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a b s t r a c t

In this paper, we report on the dielectric properties of PbTiO3/ZnO ceramic nanocomposites prepared by
a conventional solid-state reaction method with improvement in densification by the addition of ZnO
nanowhiskers. Phase formation, densification, microstructure and dielectric properties of the compos-
ites were investigated as a function of the content of ZnO nanowhiskers. Densification behavior of the
vailable online 10 December 2010
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ceramic nanocomposites was significantly enhanced, as compared to pure PbTiO3 ceramics. Moreover,
the dielectric constant of the composites was higher than that of the pure PbTiO3 ceramics.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Dense perovskite lead titanate (PbTiO3 or PT) based ceram-
cs are known to exhibit excellent dielectric, piezoelectric and
yroelectric properties for use in electronic and electro-optic
evices at high temperatures and high frequencies [1]. However,

t is well known that pure PT ceramics are difficult to obtain
ecause they break up into powders when they are cooled down
hrough the Curie point, due to the large distortion of the tetrag-
nal phase at room temperature (which is characterized by a c/a
atio of ∼1.06) [2,3]. Therefore, dielectric properties of PT ceram-
cs are only available for porous and doped samples. Also, such
amples usually have very high conductivity at elevated temper-
tures.

The concept of a functionally graded material has been
sed to overcome the mechanical problems. Piezoelectric
eramic/ceramic functionally graded materials have been
tudied in order to reduce the stress concentration in the
ctuators [4,5]. However, problems still exist with the ther-

al expansion mismatch. Several approaches to improve

he mechanical strength of the composites by incorporating
olymers, metals, fibers or whiskers have been investigated
6–10].
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In an attempt to improve the dielectric properties of ferroelec-
tric ceramics, ceramic nanocomposites consisting of two or more
components with different macroscopic properties have shown
promise due to the improvement in both physical and mechani-
cal properties. In the past few years, additional attempts have been
carried out by the addition of oxide particles such as ZrO2 and MgO
[11–13]. Moreover, piezoelectric nanocomposites embedded with
ZnO whiskers, such as PZT/ZnO composites, have been prepared
through a normal sintering process in air. The composites not only
retained good piezoelectric properties, but also exhibited excellent
and significantly improved mechanical properties. A few studies
have been conducted on ferroelectric matrix/metal nanodisper-
soid [14] and non-ferroelectric matrix/ferroelectric nanodispersoid
[15]. PT ceramic-based composites have recently been developed
to improve the mechanical and dielectric properties [16,17]. Sil-
icon carbide (SiC) nanofibers and PT nanopowders have been
employed as the reinforcement in the composites because of their
ability to resist crack growth [18]. However, the addition of SiC
nanofibers leads to reduced dielectric constant. ZnO has received
much attention as a reinforced composite material due to its
high-temperature strength and excellent chemical stability [19].
No work on PT/ZnO composites has yet been reported. In this
paper, PT ceramics doped with ZnO nanowhiskers (0.1–5.0 wt%)

were fabricated by a conventional solid-state reaction method.
Effects of the ZnO nanowhiskers on the microstructure and
dielectric properties of the composites were studied and dis-
cussed.
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Table 1
Physical properties of PT/ZnO composites sintered at 1200 ◦C for 2 h.

ZnO nanowhisker (wt%) Perovskite phasea (%) Tetragonality (c/a) Relative density (%) Grain sizeb (mean) (�m)

0.0 100.00 1.063 94 20.0–65.0 (36)
0.1 100.00 1.061 96 0.5–1.7 (0.8)
0.5 100.00 1.061 98 0.3–1.3 (0.7)
1.0 100.00 1.060 98 0.3–1.0 (0.7)
3.0 98.56 1.061 97 0.5–2.2 (1.6)
5.0 95.23 1.060 98 0.7–3.7 (2.0)
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Table 2
Dielectric properties of PT/ZnO composites measured at 1 MHz.

ZnO nanowhisker (wt%) TC (◦C) ε25 ◦C tan ı25 ◦C εr,max tan ımax

0.0 482 243 0.02 7680 1.07
a The estimated precision of the perovskite phase is ±0.1%.
b The estimated precision of the grain size is ±10%.

. Experimental

PT/ZnO ceramic nanocomposites were prepared using the conventional solid-
tate reaction and subsequent pressureless sintering process. Commercially
vailable powders of PbO (Fluka, >99.9% purity) and TiO2 (Aldrich, >99.9% purity)
ere used as raw materials to produce PT powders. Composites were made with

he synthesized PT powders (average particle size ∼1–5 �m) and ZnO nanowhiskers
20] (average diameter ∼0.4–2 �m and ∼12–36 �m length), as shown in Fig. 1. Dif-
erent amounts (0.1–5.0 wt%) of ZnO nanowhiskers were ultrasonically dispersed in
thanol for 10 min before vibro-mixing with the PT powders. The powder mixtures
ere formed into pellets by adding 3 wt% polyvinyl alcohol (PVA) binder, prior to
ressing in a uniaxial press at 100 MPa. For sintering, the pellets were placed in a
losed alumina crucible with an atmosphere powder of identical chemical compo-
ition [16,17]. The PVA binder was burnt out at 550 ◦C. Samples were sintered at
200 ◦C for 2 h at heating/cooling rates of 5 ◦C/min.

Densities of the sintered samples were measured by the Archimedes method.

hase analysis was performed by X-ray diffraction (XRD) (Siemens-D500). Tetrago-
ality factors of the ceramic nanocomposites were calculated from the XRD patterns
21]. Microstructures of the samples were characterized using a scanning electron

icroscope (SEM) (JEOL JSM-840A). Grain sizes of the sintered ceramics were mea-
ured by employing the linear intercept method. In order to evaluate dielectric

Fig. 1. SEM micrographs of (a) PT powders and (b) ZnO nanowhiskers.
0.1 468 350 0.06 11,406 0.80
0.5 465 415 0.01 11,050 1.40
1.0 478 400 0.09 9696 1.18

properties, dense ceramic nanocomposites were polished to form flat and paral-
lel faces. The samples were coated with silver paste electrode which was fired on
both sides of the samples at 550 ◦C for 1 h. Dielectric measurement of the sintered
ceramics was performed with an LCR meter (HIOKI 3532-50). All measurements
were conducted over a frequency range from 1 to 5 MHz and a temperature range
from 550 ◦C to 25 ◦C.

3. Results and discussion

XRD patterns of monolithic PT and the PT/ZnO ceramic
nanocomposites with 0.1, 0.5, 1.0, 3.0 and 5.0 wt% ZnO are shown
in Fig. 2. In general, perovskite as a major PT phase is observ-
able in all samples. No measurable change in d-spacing for the
samples containing different ZnO contents was observed. All the
peaks are ascribed to tetragonal PbTiO3 (JCPDS file no. 6-452) [22].
Diffraction peaks of ZnO in the nanocomposites are not detectable
probably because its amount was less than the XRD detection limits.
However, when the content of ZnO nanowhiskers was more than

3.0 wt%, a considerable amount of Zn2TiO4 (�) [23] was formed.
This indicates that an evident chemical reaction occurred between
PT and ZnO nanowhiskers. In the case of PZT/ZnO nanocomposites
[13], it was shown that ZnO nanowhiskers were chemically inert to
PZT at 1100 ◦C. In this work, ZnO nanowhiskers might act as a sin-

Fig. 2. XRD patterns of monolithic PT and PT/ZnO ceramics sintered at 1200 ◦C for
2 h.
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ering aid so that samples with high ZnO contents (3.0 and 5.0 wt%)
ould be sintered at temperatures lower than 1200 ◦C. The presence
f the secondary phase could be attributed to the high sintering

emperature and a small degree of lead losses [24]. Moreover, by
omparing these results with our previous work [17], it is found
hat SiC nanofibers are chemically inert to PT at identical sintering
onditions.

Fig. 3. Natural (i) and fractured (ii) surfaces of (a) monolithic PT and PT/ZnO cera
nd Compounds 509 (2011) 3547–3552 3549

Densities and tetragonality factors of the samples are listed in
Table 1. The density values increased slightly with increasing con-
tent of ZnO nanowhiskers, from 0 to 0.5 wt%. Higher content of ZnO

did not lead to further increase in density. Furthermore, the forma-
tion of oxygen vacancies due to Zn2+ ion substitution in perovskite
structure is considered to be another reason for the sintering behav-
ior of PT/ZnO nanocomposites [25]. Thus, the assumption that

mics with (b) 0.1 wt%, (c) 0.5 wt%, (d) 1 wt%, (e) 3 wt% and (f) 5 wt% of ZnO.
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Fig. 3.

xygen vacancies accelerated mass transfer and densification –
hich was observed in other systems [26,27] – was valid in this

ystem. This indicates that ZnO improved the sinterability of PT
eramics. Compared to pure PT ceramics, the composites have a
maller tetragonality factor, indicating a lower internal stress in
hese nanocomposites [16,17]. These data were estimated through
he Cohen method [28]. One explanation for the decrease in tetrag-
nality of the PT/ZnO could be the incorporation of Zn ions into the
T lattice during sintering [29]. Moreover, the results indicated that
he addition of Zn2+ into the PT phase slightly reduced the lattice
imensions.

Microstructural features – natural (i) and fractured (ii) surfaces
of pure PT ceramics and PT/ZnO composites are displayed in Fig. 3.
ure PT ceramics have spherical grains and poor packing. In con-
rast, PT/ZnO nanocomposites possess equiaxed grains with good
rain-packing. The average grain sizes were found to decrease sig-
ificantly with increasing content of ZnO up to 3.0 wt%. It seems
hat ZnO nanowhiskers controlled grain boundary movement and
imited grain growth of the PT matrix [17,29]. The samples with 3.0
nd 5.0 wt% ZnO – Fig. 3 e(i) and f(i) – show clearly abnormal grain
rowth. These are important quantitative aspects of liquid-phase
intered microstructures. Moreover, in the sample with 5.0 wt%
nO, a pronounced second phase is segregated at the grain bound-
ries, as shown in Fig. 3 f(i). The presence of these (second-phase)
ayers could be attributed to a liquid-phase formation during the
intering. Also, this same behavior can be noticed in other ceramic
ystems [30,31]. Thus, it can be concluded that ZnO acted as a sin-
ering aid.

Generally, the fracture mode of samples with 0.1–1.0 wt% ZnO

anowhiskers was found to be predominantly of an intergranular-
ype, similar to that of monolithic PT ceramics because clear grain
oundaries can be observed. In contrast [32,33], almost clean
icrostructures with highly uniform, dense, angular grain-packing

re observed. On the other hand, with increasing ZnO content (more
inued ).

than 3.0 wt%), the samples have two grain size ranges, as shown in
Fig. 3 e(ii) and f(ii). Movement of atoms is driven by differences in
curvature between the particles in contact, probably because the
particles have irregular shapes caused by milling [34]. Moreover,
it is possible that the mass transport between several aggregated
particles and the high anisotropy in the grain boundary energies
induced the formation of compact polyhedral and irregular grains
[34]. This indicates that two mechanisms are involved during sin-
tering. Furthermore, it should be noted that the average grain sizes
of all the PT/ZnO nanocomposites are smaller than the critical value
of 3 �m [32,35], which gives rise to a volumetric percentage ade-
quate to buffer the anisotropic stress caused by the phase transition
[1]. The reduced grain size of the composites is considered to be
responsible for the improvement of their mechanical properties
[35,36].

Fig. 4 shows variations of dielectric constant and dielectric loss
of the samples with different ZnO contents at various temperatures,
as measured at 1 MHz. Dielectric constant (εr) and dielectric loss
(tan ı) values at room temperature, and ferroelectric–paraelectric
phase transition temperatures (TC) of the samples are listed in
Table 2. Generally they all behave as typical, normal ferroelectric
materials [1]. A similar trend in dielectric values at TC was also
observed. From Fig. 4 b(i), it is evident that the addition of 0.1 wt%
ZnO to PT leads to a drastic increase in dielectric constant. The
dielectric constant of the composites then decreases slightly with
further ZnO addition up to 1.0 wt%. However, the dielectric con-
stant for all PT/ZnO composites appears to be higher than for pure
PT ceramics. The higher dielectric constant of samples with small
amounts of ZnO could be attributed mainly to the decrease in poros-

ity. Moreover, it can be seen that with increasing ZnO content, TC
shifted towards lower temperatures. The shift of the phase trans-
formation temperature in these PT/ZnO composites might be due to
a relaxation of transformation-induced internal stress by the ZnO
nanowhiskers dispersed in the PT matrix.
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Fig. 4. Variation with temperature of (a) dielectric constant and (b)

. Conclusions

PbTiO3/ZnO ceramic composites can be fabricated using a sim-
le and inexpensive solid-state reaction method. The materials had
tetragonal phase for all compositions. Moreover, the addition of
nO nanowhiskers was found to significantly enhance densifica-
ion, mechanical and dielectric properties of PT-based ceramics.
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