively
higher than that obtained for conventionally sintered
ceramics, with a typical room-temperature permittivity
value of approximately 3500. A.c. impedance results
demonstrate that the SPS process is effective in remov-
ing the resistive grain boundary component, which is
commonly observed in conventionally sintered BaTiO3
ceramics.
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