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a b s t r a c t

Zinc oxide whiskers (ZnOw) reinforced lead zirconate titanate (PZT) piezoelectric composites with high
strength and high toughness were fabricated by nonpressure sintering at 1100 ◦C. Addition of ZnOw

is effective for sinterability and densification of the composites. Incorporating ZnOw to PZT ceramics
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contributes to an obvious improvement of the fracture properties. The fracture strength and fracture
toughness of the composites incorporating 2 wt.% ZnOw, compared with the monolithic PZT, are enhanced
46% and 47%, respectively. Improvement of fracture strength is ascribed to the enhancement of the elastic
modulus and fracture toughness. Enhancement of fracture toughness is associated with the existence of
the observed several mechanisms including crack deflection, whisker bridging, whisker pull-out and

ranul
intering
echanical properties

rupture due to the interg

. Introduction

Lead zirconate titanate (PZT) piezoelectric ceramics exhibit
xcellent piezoelectric and dielectric properties and are widely
pplied in numerous electronic devices, such as actuators, sen-
ors, capacitors, resonators, and high-power transducers [1–7].
n the other hand, PZT ceramics have been extensively modi-
ed with different additives, which make them more attractive

or specific applications [8–14]. With the miniaturization and inte-
ration of electronic circuits, small-scale piezoelectric devices are
echnologically important in the fields of smart materials and

icroelectromechanical systems (MEMS) [15]. However, the piezo-
lectric ceramics suffer from low mechanical strength and the
esulting low reliability on the performance of the devices under
evere circumstances.

The concept of a functionally graded material (FGM) has been
sed to overcome this problem. Piezoelectric ceramic/ceramic
GMs were studied to reduce the interfacial stress concentration
n the actuator [16,17]. However, the corresponding mechanical
roperties of ceramic/ceramic composites have not been enhanced

ffectively due to the brittle nature. Several approaches to improve
echanical properties have been used to investigate the compos-

tes incorporating polymers, metals, fibers or whiskers [18–28]. PZT
iezoelectric ceramic based composites incorporating polymers
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ar and intragranular whiskers.
© 2010 Elsevier B.V. All rights reserved.

were developed to improve the mechanical properties by sacri-
ficing the dielectric properties sharply [27]. The addition of metal
particles stimulates the graded piezoelectric properties and the
improvement of the mechanical properties [15,19], whereas both Pt
and Ag noble metals are too expensive to be suitable candidates for
practical applications. Recently, increasing attention has been paid
to whisker-reinforced ceramics. Whisker/fiber-reinforced ceramic
matrix composites reveal the substantial improvements in strength
and toughness of the matrix and the distributed whiskers as bridges
can resist crack growth because the energy of cracks may be dis-
sipated at the whisker/matrix interface [29,30]. Silicon carbide
whiskers (SiCw) have been extensively investigated on the rein-
forcement for composites because of their ability to reinforce brittle
ceramics [31]. SiCw reinforced PZT ceramic composites have shown
excellent mechanical properties except the electrical properties
[32]. There are, however, limited reports on the PZT ceramic matrix
composites by the addition of ZnO whiskers (ZnOw). Practically
until now, it is significant to discover the interesting and distinctive
piezoelectric, semiconducting properties in the ZnO nanostructures
for nanogenerator applications and microelectric devices. In addi-
tion, ZnO nanostructures have received considerable attention on
potential applications of the specific electrical, optoelectronic and
microwave absorption properties for several decade years [33–43].
In our previous works, we selected ZnOw as the second phase to

adjust both the electrical and the mechanical properties of piezo-
electric composites [44–47]. Due to the high-temperature strength,
rigidity and chemical stability, ZnOw have been a subject of inten-
sive research as reinforced composite materials [48,49]. Among
them, a variety of reinforcements with different morphologies have

dx.doi.org/10.1016/j.jallcom.2010.05.067
http://www.sciencedirect.com/science/journal/09258388
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lattice, partially replace Zr4+/Ti4+ ions because of the proximity of
their ionic radius [52] and change the crystal structure of PZT.

The relative density of the monolithic PZT and PZT/ZnOw com-
posites as a function of the various amounts of ZnOw is shown
24 J. Yuan et al. / Journal of Alloys

et different degrees of success. Furthermore, the doping effect of
nO powder in piezoelectrics can result in lower sintering temper-
ture and improving electric properties [50–54] and the PZT/ZnO
ctuator sensitive to reducing gases was fabricated [55].

In the present study, high strength and high toughness
ZT-based composites incorporating ZnOw were fabricated by non-
ressure sintering. A purpose is to investigate the effects of ZnOw

ontent on the sinterability and fracture behaviour in a composi-
ional range from 1 to 10 wt.% ZnOw content.

. Experimental procedures

Commercially available ceramic powders of Pb(Zr,Ti)O3 (PZT-5MN, Hongsheng
ndustry, Baoding, China) with composition in the morphotropic phase boundary

ere used as the raw materials. ZnOw were synthesized by the conventional growth
rocess involving vapor phase oxidation of fine zinc powders (purity 99.999%).
etailed fabrication procedures of ZnOw were described in a previous paper [35].
he as-prepared ZnOw were added to the PZT matrix in the range 1–10 wt.% and
hen ball milled for 24 h with zirconia balls as the grinding media and alcohol as the
olvent (during the ball-milling process, part of the ZnOw could be destroyed and
roken into the needle-like ZnO nanostructures, which can serve as the reinforced
aterial just like the short fibers). After milling, the slurry was dried at room tem-

erature. These powders were dispersed in an agate mortar with an appropriate
mount of polyvinyl alcohol solution as a binder. The mixtures were dried, sieved
nd then uniaxially pressed into disc shape under a pressure of 200 MPa. The green
odies were sintered regularly in a covered alumina crucible containing PbZrO3

owders to minimize PbO evaporation. The sintered bodies sintered at 1100 ◦C for
h were machined to the required dimensions and sized from the bulk for property
easurements.

The bulk density was measured by the Archimedes method in distilled water,
nd the relative density was calculated using the theoretical density. The samples
ere machined into bars of 36 mm × 4 mm × 3 mm to measure the fracture strength

y the three-point bending method with a span of 30 mm and a cross-head speed of
.5 mm/min, at room temperature in air. Single-edge notched-beam (SENB) spec-

mens were fabricated by notching the segments of tested flexure specimens. For
he fracture toughness KIC, the 24 mm × 4 mm × 2 mm SENB samples were tested in
hree-point loading with a span of 20 mm and a cross-head speed of 0.05 mm/min.
he crystal structures of the sintered composites were examined by the X-ray
iffraction (XRD) with Ni-filtered Cu K˛ radiations. The microstructures and frac-
ure surfaces of the specimens were observed by a scanning electronic microscope
SEM). For electrical measurement, both sides of the sintered pellets were polished,
ainted with silver paste and fired at 800 ◦C for 10 min. The dielectric and electrome-
hanical characteristics were measured with a Model HP 4194 impedance analyzer.
oling treatment was carried out in silicon oil at 120 ◦C for 20 min with an electric
eld of 3–4 kV/mm prior to the piezoelectric constant measurement using a ZJ-3AN
iezoelectric tester.

. Results and discussion

Fig. 1(a) shows the typical morphology of ZnOw synthesized
y the simple combustion oxidation method. The products con-
ist of abundant tetra-needle-like ZnOw with uniform structure.
he typical microstructure of the polished surface for the PZT/ZnOw

omposite samples with 5 wt.% ZnOw sintered at 1100 ◦C for 2 h are
hown in Fig. 1(b). The dark phases are ZnOw, which are homoge-
eously dispersed in the gray phases PZT. The phase compatibility
etween the PZT and ZnOw appears to be good at the processing
emperatures of 1100 ◦C.

The XRD patterns of the monolithic PZT and PZT/ZnOw compos-
tes with various amounts of ZnOw addition are shown in Fig. 2.
rom the assigned PZT and ZnO phases in the patterns, the PZT
erovskite phase and ZnO phase are retained after the sintering pro-
ess. XRD patterns also confirm that there is no significant chemical
eaction occurring between the PZT and ZnOw in the composites
uring sintering at 1100 ◦C. The diffraction intensities of ZnO peaks

ncrease slightly with the increasing ZnOw content, indicating that
he PZT matrix is a phase compatible with ZnOw content. Thus,

he “co-existence” of the matrix and the whisker during the sinter-
ng temperature is achieved. Furthermore, it is clear that the single
eak between 40◦ and 50◦ from the PZT began to split into two
eaks with the addition of ZnOw, indicating that the phase struc-
ure of PZT changed from rhombohedral phase to tetragonal phase
Fig. 1. SEM micrograph of the typical microstructure of (a) ZnO whiskers and (b)
the PZT/5 wt.% ZnOw composite sintered at 1100 ◦C.

[54], which is suggested that Zn2+ ions in ZnO enter B site of the PZT
Fig. 2. XRD patterns of (a) the monolithic PZT and PZT/ZnOw composites with (b)
1 wt.%, (c) 2 wt.%, (d) 5 wt.%, (e) 8 wt.% and (f) 10 wt.% ZnOw.
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is loosed and the critical defect size in the composites grows. This
leads to the degradation of fracture strength and fracture tough-
ness of the composites with more ZnOw amount. Therefore, all the
difference of fracture behaviours results from the above two factors.
ig. 3. Effect of the ZnOw content on the relative density of PZT/ZnOw composites
intered at 1100 ◦C/2 h.

n Fig. 3. The relative density of the monolithic PZT ceramics sin-
ered at 1100 ◦C is lower than 95%, whereas all the composites with
he addition of ZnOw are obtained more than 96% of the theoreti-
al density value sintered at 1100 ◦C. The curve indicates that the
ensification rate is improved sharply after the incorporation of
nOw. For the composites, the relative density increases with the
nOw addition. Therefore, incorporation of ZnOw exhibits signif-
cant effect on the densification and the sinterability of the PZT
omposites is effectively accelerated by a small quantity of ZnOw.
he addition of ZnOw makes it possible to reduce the sintering
emperature to achieve low-temperature sintering of PZT ceramics
ith high densification.

A previous study on the PZT-based composites reinforced by
iCw indicated that the porosity increased and the sintered density
ecreased with the increasing SiCw content [31]. This phenomenon
f the SiCw addition is not a coincidence with the result of the
nOw contribution. Compared with the thermal expansion coeffi-
ient (CTE) of PZT, due to the CTE of ZnOw with a difference smaller
han that of SiCw, it is expected that little amounts of residual
tresses can be introduced into matrix grains and ZnOw during
he sintering process. There is a probable mechanism responsi-
le for the low-temperature sintering observed in the PZT/ZnOw

omposites, consistent with other PZT-based ceramics containing
nO powder [50–52]. Since material transfer in the liquid phase
s much faster than that in the solid state, the formation of liq-
id phase sintering is promoted by the ZnO addition and increases
ith the increasing ZnO content. Microstructure analysis reveals

hat the liquid phase along the grain boundary partially appears
ith addition of ZnOw at the sintering temperature of 1100 ◦C, as

hown in Fig. 4. Therefore, these results indicate that either ZnO
hisker or powder can help the sintering of the specimens at a low

emperature.
Fig. 5 shows the dependence of the fracture strength and frac-

ure toughness of the PZT/ZnOw composites on the ZnOw content.
he fracture strength increases with the amount of ZnOw up
o 2 wt.% and then decreases with further increase of the ZnOw

mount. The fracture toughness is improved upon increasing the
ontent of ZnOw from 0 to 2 wt.%, but further addition of ZnOw

esults in a drastic decrease in fracture toughness. It should be
oted that the highest fracture strength and fracture toughness are

btained for PZT/ZnOw with the addition of 2 wt.% ZnOw. The frac-
ure strength of 98 MPa and fracture toughness of 1.44 MPa m1/2 for
he PZT/2 wt.% ZnOw composites are about 146% and 147% that of
he ZnOw-free PZT ceramics, respectively. Therefore, the addition of
Fig. 4. SEM micrograph of the fracture surface of the PZT/2 wt.% ZnOw composite.

ZnOw effectively contributes to enhancing the fracture behaviours
of the PZT/ZnOw composites.

The improvement of the fracture strength is attributed to criti-
cal flaw size, largely depending on the average grain size, fracture
toughness, and elastic modulus in the simplest manner [56]. Since
the grain size of the monolithic PZT is similar to those of the com-
posites as mentioned above, it is evident that positive effects of the
fracture strength improvement for the composites can be ascribed
to the enhancement of the elastic modulus and fracture toughness.
ZnOw have high elastic modulus and high strength and fit the condi-
tion Ew > 2Em (Ew is the elastic modulus of ZnOw, Ew ≈ 350 GPa and
Em is the elastic modulus of the PZT matrix, Em ≈ 70 GPa). Consider-
ing the weight fraction effect, the elastic modulus of the PZT/ZnOw

composites increases with whisker content and is much higher than
that of the PZT/Ag-particle composites due to the Ew � Ep (Ep is
the elastic modulus of Ag-particle and as the same as Em). Due to
the small possibility of whisker agglomeration and the low ther-
mal stresses before 2 wt.% ZnOw, the strengthening effect of elastic
modulus and fracture toughness can play a major role. On the other
hand, with the further increase of the ZnOw content, a negative
influence on the fracture behaviours tends to be more intense. The
agglomeration of ZnOw is more likely to occur so that the bonding
Fig. 5. Effect of ZnOw content on the fracture strength and fracture toughness of
PZT/ZnOw composites.
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Hence, the bridging of matrix cracks and pull-out from matrix by
the ZnOw could also occur during the failure of the composites. Fig. 7
displays a typical micrograph of the composites where the whisker
with a width of 0.5 �m bridges the matrix grains. According to
the elastic fracture mechanics [59], the bridging mechanism of
ig. 6. SEM fractographs of fracture features on the specimens of the PZT/ZnOw com

The fracture behaviour of reinforced composites is expected to
haracterize like their fiber/whisker-reinforced composites [23].
o seek the toughening mechanisms of reinforcement, the micro-
raphs of fracture surface are examined to reveal the fracture mode.
ig. 6 shows the SEM photographs of the fracture surfaces of the
onolithic PZT and PZT/ZnOw composite specimens containing 1,

, 5, 8 and 10 wt.% ZnOw. It is observed that the grain boundaries
f the monolithic PZT are very clear, resulting from its dominat-
ng intergranular fracture mode. However, the fracture surfaces
f the PZT/ZnOw composites are rougher than that of the mono-
ithic and the roughness of the fracture surface increases with the
ncreasing ZnOw content. In other words, the fracture mode of the
ZT/ZnOw composites is a mixture of transgranular and intergran-
lar modes, where the degree of intergranular fracture decreases
ith the increasing ZnOw content. Furthermore, since the elastic
odulus of the whisker are much larger than that of matrix, the

rack tip stresses could be changed such that a crack traveling nor-
al to the whisker axis is deflected out of plane as it approaches the
hisker. Usually, the crack deflection is associated with debonding

f the whisker/matrix interface which presents the weak interface
trength leading to the whisker fracture behaviours [57]. Hence, in
he case of the partially debonding interface of the ceramic matrix
omposites with discontinuous reinforcement, multiple mecha-

isms such as reinforcement bridging, pull-out, crack deflection
ould occur [58].

The whiskers could enable the cracked matrix to suspend a cer-
ain level of strength and the rupture ones could also increase
he energy-absorption during fracture. Due to the debonding of
es with (a) 0 wt.%, (b) 1 wt.%, (c) 2 wt.%, (d) 5 wt.%, (e) 8 wt.% and (f) 10 wt.% ZnOw.

the whisker–matrix interfaces, to a certain extent, the whiskers
would be not broken immediately but rather have gone through a
whisker–matrix interaction process as the crack front reached and
passed through them. Otherwise, the whiskers would have broken
along the crack plane with no holes and exposed parts observed.
Fig. 7. SEM micrograph of the typical interaction between whisker and matrix,
showing the bridging by the reinforcement phase.
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addition of ZnOw. The fracture strength and fracture toughness of
ig. 8. Typical micrographs of the PZT/8 wt.%ZnOw composites: (a) intragranular
icrostructure and (b) intergranular microstructure.

he PZT/ZnOw composites clearly represents an intrinsically higher
nergy source of fracture resistance for matrix grains. During the
hisker pull-out, energy that would normally cause crack propa-

ation is partially expended by debonding and by friction as the
hisker slid against adjacent microstructure features. That could

ffectively increase the work of fracture toughness.
The non-planar crack arises from residual stresses in the weak

nterface, which is attributed to the intragranular and intergranu-
ar grains [60,61]. We also find that most of the smaller scale ZnO

hiskers are seated in the PZT grains as shown in Fig. 8(a), while
he larger ones are located at the matrix grain boundaries seen
rom Fig. 8(b). The intragranular whiskers are in the size range
o 500 nm and some whiskers are oriented perpendicular to the

atrix plane and pull-out of the matrix (in Fig. 8(a)). The inter-
ranular ones are in the size range 2–4 �m and some debonding
nterfaces between whisker and matrix are present (in Fig. 8(b)).
ased on the concept of elasticity [62], the intragranular ZnO
hiskers have a positive effect on the bridging and pulling-out of

ZT grains because the elastic modulus of whisker is greater than
hat of matrix. On the other hand, the intergranular whiskers can
lso pin the PZT and aggregate at the grain boundaries. The prop-
gating cracks reach the intragranular whiskers and then proceed
ith the whiskers pulling-out and bridging and possibly fracturing,
hile cracks are arrested upon reaching the intergranular whiskers

rom the interface and then deflected along the interface, leaving
artially the whisker intact. These estimations are in agreement
ith the observed whiskers in the fracture surface examinations
s shown in Fig. 4. In fact, under the stress conditions, the intra-
ranular whiskers will perturb the crack tip, causing a reduction in
he stress intensity. The existence of intergranular whiskers at the
rain boundaries causing crack deflection could drive more fracture
Fig. 9. Effect of ZnOw content on the piezoelectric and dielectric properties of
PZT/ZnOw composites.

energy dissipated. All these cases can increase the energy absorbed
during fracture. Therefore, the mechanisms of the whisker pull-out,
bridging and rupture undoubtedly improve the fracture toughness
of the composites, which is consistent with the mechanical proper-
ties. It is believed that these ZnOw serve as additional reinforcement
elements, which result in a contribution to the increase of fracture
strength and fracture toughness.

Fig. 9 shows the dependence of the piezoelectric and dielectric
properties of the PZT/ZnOw composites on the ZnOw content. Due
to the essential low-piezoelectricity, the introduction of ZnOw in
PZT would lead to the decline of piezoelectric and dielectric prop-
erties [44]. As shown in Fig. 9(a) and (b), with the increase of ZnOw

content, the piezoelectric constant d33, electromechanical coupling
factor kp and relative dielectric constant ε of the composites decline,
while the dielectric loss tanı increases greatly, which is mainly
attributed to the local micro-conductance loss of the semiconduc-
tor ZnOw.

4. Conclusions

ZnO–whisker-reinforced PZT piezoelectric composites have
been fabricated by nonpressure sintering at 1100 ◦C. ZnOw are
homogeneously dispersed in the PZT ceramics and there are
no reaction phases between the matrix PZT and ZnOw dur-
ing the sintering process. A small quantity of ZnOw accelerates
the sinterability of the PZT composites and the relative den-
sity increases with the increasing whisker content. The fracture
behaviour of PZT/ZnOw composites is obviously improved by the
the PZT/2 wt.% ZnOw composites, compared with the monolithic
PZT, are enhanced about 46% and 47%, respectively. The fracture
strength improvement for the PZT/ZnOw composites is ascribed to
the enhancement of the elastic modulus due to the combined effect
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nd fracture toughness. The incorporation of ZnOw is effective in
uppression of the crack propagation and the composites show the
hange from intergranular to transgranular modes of fracture. The
racture toughness enhancement is correlated to the observed sev-
ral toughening mechanisms including crack deflection, whisker
ridging, pull-out and rupture due to the intergranular and intra-
ranular whiskers. These mechanisms have a significant influence
n the mechanical properties of the composites.
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