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Lead zirconate titanate (PZT) based piezoelectric composites embedded with ZnO nanowhiskers (ZnOy,)
were investigated to clarify the optimal sintering condition for densification, microstructure, and elec-
trical properties. The samples are characterized by X-ray diffraction analysis and scanning electron
microscopy. The results show that the increase of the sintering temperature and time is quite effec-
tive in improving the densification and piezoelectric properties of the PZT/ZnO,, composites. However,
the relative density and piezoelectric properties deteriorate as the composites are sintered over the opti-

IézymV\;oOrgist:e materials mal sintering condition. Particularly, the PZT/ZnO,, composites sintered at 1150 °C for 2 h show excellent
PZT electrical properties of piezoelectric constant ds3 ~ 471 pC/N, relative dielectric constant & ~ 3838, planar
Sintering electromechanical coupling factor kp ~ 0.543, remnant polarization P; ~23.2 wC/cm? and coercive field
Piezoelectricity E.~9.2kV/cm.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The ferroelectric and piezoelectric nature of lead zirconate
titanate (PZT) ceramics has led to numerous applications in elec-
tronic devices, such as actuators, sensors, capacitors, resonators
and high-power transducers [1-5]. The high dielectric and piezo-
electric properties of PZT ceramics are obtained for compositions
close to the morphotropic phase boundary (MPB), which is located
around the PbZrO3:PbTiO3 ratio of 1:1 [6-10]. Furthermore, PZT
ceramics could be modified or doped with different additives,
which make them more attractive for specific applications [11-18].
Although PZT ceramics have excellent electrical properties, poor
mechanical properties such as fracture strength and toughness
have been reported. In some applications at high power and high
stress, their poor mechanical and electrical reliability become a crit-
ical limitation [19-23]. In the past few years, a few studies have
dealt with improving the mechanical properties of PZT ceram-
ics by incorporating polymers, particles, oxides, metals, fibers or
whiskers [24-38]. However, the electrical properties of PZT-based
composites have been deteriorated greatly. Therefore, it is still a
challenge to fabricate the PZT-based composites possessing excel-
lent mechanical and electrical properties.
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ZnO nanostructures have received considerable attention on
potential applications with specific piezoelectric [39], optoelec-
tronic [40-43], electrical [44-47] and microwave absorption
properties [48-54] for several decades. Recently, various ZnO
nanostructures have been used in polymers, ceramics and films
as additives to improve their electrical and mechanical prop-
erties [55-63]. Furthermore, the incorporation of ZnO powders
in piezoelectrics can result in lower sintering temperature and
improved electrical properties [64-68]. Therefore, it is expected
that ZnO nanostructures embedding in PZT composites would
be a good solution to improve the mechanical behaviors with-
out deteriorating electrical properties severely. Due to their
high-temperature strength and excellent chemical stability, ZnO
nanowhiskers (ZnOy ) have been used for industrial applications as
reinforced composite materials [69-73]. However, there is limited
work on the PZT composites embedded with ZnOy. According to
our recent studies [74-77], the incorporation of ZnO,y can improve
the mechanical properties of PZT-based composites greatly. Com-
pared with the monolithic PZT, the PZT/ZnO,y, composites with
2wt.% ZnO,y exhibit the optimal mechanical properties and good
piezoelectric properties, which are promising candidates for fur-
ther application [76,77].

For practical production and application, in this work, we
have focused on the preparation of PZT/2 wt.% ZnO,, composites
at different process conditions (sintering temperature and time)
and investigated their sintering, microstructure, piezoelectric and
ferroelectric properties in detail. Furthermore, the temperature
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Fig. 1. (a) SEM micrograph of ZnO,, (b) XRD pattern of ZnOy, (c) SEM micrograph of polished surface for the PZT/ZnO,, composites sintered at 1150°C for 2 h and (d) typical

morphology of ZnO,, embedded in the PZT matrix.

stability and aging problem of the composites have also been stud-
ied.

2. Experimental procedures

The fabrication of PZT/2 wt.% ZnO,, composites was performed by a conven-
tional solid-state sintering. The ZnO,, were synthesized by combustion oxidation
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Fig. 2. Relative density and linear shrinkage of the PZT/ZnO,, composites sintered
at different (a) sintering temperatures and (b) sintering times.

of fine zinc powders (purity 99.999%) without any catalysts or additives. Detailed
discussion on the synthesis of ZnO,, has been reported elsewhere [78,79]. Commer-
cially available PZT powders (PZT-5MN, Hongsheng Industry, Baoding, China) were
used as the raw material. Appropriate amounts of the PZT powders mixed with the
as-fabricated ZnOy, for the designated composites (the weight of each condition is
about 100 g) were ball milled for 24 h with zirconia balls as the grinding media and
alcohol as the solvent. After milling, the slurry was dried at room temperature and
then the dried powders were mixed with proper amount of polyvinyl alcohol (PVA)
liquid binder addition. The mixed powders were compacted into discs by die press-
ing. After the binder was burning out in a furnace, the green compacts were sintered
from 900 to 1250°C for 0-4h in a sealed alumina crucible that contained PbZrO3;
powders to minimize lead volatilization. Then all sintered samples were annealed
at900°C for 5 h in order to alleviate residual stress. Silver paste was printed to form
electrodes on both sides of the disc samples, and then fired at 800 °C for 10 min.
Poling treatment was carried out in silicon oil at 120°C for 30 min with an electric
field of 3kV/mm.

The bulk density was determined by the Archimedes method in distilled water.
The crystalline phases of the sintered samples and whiskers were examined by the
X-ray diffraction (XRD with Ni-filtered Cu Ko radiation). The morphologies of the
whiskers and composites were studied by a scanning electron microscopy (SEM,
Hitachi S-4100, Japan). The piezoelectric constants ds3 of the polarized specimens
were measured using a ZJ-3AN piezoelectric tester. The relative dielectric constant
€ and planar electromechanical coupling factor k, were calculated with a Model
HP 4194 impedance analyzer. In addition, the hysteresis loops and ferroelectric
properties were measured using a Radiant Precision Workstation ferroelectric tester
system.

3. Results and discussion

Fig. 1(a) shows the SEM image of ZnO,, synthesized by the
simple combustion oxidation method without any catalysts or
additives. It is clearly seen that the nanostructures are definitely
uniform. The individual structure consists of needle-shaped legs
with high aspect ratio. The thickness of narrow tips is some decades
of nanometer, whereas the lengths are in the range of 15-20 pm.
The X-ray diffraction pattern of the as-synthesized products is
shown in Fig. 1(b), where the diffraction peaks of ZnO are sharp
and with narrow half width and the peaks of other impurity phase
are not found. It indicates that the microstructure of the prod-
uct is typical hexagonal and the strong intensities relative to the
background signal further verify the high purity and high crys-
tallinity of tetra-needle ZnOy,. Fig. 1(c) shows the SEM micrograph
of polished surface for the sample sintered at 1150°C for 2 h. The
dark phases are ZnO,y, which are homogeneously dispersed in the
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Fig. 3. XRD patterns of the PZT/ZnO,, composites sintered at different (a) sintering temperatures and (b) sintering times.

gray phases PZT [74,75]. The specifically enlarged morphology of
ZnOy, embedded in the PZT matrix is shown in Fig. 1(d). It can
be clearly observed that ZnOy in the size of ~2 pm is located
at the matrix grain boundaries and some debonding interfaces
between whisker and matrix are present, which is also reported
previously [75]. On the other hand, in our previous studies [74-77],
we have observed ZnO diffraction peaks in the XRD patterns of the
PZT/ZnO,, composites, even the content of ZnO,y is as low as 1 wt.%.
It confirms that there is no serious chemical reaction occurring
between PZT and ZnO,, in the composites and also no significant
interface diffusion happens, though there could be some Zn?* ions
diffused into the PZT crystal structure and affected the electrical
properties [76].

Fig. 2(a) shows the relative density p; and linear shrinkage d%
of the PZT/ZnO,, composites sintered for 2 h as a function of sin-
tering temperature. Each value is the average of 3-5 samples, and
the error bars represent the standard deviation. It can be seen that
with the increase of sintering temperature from 900 to 1250 °C, the
pr of the composites increases sharply and then reaches the high-
est value of 96.86% at 1150°C, after which p; decreases slightly.
On the other hand, the d% of the composites increases intensely
before 1050°C and then increases steadily. The o and d% of the
PZT/ZnO,, composites sintered at 1150 °C as a function of sintering
time is shown in Fig. 2(b). It is observed that all highly dense bod-
ies of the PZT/ZnO,, composites are obtained at more than 96% of
the theoretical density. Furthermore, with the increase of sintering

Spm

Fig. 4. SEM images of the PZT/ZnO,, composites sintered at different conditions: (a) 900°C/2 h, (b) 950°C/2 h, (c) 1000°C/2 h, (d) 1050°C/2 h, () 1100°C/2 h, (f) 1150°C/2 h,
(g) 1200°C/2h, (h) 1250°C/2 h, (i) 1150°C/0h, (j) 1150°C/1 h, (k) 1150°C/3 h and (1) 1150°C/4 h.
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Fig. 5. SEM fractographs of fracture feature for the PZT/ZnO,, composites sintered at different conditions: (a) 900°C/2 h, (b) 950°C/2 h, (c¢) 1000°C/2 h, (d) 1050°C/2 h, (e)
1100°C/2 h, (f) 1150°C/2 h, (g) 1200°C/2 h, (h) 1250°C/2 h, (i) 1150°C/0h, (j) 1150°C/1 h, (k) 1150°C/3 h and (1) 1150°C/4 h.

time, the p; of the composites increases at first, reaching the highest
value at 2 h and then decreases. However, the d% of the composites
increases all the time. It is revealed that the densification of the
PZT/ZnO,, composites is improved significantly with the increase
of sintering temperature and time. However, the p; of the com-
posites decreases as the sintering temperature and time exceeds
the optimum sintering condition (1150 °C for 2 h), which has neg-
ative effects on the microstructure and properties as discussed
later.

Fig. 3(a) shows the XRD patterns of the PZT/ZnOy, composites
sintered from 900 to 1250°C for 2 h. The characteristic diffraction
peaks of the PZT perovskite phase can be identified from all sin-
tered composites. However, the diffraction peaks of ZnO in the
composites are not intense, which is due to the small amount
of ZnOy. In addition, when the sintering temperature is over
1150°C, the peaks of the pyrochlore phase are present, which
is attributed to the high PbO evaporation rate of PZT system at
high sintering temperature. Furthermore, the XRD patterns of the
PZT/ZnO, composites sintered at 1150°C with different sinter-
ing times are shown in Fig. 3(b). All sintered composites present
the PZT perovskite phase, and the diffraction peaks of ZnO in the
composites are also not intense. However, with the sintering time
increasing up to 4h, the formation of the pyrochlore phase can
be found in the XRD pattern, which is caused by the high PbO
evaporation due to a long sintering time. As a consequence, exces-
sive sintering temperature and time has negative effects on the
phase structure of PZT and leads to the formation of pyrochlore
phase.

Fig. 4(a)-(h) shows the SEM images of the PZT/ZnO,, composites
sintered at different temperatures for 2 h. It is distinctly observed
that as the sintering temperature increasing from 900 to 1250°C,
the grain size becomes larger, the cavities are reduced and the com-
posites turn into dense structure gradually. In addition, the SEM
images of the fracture surfaces of the PZT/ZnO,y composites sin-
tered at 1150°C from O to 4h are shown in Fig. 4(i)-(1). We can
see that all the sintered samples are dense and of granular struc-
ture. With the increase of sintering time, the grain size becomes
larger.

According to the kinetic grain growth equation expressed as
below [80,81]

1 1 Q
log G = ElogH— 0 (log K0_0'434ﬁ) (1)
where G is the average grain size at the time, n is the kinetic grain
growth exponent, t is the sintering time, Ky is a constant, Q is
the apparent activation energy, R is the gas constant, and T is the
absolute temperature. It can be explained that the increase of sin-
tering temperature and time could enhance the grain growth of
the PZT/ZnO,, composites. However, as shown in Fig. 4(h) and (1),
due to the high sintering temperature and long sintering time, the
grain size of the composites partially becomes exceptionally huge,
which may lead to the deterioration of the bulk density sintered
over 1150°Cor 2 h [82].

Fig. 5(a)-(h) shows the SEM fractographs of the PZT/ZnO,y com-
posites sintered from 900 to 1250 °C for 2 h. It is observed that with
the increase of sintering temperature, the grain boundaries of the
PZT/ZnO,y composites become more and more ambiguous, and the
roughness of the fracture surface increases greatly. In other words,
at low sintering temperatures, the fracture mode of the PZT/ZnOw
composites is completely intergranular. However, with the increase
of sintering temperature, the fracture mode changes from inter-
granular to intragranular. Furthermore, the SEM fractographs of the
PZT/ZnO,, composites sintered at 1150°C from 0 to 4 h are shown
in Fig. 5(i)-(1). It is seen that when the sintering time is 0 h (Fig. 5(i)),
the fracture surface of the PZT/ZnO,, composites is rough and
ambiguous, and the fracture mode is a mixture of transgranular and
intergranular modes, where the degree of intergranular fracture
decreases with the sintering time increasing. When the PZT/ZnO,,
composites sintered for 4h (Fig. 5(1)), the composites exhibit a
flat fracture surface and the grain boundaries almost could not be
found, resulting from its dominating transgranular fracture mode.
It is revealed that the initiated cracks in the PZT/ZnO,, composites
propagate mostly along intergranular and interphase boundaries
when sintered at low temperatures (Fig. 5(a)-(d)). However, with
the increase of sintering temperature and time, the cracks propa-
gate more and more in the intragranular mode (Fig. 5(e)-(1)) and
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Fig. 6. Dependence of ds3, € and k;, for the PZT/ZnO,, composites on the (a) sintering
temperature and (b) sintering time. The inset in (b) is ferroelectric hysteresis loops
of the PZT/ZnO,, composites sintered at 1150°C for 2 h.

the fracture path is significantly extended into polyphase sinters,
which indicates that the increase of sintering temperature and time
reinforces grain boundaries of the PZT/ZnO,, composites [24].

Fig. 6(a) shows the ds3, k, and ¢ of the PZT/ZnO, composites sin-
tered for 2 h as a function of the sintering temperature. The values
of d33, kp and ¢ of the composites increase greatly with the sintering
temperature up to 1150 °C and then decrease with further increas-
ing the sintering temperature. In addition, the ds3, kp and ¢ of the
PZT/ZnO,, composites sintered at 1150°C as a function of the sin-
tering time is shown in Fig. 6(b). With the increase of sintering time,
the values of d33, kp and ¢ increase at first and then decrease. The
samples sintered at 1150 °C for 2 h possess the optimum d33, kp and
e values of 471 pC/N, 0.543 and 3838, respectively, where the high-
est pr of 96.86% is also obtained as shown in Fig. 2. The promotion
of d33, kp and € below the optimum sintering condition is primar-
ily attributed to the increased density, lowering leakage current
and enhancing the poling process [83,84]. However, the decline of
dsz3, kp and ¢ above the optimum sintering condition mainly due
to the poor bulk density and the inclusion of the non-piezoelectric
pyrochlore phase as discussed in Figs. 2 and 3 [85]. The ferroelec-
tric hysteresis loops of PZT/ZnO,, sample sintered at 1150°Cfor2h
with different electric fields are shown in the inset of Fig. 6(b). It
is observed that as the applied electric field increasing, the polar-
ization increases and reaches to saturation at a substantially high
applied field [86]. The remnant polarization P; and coercive field
E. of the sample at 35kV/cm electric field are 23.2 wC/cm? and
9.2 kV/cm, respectively.

In the light of the above discussion of densification, microstruc-
ture and piezoelectric properties, the investigation of the PZT/ZnOw
composites should be focused on the sintering temperature of
1150°C and sintering time of 2 h. The dependence of d33 and ¢ of
the PZT/ZnO,, composites on various poling conditions is investi-
gated as shown in Fig. 7. With the increase of poling temperature,
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Fig. 7. Dependence of d33 and ¢ on the (a) poling temperature, (b) poling time and
(c) poling field for the PZT/ZnO,, composites sintered at 1150°C for 2 h.

the values of d33 and ¢ of the composites increase greatly with the
poling temperature up to 120°C and then decrease (Fig. 7(a)). The
values of d33 and ¢ of the composites at the poling temperature
of 120°C become saturated as the poling time and field are higher
than 30 min (Fig. 7(b)) and 3 kV/mm (Fig. 7(c)), respectively.

For further practical application, the temperature and time sta-
bility of the PZT/ZnO,y composites has been investigated as shown
in Fig. 8. Fig. 8(a) shows the temperature dependence of ¢ and
kp for the composites sintered at 1150°C for 2 h. In the temper-
ature range of 0-100°C, the values of ¢ increase linearly with the
increase of temperature, while k, changes slightly with the vari-
ation of below 10%. The improvement of ¢ with the increase of
sintering temperature is ascribed to the enhancement of permit-
tivity, which is induced by the aggravated thermal motion and
the triggered increase of thermal defects in the composites. The
aging problems of ¢ and kp obtained for the PZT/ZnOy, compos-
ites sintered at 1150°C for 2 h are observed from the very initial
time of preparation at room temperature as shown in Fig. 8(b).
After 60 days, the values of ¢ and k;, slightly decrease by 2% and
3%, respectively, which may be linked to the relaxation of domain
walls or humidity sensitivity of PZT [87]. The results show that the
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PZT/ZnO,y composites possess good temperature and time stability,
which is vital for practical applications.

4. Conclusions

In summary, the sintering, microstructure and electrical prop-
erties of the PZT piezoelectric composites incorporated with
ZnOy, have been investigated in different sintering conditions of
sintering temperature from 900 to 1250°C and sintering time
from O to 4h. The increase of sintering temperature and time
enhanced the grain growth, densification and electrical properties
in effect. However, as the sintering temperature exceeded 1150 °C,
the density and electrical properties deteriorated seriously. The
PZT/ZnO,, composites with 2 wt.% ZnO,y sintered at 1150°C for 2 h
showed the optimal density of pr ~96.86% and electrical proper-
ties of d33 ~471pC/N, & ~3838, kp ~0.543, P, ~23.2 nC/cm? and
Ec~9.2kV/cm. Furthermore, the temperature and time stability
of the PZT/ZnO,, composites was quite good, suggesting that the
new PZT/ZnO,y composites were promising candidates for practical
applications.
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