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Abstract

Nanosized Ba0.8Pb0.2TiO3 powders obtained by high energy ball milling were compacted and sintered into nanocrystalline ferroelectric
ceramics using spark plasma sintering (SPS). The prepared ceramic samples were characterized by field emission scanning electron microscopy,
X-ray diffraction, and electrical property measurements. All the samples show a density over 97% of the theoretical value and an average grain
size of ∼60–200 nm depending on the ball milling time. The dielectric data exhibit a ferroelectric–paraelectric phase transition and a maximum
relative permittivity of 19,000 at 225 1C and 100 kHz at the average grain size of ∼60 nm. The values of the dielectric constants both at room
temperature and at the phase transition temperature increase considerably as the average grain size decreases. The remanent polarization and
coercive field strength decrease slightly as the average grain size decreases but remain at an acceptable level for ferroelectric applications.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Miniaturization of ferroelectric components is of consider-
able interest in the microelectronic industry. Recent advances
in solid state science have enabled the fabrication of ferro-
electric materials and devices with nanostructures [1,2]. Piezo-
electric barium titanate (BaTiO3) is a well-known ferroelectric
material with a high permittivity at room temperature and is
used in the manufacture of thermistors, multilayer capacitors
and electro-optic devices [3]. There are four possible crystal
structures (rhombohedral, orthorhombic, tetragonal and cubic)
that occur for BaTiO3 between �100 and 135 1C and these
structural phase transitions induce large variations in permit-
tivity and dielectric loss. In order to avoid these disadvantages,
doped materials are used. For example, Nb and Co are
commonly added to BaTiO3 to stabilize the permittivity and
reduce the dielectric loss [4]. An investigation was made
regarding the effect on the dielectric properties of BaTiO3
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containing a small percentage of Pb, and results showed a
ferroelectric Curie temperature increase from 120 1C to 225 1C
[5,6]. As shown recently [7,8], the interest in Pb-based mate-
rials has decreased due to its toxicity. However, Pb-modified
BaTiO3 ferroelectric ceramics are still investigated for applica-
tions in many types of electronic devices, such as transducers,
actuators, sensors, hydrophones, electro-optical modulators,
infrared sensors and piezoelectric actuators, especially for
high frequency and high temperature applications [6,9]. These
ferroelectric materials are usually prepared by conventional
methods, which require high temperature and long reaction
times and result in an inhomogeneous particle size distribution
making them unsuitable for high performance ceramics. Also,
with the miniaturization of electronic devices, it becomes
increasingly important to investigate the size effects on the
ferroelectric properties when approaching the nanoscale. It will
require powders with controlled stoichiometry and small and
uniform particle size to achieve this goal.
Spark plasma sintering (SPS) is a newly developed syn-

thesis and processing technique which allows sintering and
sinter-bonding at relatively low temperatures and over a short
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Fig. 1. Schematic diagram of the apparatus for spark plasma sintering.
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period of time by charging the gaps between powder particles
with electrical energy to generate the spark plasma. SPS
systems generally apply pressure to the sample but offer many
advantages over systems using heat and pressure, such as hot
press (HP) sintering, hot isostatic pressing (HIP) and high
pressure furnaces. The advantages include ease of operation,
accurate control of sintering energy, high sintering speed,
and high reproducibility, safety and reliability. The SPS
temperature is at least 300 oC lower than that used in
conventional sintering [10,11], and even lower than that
used in hot pressing [12], because of the SPS-assisted
densification effect. The main difference between SPS and
other sintering methods using heat and pressure is that SPS is a
process which makes use of microscopic electrical discharge
between particles under pressure. Material processing (pres-
sure, temperature rise and holding time) is completed in 5–
20 min. The relatively low processing temperature, combined
with short processing times, ensures control over grain growth
and final microstructure.

It is well known [13] that the grain size (GS) has a dramatic
influence on the properties of ferroelectric materials. Although
SPS is commonly used to produce dense metal and engineer-
ing ceramics, there are relatively few reports on the application
of this technique to produce dense ceramics for electrical
applications. In the present work, high energy ball milling
followed by SPS has been used to prepare nanocrystalline
Ba0.8Pb0.2TiO3 (abbreviated as BPT) ceramics. BPT has a
relatively high Curie transition temperature (around 225 1C),
which is appropriate for use in electronic devices at high
frequencies and temperatures. We report on the densities and
grain sizes of the SPS-prepared ferroelectric BPT ceramics and
the effect of these on the electrical properties.

2. Experimental procedure

2.1. Sample preparation

High pure chemicals (≥99%, Alfa Aesar, USA) of BaCO3,
PbO and TiO2 were weighed and mixed to give a final
composition of Ba0.8Pb0.2TiO3. In order to obtain different
grain sizes after SPS at the same conditions of temperature,
pressure and time, a pre-sintering powder was obtained by
high energy ball milling using a Fritsch P5 (Fritsch GmbH,
Germany) high-energy planetary ball mill with WC jars and
balls. The ball milling was done for times between 10 and 40 h
which allowed pre-sintering particles to be different in size.

Ball milled powders were then sintered in the form of disks
using spark plasma sintering. A schematic diagram of the SPS
apparatus is shown in Fig. 1. Between the powder and the
inner surface of the 10 cm diameter die, a graphite foil
(0.15 mm) was placed in order to facilitate sample extraction
after the SPS process. The die was then placed inside the
reaction chamber of the SPS apparatus and the system was
evacuated (10 Pa). A mechanical pressure of 48 MPa was then
applied through the plungers and a pulsed electrical current of
800 A was set. The compacted powder was heated at a rate
of 200 1C/min to 900 1C and held for 5 min, and then the
temperature was further increased to 950 1C within 1 min and
held for 5 min. After this, the pulse current was cut and the
applied pressure was released before allowing the system to
cool down to room temperature. The sintered pellets (10 mm in
diameter and 2 mm in thickness) were then removed and the
graphite sheet adhering on the pellet was scraped off. The
pellets were then annealed in air for 2 h at 900 1C to remove
any residual carbon. The rate of heating and cooling in the heat
treatment was maintained at 2 1C/min.
2.2. Characterization

The densities of the SPS-prepared samples were measured
by the Archimedes method using distilled water. The phase
purity and structure of the samples were evaluated by X-ray
diffraction (XRD) using a Rigaku diffractometer with Cu-Kα
radiation (D/max-RB, Rigaku Co., Tokyo, Japan) and an
acceleration voltage of 40 kV and a beam current of 30 mA
with a 2θ scanning step of 0.021 and a count time of 5 s.
Microstructural features on the fracture surfaces of the samples
were examined using field emission scanning electron micro-
scopy (FE-SEM, Hitachi S-4700), from which the grain
sizes in the samples were estimated using the linear intercept
method [14].
The electrical permittivity measurements were performed

using a computer controlled impedance analyzer (HIOKI
3535-50 LCR Hi Tester, Japan) with the maximum magnitude
of 1 V at a fixed frequency of 100 kHz. Prior to the electrical
measurements, the samples were coated with Au paste, cured
at 120 1C for 2 h, and then poled in silicone oil at 150 1C
under a dc field of 10 kV/cm for 2 h. This process ensured a
balanced polarization process and enabled observation of any
changes in piezoelectric properties. The dielectric properties of
all samples were measured over the temperature range of 30–
350 1C. Ferroelectric hysteresis measurements were performed
at room temperature by virtue of an automatic PE loop tracer
based on a Radiant Technologies ferroelectric test system
(Radiant Technologies, Precision Premier, Precision Material
Analyser, USA) with virtual ground mode at 1 kHz.
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Fig. 2. The density as a function of ball milling time for the prepared
Ba0.8Pb0.2TiO3 ceramics.
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3. Results and discussion

3.1. Densification

The bulk density of the SPS-prepared samples is plotted in
Fig. 2 as a function of ball milling time. It can be seen that as
the milling time is increased from 10 h to 40 h, the bulk
density increases and reaches 6.55 g/cm3, which is about 99%
of the theoretical density. The theoretical density of the
Ba0.8Pb0.2TiO3 ceramic (6.57 g/cm3) was calculated from its
crystal structure and lattice parameters. Although the milling
time is long, the SPS process is extremely short and takes only
about 5 min to complete the process. Since the densities of the
different samples are similar to each other, the difference in the
electrical properties of the samples caused by the density
difference should be very small.

Generally, sintering is a bulk diffusion-controlled mass transfer
phenomenon and higher temperatures are expected to accelerate
the diffusion kinetics and thereby improve densification.
Ultimately, the diffusion and mass transfer stops as the driving
force for further sintering is very small, and the densification will
not be further improved with further increasing temperature or
time, but grain growth may take place. However, in the case of
nanoparticles, surface diffusion dominates the mass transfer which
clearly enhances the densification process as seen for smaller
particle sizes obtained by longer milling times.
Fig. 3. FE-SEM morphologies of the powders after ball milling for (a) 10 h
and (b) 40 h, respectively.
3.2. Microstructural and crystallographic analyses

After SPS processing, the BPT compacts changed to a dark
gray color from the white-colored precursor powder, and this
can be attributed to carbon contamination from the die lining.
Subsequent annealing of the as-prepared SPS samples in air at
900 1C enables carbon to be removed, making the color
changed from dark gray to cream white. The presence of
carbon before annealing and the subsequent removal by
annealing were confirmed by energy dispersive X-ray micro-
analysis. It is possible that the as-prepared SPS pellets became
dark gray in color because of oxygen deficiency in their crystal
lattice, which was caused by the reduced oxygen atmosphere
in the SPS system. The oxygen deficiency could be supple-
mented during the annealing in air at 900 1C, making the color
of the pellets become cream white. In order to minimize any
volatilization of lead, a powder bed was used to provide a
PbO-rich atmosphere and during annealing all the as-prepared
SPS pellets were covered with the same composition powder
by virtue of a closed double crucible. To confirm whether there
was any Pb loss during annealing, energy dispersive X-ray
spectroscopy (EDS) was performed on the fresh fracture
surfaces of some 40 h-milled SPS-prepared samples. The
results showed that the concentration of Pb was approximately
4 at%, indicating that there was no visible Pb loss in the
samples (the calculated Pb content in Ba0.8Pb0.2TiO3 is 4 at%).
Fig. 3 shows the FE-SEM images of the powders after ball

milling for 10 h and 40 h, respectively. As seen, they both
consist of more or less spherical particles. The particles are
nano-sized for both conditions, but the powders milled for 40 h
are apparently finer in comparison with those milled for 10 h.
In addition, there is some agglomeration of the powders,
especially for the 40 h-milled ones. The FE-SEM images of the
fracture surfaces of the SPS-prepared samples in Fig. 4 show
that the microstructure is quite uniform but increasingly dense



Fig. 4. FE-SEM images of the fracture surfaces of the Ba0.8Pb0.2TiO3 ceramic samples prepared by the SPS with different milling times: (a) 10 h; (b) 20 h; (c) 30 h;
and (d) 40 h.
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with increasing milling time. As can be seen, the grain size
decreases gradually and the average values in grain size are
approximately 200 nm, 150 nm, 100 nm, and 60 nm for the
samples with the milling times of 10, 20, 30 and 40 h,
respectively.

The room temperature XRD patterns of the SPS-prepared
BPT samples with different grain sizes are shown in Fig. 5a.
All the samples show similar XRD profiles with the formation
of tetragonal phase characterized by the splitting of (002) and
(200) reflections as shown in Fig. 5b. Moreover, the intensity
difference between (002) and (200) reflections increases with
decreasing grain size. The indexing of XRD peaks and
determination of lattice parameters of BPT were carried out
using a software package POWD. On the basis of the best
agreement between the observed and calculated d values of all
the reflections, a unit cell of BPT was selected and its lattice
parameters were refined using a least square subroutine of
POWD. The lattice parameters a and c were obtained as
0.39324 and 0.40369 nm, 0.39336 and 0.40355 nm, 0.39339
and 0.40348 nm, and 0.39347 and 0.40332 nm, for the 10, 20,
30 and 40 h-milled and sintered samples, respectively. The
lattice parameter a increases very slightly, while the lattice
parameter c decreases very slightly with increasing milling
time. Hence the c/a ratios for the four samples are close to each
other, suggesting that the phase structure is similar to each
other irrespective of the milling time.

3.3. Dielectric properties

Fig. 6a shows the temperature dependence (30–350 1C) of
dielectric constant, measured at a fixed frequency of 100 kHz,
for the SPS-prepared BPT ceramics. Clearly, in all the cases,
the dielectric constant increases with increasing temperature
and reaches a maximum value εmax at ∼225 1C, i.e. the Curie
transition temperature (Tc), and then decreases with further
increase in temperature. The dielectric peak is broad, which is
a general feature for ferroelectric materials [15]. The dielectric
constants at Tc are about 8000, 13,500, 15,700, and 19,000,
corresponding to the average grain sizes of approximately 200,
150, 100, and 60 nm, respectively, confirming that the
dielectric constant increases with decreasing grain size as
shown in Ref. [16]. The maximum dielectric constant appears,
as expected, at around 225 1C, which are corresponding to the
Curie transition temperature of BPT, where the transition
between the ferroelectric (crystallographic tetragonal poly-
morph) and the paraelectric (crystallographic cubic poly-
morph) occurs [17]. The Curie transition temperature (Tc)
does not show significant variation and it is about 225 1C for
all the four samples.
The temperature dependence of dielectric loss (tan δ) is

shown in Fig. 6b. It can be seen that the value of tan δ remains
very low until Tc, beyond which it shows an increase for the
10 h and 20 h-milled SPS samples, while a decrease occurs for
the 30 h and 40 h-milled SPS samples. At Tc, the dielectric loss
decreases with decreasing grain size with the values of 0.081,
0.078, 0.066, and 0.059 which are corresponding to the
average grain sizes of 200, 150, 100, and 60 nm, respectively.
A study by Arya et al. [6] has also shown the same
phenomenon for a nano-sized barium lead titanate prepared
through a citrate precursor route. The above results demon-
strate that decreasing grain size is beneficial for the reduction
of dielectric loss.
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Fig. 5. (a) X-ray diffraction patterns (Cu-Kα radiation) for the prepared
Ba0.8Pb0.2TiO3 ceramics with different milling times (or grain sizes) and
(b) detailed diffraction profiles around 2θ¼45o.
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Dielectric constants at room temperature (TR) and Curie
temperature (Tc) as a function of the grain size of the SPS-
prepared BPT are shown in Fig. 7. As can be seen, both the
room temperature and Curie temperature dielectric constants
increase with decreasing grain size. The large dielectric
constant of the samples could be due to the nanocrystalline
nature of the BPT by the synergistic effect of crystallite size
[18]. The dielectric constant can also be analyzed using the
molar polarizability (αD) which may be evaluated by the
Clausius–Mossotti relation [19,20]

αD ¼ 3Vmðεr�1Þ
4πðεr þ 2Þ ð1Þ

where Vm is the molar volume and εr is the dielectric constant.
Since the lattice parameters, as shown above, are very close to
each other for all the samples, the molar volume may be
regarded as a fixed value. Owing to the fact that the dielectric
constant increases with decreasing grain size, one can draw a
plot between αD and grain size with Eq. (1) along with the
measured dielectric constants, which is shown in Fig. 8.
Clearly, the polarizability increases somewhat with decreasing
grain size. This implies that the ability for a BPT “molecule” to
be polarized increases slightly with decreasing grain size in the
present case.
Similar results and trends have been obtained by Parashar

et al. [16,20] in PGZT and PNZT nanocrystalline ceramics.
Their results show that the dielectric constant increases with
decreasing crystallite size in both PGZT and PNZT polycrys-
tals. The maximum dielectric constant in PGZT is 7296 for a
grain size of 21 nm and 10,626 for a grain size of 30 nm, but
as seen in Fig. 7 the value obtained in the present work is
much higher than these values. Also, a study by Hungria et al.
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shows the same behavior in PZN-PT nanocrystalline ceramics
prepared by mechanosynthesis and SPS [21].
In general, the electrical properties of ferroelectric ceramics

increase with increasing grain size [22,23]. However this is not
true in the present case because probably of nanosized-grain
effects. The grain size in the BPT sample decreases with
increasing milling time, which leads to an increase in dielectric
constant. The nanosized- grain effect on the electrical proper-
ties could result from the domain-wall switching being
restricted. As shown in Fig. 5b, the XRD intensity difference
between (002) and (200) reflections increases with decreasing
grain size. Usually, this difference is caused by a difference in
domain size [24]. Since the domain size decreases with
decreasing grain size [23], the intensity difference between
(002) and (200) reflections increases with decreasing grain
size. The increased domain density due to the decreased
domain size could enhance the ionic polarizability as well as
the orientational polarizability, as shown in Fig. 8, leading to a
higher permittivity [24]. It is generally acknowledged that the
internal electric dipoles are coupled to the lattice and thus the
cubic – tetragonal ‘distortion’ may change the strength of
the dipoles and result in a change in dielectric constant with
decreasing grain size down to ∼20 nm [25–28]. The higher
value of εmax with a finer grain size may in part be attributed to
the pinning effect of the domain wall. When the crystallite size
becomes comparable to the domain wall width, pinning may
occur inside the grains and the domain wall motion may be
inhibited. The reduction in the domain wall mobility may
decrease the switching rate, thereby raising εmax.
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3.4. P–E hysteresis loops

Fig. 9 shows the room temperature ferroelectric hysteresis loops
of the SPS-prepared samples with different grain sizes. All the
SPS-prepared samples possess a typical ferroelectric polarization
hysteresis loop (P–E loop). The shape of the P–E loops is elliptical
and it is not completely saturated possibly due to a small leakage
current in the samples. The P–E loop shape may be affected by
many factors including microstructure, charged defects, mechanical
stress, preparation condition and thermal treatment [29]. Amorin
et al. [30] also observed the same leakage behavior in the P–E
loops of BiScO3-PbTiO3 nanocrystalline ceramics with an average
grain size below 375 nm, prepared by mechanosynthesis and SPS.
Furthermore, Chen et al. [31] found the same PE-loop behavior for
the BST thin films with the grain size range of 250–650 nm.

The values of remanent polarization (Pr), spontaneous polariza-
tion (Ps) and coercive filed (Ec), determined from Fig. 9, are
represented in Fig. 10. As can be seen, Pr, Ps and Ec all increase
slightly with increasing grain size, as shown elsewhere [32]. For
the sample with an average grain size of approximately 60 nm, Pr,
Ps and Ec are 2.5 μC/cm2, 6.3 μC/cm2 and 1.34 kV/cm, respec-
tively. Meanwhile, for the samples with the average grain sizes of
approximately 100 nm, 150 nm and 200 nm, they are 2.6 μC/cm2,
6.4 μC/cm2 and 1.36 kV/cm, 3.2 μC/cm2, 7.4 μC/cm2 and
1.47 kV/cm, 3.6 μC/cm2, 7.8 μC/cm2 and 1.48 kV/cm, respec-
tively. Hence, although the observed Pr, Ps and Ec decrease
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Table 1
Comparison of crystallite size, lattice parameters, density (ρ), room temperature a
coercive field (Ec), remanent polarization (Pr), and spontaneous polarization (Ps) fo

Parameters Properties

Grain size (nm) ∼200 ∼1
a (nm) 0.39324 0.3
c (nm) 0.40369 0.4
c/a 1.0265 1.0
ρ (g/cm3) 6.43 6.4
εTR 1500 18
εmax 8000 13
tan δ at Tc 0.081 0.0
Ec (kV/cm) 1.48 1.4
Pr (μC/cm2) 3.6 3.2
Ps (μC/cm2) 7.8 7.4
slightly with decreasing grain size, they are still acceptable even for
a grain size of ∼60 nm. The above variations of Pr, Ps and Ec with
grain size are consistent with the reports by Liu et al. [33] for PZT
and by Ma et al. [34] for the nano-domain BaTiO3. Moreover,
Amorin et al. [30] observed the same behavior in BiScO3–PbTiO3

nanocrystalline ceramics prepared by mechanosynthesis and SPS.
In their results, both spontaneous and remanent polarization values
decrease continuously as the grain size decreases from 375 nm to
28 nm.
Grain size effects have been examined for ferroelectrics in the

form of powders, composite materials, ceramics, and films
[13,34,35]. The results from these studies indicate that the
mechanisms of the grain size effect in isolated particles, particles
embedded in a nonferroelectric matrix, grains in ceramics, and thin
films are quite different. Nevertheless, ceramics seem to be a more
convenient system to study the grain size effect, in comparison to
powders and thin films for average isotopic characteristics.
According to Zhao et al. [13], the causes for the size effect usually
include the defect, hydroxyl, porosity, residual stress, boundary
condition, and so on. Based on the results presented here, for the
SPS-prepared high density nanocrystalline Ba0.8Pb0.2TiO3 cera-
mics, the electrical properties are strongly dependent on the grain
size. The various properties of the SPS-prepared ceramics are
summarized in Table 1 from which one can see the effect of grain
size on the electrical properties of the ceramics.
Finally, it is worth mentioning that the 40 h ball milling seems

too long from the standpoint of energy impact and particle
agglomeration. Consequently, in order to reduce energy consump-
tion and particle agglomeration, it is necessary to shorten, to some
degree, the ball milling time in engineering practice. Of course, the
resulting particles will be somewhat larger as compared with the
40 h-milled ones, so that the dielectric constants of the resulting
SPS samples will be somewhat lower (see Fig. 7).

4. Conclusions

Dense Ba0.8Pb0.2TiO3 nanocrystalline ferroelectric ceramics
have been successfully synthesized using SPS. It is confirmed
from X-ray diffraction that all the ceramics possess a per-
ovskite structure. As the ball milling time is increased from
10 h to 40 h, the average grain size of the sample decreases
nd transition temperature dielectric data (εTR and εmax), dielectric loss tanδ,
r the prepared Ba0.8Pb0.2TiO3 ceramics

50 ∼100 ∼60
9336 0.39339 0.39347
0355 0.40348 0.40332
259 1.0256 1.0250
8 6.52 6.55
00 2000 2200
,500 15,700 19,000
78 0.066 0.059
7 1.36 1.34

2.6 2.5
6.4 6.3
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from ∼200 to ∼60 nm. Both the room temperature and Curie
transition temperature dielectric constants increase consider-
ably with decreasing grain size. The 40 h-milled SPS sample
(average grain size¼∼60 nm) has the highest value of
dielectric constant (19,000 at 225 1C). All the samples show
a ferroelectric hysteresis loop and the values of Pr, Ps and Ec

decrease slightly with decreasing grain size.
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