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Abstract Dense, homogeneous and fully developed fine-
grained ferroelectric Pb(Zr0.53Ti0.47)O3–based glass-
ceramics have been successfully prepared at a low-
sintering temperature of 850–900°C by a modified hybrid
process in air. The influence of the PbO-B2O3-SiO2

(abbreviated as PBS) glass-gel content on the microstruc-
ture, dielectric, and ferroelectric properties of such glass-
ceramics has been investigated. The temperature depen-
dence of the dielectric constant indicated that the fine-
grained Pb(Zr0.53Ti0.47)O3 (abbreviated as PZT(53/47))
based glass-ceramic shows the characteristic dispersion at
the Curie point. Ferroelectric hysteresis loop analyses have
been performed to manifest the ferroelectric nature of the
highly crystallized PZT(53/47) phase prepared by this
modified novel hybrid process despite containing higher
wt% glass-gel contents. The best dielectric and ferroelectric
properties in a typical sample with 5% by weight of glass-
gel content were found to have dielectric constant and loss
tangent of 920 and 0.02 at 1 kHz, respectively. The
saturation polarization (Ps), and remanent polarization (Pr)
as well as the coercive field (Ec) are 21.9 μC/cm2,
10.8 μC/cm2 and 2.19 kV/mm, respectively.
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1 Introduction

Low temperature sintering is always the trend in commercial
production of electronic ceramics, especially for multi-layer
device. Pb(Zr,Ti)O3 (PZT) based thick film and multilayer
components are being increasingly used owing to the
simultaneous requirements of device miniaturization, lower
operating voltages and devices integration [1–6]. PZT with
composition near the morphotropic phase boundary (MPB)
is the most widely used and studied piezoelectric ceramic to
date, due to its high piezoelectric coefficient and high Curie
temperature [7]. Normally, PZT which is prepared via
conventional solid-state reaction between their constituent
oxides is sintered at temperatures between 1200 and 1300°C.
However, presence of intermediate reactions between these
oxides results in compositional fluctuations and secondary
phases [8]. Therefore, it is desirable to lower the sintering
temperatures for multi-layer components and thick-film
devices as low co-firing temperature enables the use of
cheaper internal electrodes with lower melting point. Also,
low sintering temperature reduces energy consumption and
PbO evaporation during the fabrication process. Indeed, an
uncontrolled loss of PbO results in deteriorated electrical
properties and is furthermore an environmental concern [9].

A lot of effort has been spent for over 30 years to reduce
the sintering temperature of PZT while retaining good
piezoelectric characteristics [10–12]. Importantly, ferroelec-
tric glass-ceramics with a fine-grain structure have attracted
much attention and exhibited potential in many important
applications such as piezoelectric sensors and actuators
[13–15]. In general, glass-ceramics with high-crystalline
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phase content are desirable for better dielectric properties;
however, the content is quite limited by using the
conventional glass-ceramics technique via a melting/
quenching process. It is understandable that fine-grained
PZT glass-ceramics with a substantial amount of pure PZT
crystalline phase are difficult to fabricate via conventional
melting because of the high volatility of the lead compo-
sition and the high melting temperature of the zirconium
composition. Furthermore, the crystallization kinetics and
phase development are difficult to control when going from
a completely amorphous state. Besides, zirconium is simply
not soluble in many types of glass. On the other hand,
ferroelectric glass-ceramics derived from conventional sol–
gel process, such as BaTiO3–B2O3–SiO2, PbTiO3–B2O3–
SiO2, PbTiO3–PbO–B2O3–SiO2, Pb(Zr,Ti)O3–B2O3–SiO2

and Pb(Zr,Ti)O3–PbO–B2O3–SiO2 systems [16–19], were
reported to have the possibility of obtaining dense and fine
ceramics. However, the drawback of sol–gel method is the
problems existed in processing fine/ultrafine powders with
ceramics. Both the aggregation of ultrafine powders and
formation of secondary phases are still difficult to be
overcome by sol–gel processing, hence their physical
properties are inferior to their counterpart [20].

In order to bridge the gap between these two
processes, a hybrid process has been described in our
previous reports [21–23]. By dispersing nano-sized
crystalline particles obtained from a conventional solid
state reaction into a sol–gel matrix (i.e. the precursor sol
solutions as matrix), this hybrid process provides a
promising processing to get a dense, well-crystallized
and fine-grained ferroelectric glass-ceramic at relatively
low sintering temperature. The key characteristic of this
hybrid technology is to graft the sol–gel wet chemistry
process into the conventional mixed oxide ceramic
process. The high performance of the ceramics prepared
by conventional ceramic process under high temperatures
can be mostly preserved, while the sintering temperature
of the material can be effectively reduced down as
inherited from the sol–gel process. In this work, we
propose an improved hybrid process by using the nano-
crystalline composite technique to realize well-sintered,
and fine-grained ferroelectric glass-ceramics prepared at
low temperature sintering. In this modified hybrid process
route, the nano-sized Pb(Zr0.53Ti0.47)O3 particles were
dispersed uniformly in the glass PBS gel-solution, instead
of the sol precursor solution as the matrix, and sintered at
temperatures of 850–900°C. A dense, homogeneous, and
fine-grained ferroelectric glass-ceramic composite were
achieved successfully. This new modified hybrid technique
provides an easy, flexible and reproducible process, and can
be extensively used in screen-printing, tape-casting or even in
traditional ceramic process to reduce the processing temper-
ature. The synthesis, microstructures, dielectric, and ferro-

electric properties of the glass-ceramic composites were
investigated in more details in the following sections.

2 Experimental

2.1 Synthesis of nano-sized PZT(53/47) powders,
uniformly distributed PZT(53/47)-glass slurry,
and glass-ceramic composites

Nano-sized PZT(53/47) powders were prepared via a
polymer-assisted (polyvinylpyrrolidone, PVP-K30 with
number-average molecular weight of 10,000) sol–gel
method [24]. A light yellowish transparent solution was
formed by adjusting the PZT(53/47) sol precursor concen-
tration to be 0.4 M. The PZT (53/47) precursor was then
dried at 120°C for 10 h, resulting in a dried gel-PVP
precursor. The nano-sized PZT powders were obtained by
annealing the dried gel-PVP precursor at 800°C for 2 h. For
the glass-ceramics, net-work forming oxides must be
chosen properly to minimize interactions between the
constituents of the glass and the desired crystalline phase
[25]. In the present investigation, PbO-B2O3-SiO2 (PBS)
ternary phase with a molar ratio of 40:40:20 was selected.
Tri-n-butyl borate (C12H27BO3 98+%, International Lab,
USA) was used as the boron compound while tetraethox-
ysilane (TEOS 98%, International Lab, USA) was used as
the Si source. Solution formed by dissolving Pb
(CH3COO)2·3H2O in 2-methoxyethanol was added to a
mixture of TEOS, tri-n-butyl borate, 2-methoxyethanol and
deionized water. The molar ratio of TEOS:2-methoxyetha-
nol:deionized water was fixed at 1:4:2. The mixture was
then stirred for 2 h at room temperature. The concentration
of the PBS solution was adjusted to 1 M by the solvent
ethanol. The final solution was then poured into glass
vessel and covered for 3 days at room temperature to form a
gel. The translucent gel was dried at a temperature of 120°C
for 10 h for further processes.

In this modified hybrid process, instead of using PBS
glass precursor sol, the nano-sized PZT powders were
dispersed into the PBS glass dried gel dissolved in ethanol,
and then mixed thoroughly to form PZT(53/47)–PBS
powder-solution suspension/slurry by conventional ball
milling for 2 h. The mass ratio of the PBS dried gel
powders (denoted as gel content/addition) to the nano-sized
PZT(53/47) powders is defined as:

Wgel wt%ð Þ ¼ Wgel

WPZT 53=47ð Þ
� 100% ð1Þ

where Wgel and WPZT(53/47) are the weight of PBS dried gel
powders and PZT(53/47) powders, respectively. In the
present study, glass-ceramic composites with Wgel(wt%)
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varied between 3 wt.% and 30 wt.% were investigated. The
as-prepared uniformly distributed PZT(53/47)–PBS slurry
was dried at 120°C, calcined at 450°C for 2 h, and
granulated to obtain PZT–PBS ceramic powders. The
powders were uniaxially pressed into disk pellets with a
diameter of 13 mm and a thickness of about 0.7–1 mm at a
pressure of 4 MPa in a stainless steel die. Notice that all the
pressed pellets were sintered at 900°C except for 30 wt.% at
850°C for 4 h in air atmosphere.1

2.2 Property measurements with characterization

The room-temperature X-ray diffraction (XRD) patterns of
the PZT(53/47)–PBS glass-ceramics and nano-sized PZT
(53/47) powders calcined at 800°C were investigated using
an X-ray diffractrometer (Philips X’Pert-Pro MPD) with Cu
Kα1 radiation (1.5406Å, 40 kV, 30 mA) from 2θ=15° to
70°(θ is the diffraction angle) with a scanning step of 0.05°
per second, and the intensity was calculated by the APD
Philips program. The morphologies of the bulk samples
and powders were examined by means of a Scanning
Electron Microscope (SEM, JEOL Model JSM-6490).
The element analysis was performed by using energy
dispersive X-ray spectroscopy (EDX, Oxford/Inca, En-
ergy 250) during the SEM measurements. The apparent
densities of all the bulk samples were evaluated by the
Archimedes’ method.

To study the electrical and piezoelectric behaviors, low
temperature fire-on silver paste was applied onto both sides
of the glass-ceramics, and heat-treated in air at 600°C for
30 min to form silver electrodes. The temperature depen-
dence of relative permittivity and loss tangent at various
frequencies was investigated at a heating rate of 2°C/min
using a computer-controlled automated system formed by a
precision impedance analyzer (Agilent 4292A), a
temperature-controlled furnace (Carbolic) and a multimeter
(Keithley 2000). The room-temperature polarization-electric
field hysteresis loops were evaluated using a modified Sawyer
Tower circuit operated at a frequency of 100 Hz.

3 Results and discussion

3.1 Structural characterization

For the glass ternary system as shown in Fig. 1(a), the XRD
investigation shows that the amorphous nature of the PBS
dried gel powders. In Fig. 1(b), for nano-sized PZT
powders calcined at 800°C, the XRD pattern exhibits a

pure perovskite structure. Similarly, the XRD patterns in
Fig. 1(c–f) indicate the presence of highly pure and
crystalline pervoskite structure in the PZT(53/47)–PBS
glass-ceramics. Obviously, all the obtained PZT(53/47)
phases are in tetragonal phase. All the peaks are identified
with no detection of intermediate or interfacial phases even
for the ceramic with 30 wt.% PBS gel content, indicating
the success in synthesizing PZT(53/47)–PBS composite
ceramics using the modified hybrid processing route.
Unsurprisingly, with increasing wt% of glass gel content,
the peak intensities of the PZT are slightly diminished.

Since it is well known that the particle size is an
important issue in perovskite ceramics, the crystalline
structure of nano-sized PZT(53/47) powders calcined at
800°C was investigated carefully in Fig. 2. The SEM
micrograph reveals that most of the crystalline particles are
round with uniform crystallite size of 70–160 nm using the
Feret’s diameter. However, few rectangle crystalline par-
ticles about 600 nm in size are observed.

1 All the selected samples for structure and property measurements are
the same as above sintering temperatures.

Fig. 1 XRD patterns of PBS gel powders (a) dried at 120°C; (b)
nano-sized PZT(53/47) powders calcined at 800°C, together with (c)–
(f) the glass-ceramic composites with different glass-gel additions

Fig. 2 The SEM micrograph of nano-sized PZT(53/47) powders
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The surface morphologies of the glass-ceramic samples
of different PBS gel contents are illustrated in Fig. 3(a–h),
together the cross-sectional micrographic picture of a
typical sample with 5 wt.% glass gel and EDS analyses at
two spots are shown in Fig. 3(i), respectively. As shown in
Fig. 3(a–h), generally speaking, dense, homogeneous, and
well-developed microstructures are obtained at low-firing
temperature. One can clearly observe that the grain sizes of
PZT(53/47) phases (about 1–2 μm in size) are quite
uniform in the samples with no large grain observed. The
results denote that agglomeration, which easily occurs in
conventional sol–gel derived glass-ceramics, could be
overcome by this modified hybrid process, demonstrating
the advantage of this novel route. For the samples with 3–
7 wt.% glass-gel content, the relative density is about 94%
TD (theoretical density), and in 10–30 wt.% samples, the
relative density is about 91% TD. The reasons may be
caused by the increase of defects, such as pores, interfaces
and grain boundaries, with increasing wt% glass-gel
content. However, as far as the fine-grained glass-ceramic
composite is concerned, it is a relatively dense (>70% TD)
composite.

In Fig. 3(i), the image exhibits a mixture of intergranular
and transgranular feature in the glass phase, indicating that
grains and boundaries have approximately same strength.
EDS analysis indicated that the measured composition of
the crystal is generally close to the expected composition of
PZT i.e. Pb : Zr+Ti ≈ 1 : 1. Also, the Zr : Ti ratio is slightly
lower at the grain boundary region (mark 1) than at the bulk
(mark 2).

As seen from Fig. 3, the PBS gel solution acted as
binding agent to connect the PZT(53/47) particles and filled
the interstitials of the PZT(53/47) particles. This is one of
the advantages of hybrid process which easily achieves
dramatic modification of the processing behaviors of
ceramics. This process can produce uniform, fine-grained
and high-quality ceramics at low sintering temperatures. On
one hand, it combines the merits of high crystallinity and
high performance of nanocrystalline particles with those of
low sintering temperature due to the sol–gel wet chemistry
process as above mentioned. On the other hand, it reduces
the particle-to-particle interaction for better processing
nanoparticles. It is understandable that there is no agglom-
eration phenomena observed and the homogeneous micro-
structure obtained, as well as the presence of glass only
dispersed at grain boundaries as glassy matrix. This is one
of the features of this novel hybrid process. Moreover, the
modified hybrid process proposed in this experiment (i.e.,
gel solution in place of the sol precursor) can concisely
control the amount of the crystalline phase content
employed in the matrix, which provides an easy, flexible,
and reproducible feature in synthesizing different ferroelec-
tric and composite ceramics.

3.2 Dielectric properties

The variation of dielectric constant with temperature for
a typical 5 wt.% sample measured at 1 kHz–1 MHz is
shown in Fig. 4(a), and the variations of dielectric
constant with temperature at 10 kHz for the samples with
3–10 wt.% of glass gel contents are displayed in Fig. 4(b),
respectively. Inset shows the loss tangent as a function of
temperature. As shown in Fig. 4(a), the room-temperature
dielectric constant and loss tangent are found to be 920
and 0.02, respectively at 1 kHz. Also, the dielectric
constant of PZT(53/47)–PBS glass-ceramic peaks at
different temperatures and frequencies, which shows that
the dielectric constant of PZT(53/47) crystals surrounded
by a glassy matrix has the characteristic dispersion at the
Curie point. This indicates that the glass-ceramic compos-
ite has a strong tendency of diffusion phase transition.
This may be ascribed to the finer structure and the glass-
ceramics containing PbO-B2O3-SiO2 continuous matrix,
resulting in a diffused peak.

Additionally, as seen from Fig. 4(a), the dielectric
constant of the sample at Tc (about 400°C) does not drop
with increasing temperature at 1 kHz; however, at high
frequency of 1 MHz, the decrease in dielectric constant at
high temperature is more evident. The apparent increase in
dielectric constant at elevated temperature is due to
increase loss in this temperature range, as shown in the
inset of the figure. This trend is consistent with the act that
PZT crystals surrounded by a glassy matrix have a higher
electrical conductivity at higher temperature. In amor-
phous materials, the ease of polarizability, and hence
dielectric constant, increases with temperature because of
their relatively weak bonding structure. In Fig. 4(b), with
increasing glass gel content, the maxima in these plots are
broader. Their Tc values shift towards higher temperature
side confirming the diffused phase transition. In general,
the greater the wt% of glass gel content, the lower is the
peak value of dielectric constant due to residual glass
phase which have lower dielectric constant compared to
PZT(53/47) phase. But for the samples with high wt% of
glass gel content (e.g. 7 and 10 wt.%), the dielectric
constant increases apparently above the Curie temperature
owing to the increased loss as shown in the inset of
Fig. 4(b). The results illustrate that the fine-grained PZT
(53/47) based glass-ceramic composites presented in this
work have higher electrical conductivity at higher tem-
perature with increasing glass gel content.

We try to find the relationship between the theoretical
predictions and experimental values of the room-
temperature effective dielectric constant at 1 kHz.
Figure 5 shows the comparison of the composites
dielectric constant with the experimental data. In the
present work, because the glass-ceramics prepared by
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Fig. 3 Nature surface images of
glass-ceramic composites with
various amount of glass-gel
addition under air atmosphere:
(a) 3; (b) 5; (c) 7; (d) 10; (e) 15;
(f) 20; (g) 25; and (h) 30 wt.%;
(i) Fracture morphology of a
typical sample with 5 wt.%
glass-gel content, together with
EDS analyses at two spots
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modified hybrid process consist of a PBS glass gel
phase having a relatively low dielectric constant and a
nano-sized PZT(53/47) powder phase having high
dielectric constant, the glass-ceramic composites can be
generally considered as a 0–3 connected composite.
Poon et. al.’s model [25] is a good prediction for most
situations applicable to the whole range of the volume
fraction of the inclusions (i.e. PZT(53/47)), assuming that
each phase is uniform and has the same properties
throughout the composite, and the third phase in the
composite (such as grain boundaries, interface and pores)
is neglected. Consider a particulate-filled composite
material composed of dielectric spheres (inclusions) with
dielectric constant εi dispersed in a continuum medium
(matrix) with dielectric constant εm. Therefore, the

effective dielectric constant of the composite (ε) is found
by using Eq. (2):

"

"m
¼ 1þ

f "i
"m

� 1
� �

fþ 1
3 1� fð Þ "i

"m
1� fð Þ þ fþ 2

h i ð2Þ

where εi and εm are the dielectric constants of the
inclusion and the matrix respectively, and f is the volume
fraction of the inclusions (defined as the volume of the
inclusion divided by the volume of all constituents of the
mixture sintered at 850–900°C). The theoretical densities
of the PBS glass [26] and PZT (53/47) from nano-sized
PZT powder (Fig. 1(b)) are 5.33 g/cm3 and 8.03 g/cm3,
respectively. The percentage of PBS gel-content weight
loss from 25 to 900°C determined by the TG curve (not
shown) is approximated to be 80. For the various Wgel(wt%)
of 3, 5, 7, 10, 15, 20, 25, and 30 wt.% samples, the
corresponding volume fractions of the matrix are 0.79, 1.13,
2.10, 2.50, 4.34, 5.70, 7.02, 8.31%, respectively. The
dielectric constants for the fine PZT (εi) [27] and glass
matrix (εm) [28] were 1,240 and 19, respectively.

As one can see, for the effective dielectric constant, the
values of the actual experimental data are far from the
predictions, showing a larger derivation at high volume
fraction of glass content. One is the grain-size structure
which can affect ferroelectric properties; the other is the
limitation of the equation at high volume fraction of the
inclusion. Moreover, there are some other reasons as
follows: (1) the predictions are based on the assumption
that the third phase (i.e. grain boundaries, interface or
pores) has no impact on the characteristics of the glass-
ceramics composites. However, with increasing wt% glass
gel content, the increases of the interfaces and pores with

Fig. 5 Comparison of the effective dielectric constants of glass-
ceramic composite obtained from experiments and Eq. 2

Fig. 4 (a) Temperature dependent dielectric constant for a typical 5 wt.% sample at 1 kHz–1 MHz; (b) glass-ceramic composites with 3–10 wt.%
at 10 kHz. Insets show the corresponding temperature dependent loss tangent
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low dielectric constant can reduce the effective dielectric
constant. On the other hand, the grain boundaries and pores
will contribute to additional pinning points for the moving
domain walls resulting in a low dielectric constant; (2) the
grain boundaries cause space charges at the interface
between the inclusion and the matrix, leading to some
degree of depolarization and hence decrease the dielectric
constant.

3.3 Ferroelectric properties

Figure 6 shows the polarization-field hysteresis loops (P−E)
of the samples with 3, 5, 7, 10, 15 and 30 wt.% glass-gel
contents. These hysteresis loops show reasonable ferroelec-
tricity of PZT(53/47) crystallites derived from the modified
hybrid process. It is obvious that a high volume fraction of
the ferroelectric PZT(53/47) phase exists in these samples in
spite of containing higher wt% glass-gel contents. It is
noticed that the P−E loops shift slightly to the right,
presumably caused by the space charge occurring in the
samples at low frequency (100 Hz), for there are grain
boundaries existed in the glassy phase. Among the polariza-
tion curves, the electric field excursion is higher for the 5%
than for the other glass loadings. This might be due to the

variation in the samples’ porosity. Corresponding to
Fig. 6(a–f), the best ferroelectric property is obtained in the
5 wt.% sample, the values of Ps, Pr and Ec are 21.9 μC/cm2,
10.8 μC/cm2 and 2.19 kV/mm, respectively. These values
are smaller than those obtained from commercial soft PZT
[29] which has the corresponding values of 39 μC/cm2,
26 μC/cm2 and 7.8 kV/mm. On the basis of our results, we
demonstrate that these fine-grained ferroelectric glass-
ceramic composites have great potential for micro electronic
component applications.

4 Conclusion

A modified hybrid process has been successfully intro-
duced to prepare well-sintered and fine-grained ferroelectric
Pb(Zr0.53Ti0.47)–based glass-ceramics with dense and uni-
form microstructures at low sintering temperatures of 850–
900°C. The temperature dependence of the dielectric
constant of PZT based glass-ceramics revealed that the
glass has a higher electrical conductivity in the range of
higher temperature. Well-defined ferroelectric hysteresis
loops (P−E) are observed due to the high volume fraction
of the well-crystalline PZT(53/47) phase content. Predica-

Fig. 6 Ferroelectric hysteresis loops of glass-ceramic composites with various wt% glass-gel contents: (a) 3; (b) 5; (c) 7, (d) 10; and (e) 15 and (f)
30 wt.%
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tions showing deviations from the experimental data
could be attributed to the effects of the finer structure
and the existence of third phases such as grain
boundaries, interfaces and pores. Although the modified
hybrid process is proposed for fabricating glass-
ceramics, in fact, we consider that this simple, flexible and
reproducible approach should also be useful for almost all
ceramic processes, realizing the dream of retaining a fine or
ultra-fine grain size in fully sintered products at relatively low
firing temperature.
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