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Abstract

High strength NiO-dispersed lead zirconate titanate (PZT) composites are successfully fabricated from NiO nanoparticle-coated PZT
powders. Addition of NiO to a PZT matrix does not result in unexpected reaction phase, and some NiO is dissolved in PZT lattice. Microstruc-
tural observations reveal that fine NiO particles are homogeneously dispersed at the matrix boundaries and the matrix grain size is refined.

Fracture strength of PZT/7.4 vol.% NiO composite is 1.9 times higher than that of monolithic PZT, and fracture toughnéssréases

to 1.87 MPa 2. The electrical properties of PZT/NiO composites increase or are not degraded dramatically with improving mechanical

properties.
© 2003 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction mechanical properties. Therefore, it is necessary to design
the microstructure possessing excellent mechanical prop-
Lead zirconate titanate, Pb(diii_,)O3 (PZT), and its erties without dramatically degrading of electrical proper-
related materials exhibit excellent piezoelectric properties; ties. Niihara[7] has reported that mechanical properties
hence PZT related ceramics are widely used in the applica-could be significantly improved by incorporating submi-
tions such as sensors, transducers, and actuators. Howevecron and nanosized second phases in a brittle ceramic
piezoelectric materials suffer from low mechanical prop- matrix. Recently, this novel design idea has been applied
erties and the resulting low electrical reliability—4]. For in the field of functional ceramics. Many researchers have
example, fracture strength and fracture toughness of thesaeported high mechanical properties and electrical relia-
materials are lower than 100 MPa and 1.0 MP&mnre- bility in PZT-based composites. PZT/A@], PZT/Al,O3
spectively. For further high-power applications used under [9], PZT/Y203 [10], PZT/IpO3 [11] are typical exam-
severe circumstances, their poor mechanical and electricalples. However, the control of the microstructure of PZT
reliability become a critical limitation on the application composite is difficult to obtain by conventional techniques
of these materials. Especially in multilayer piezoelectric involving mechanical mixing of ceramic powders and
actuators, the high electric driving field needed to produce second phase particles. In recent years, powder coating
a large displacement may cause mechanical and electri-technique has been investigated for preparing homoge-
cal degradation. Thus, improving mechanical properties of neous ceramics. It not only improves the sintering activity
PZT-based materials is worthwhile. and densification, but also enhances the microstructural
In the past few years, a few studies have dealt with im- homogeneity and mechanical properties of sintered body
proving mechanical properties of PZT ceramics by adding [12,13]
SiC whiskerg5] or ZrO, fibers[6]. Nevertheless, the elec- In the present study, we try to fabricate PZT/NiO com-
trical characteristics are deteriorated with enhancement inposites from NiO nanoparticle-coated PZT powders. NiO is
expected to be a phase compatible to PZT matrix. The ef-
mspondmg author, Tels86-21-52412023; fects of NiQ addition on the sintering b_ehavior, me_chanical
fax: 186-21-52413903. and electrical properties of the PZT/NiO composites have
E-mail address: phxiang@yahoo.com.cn (P.-H. Xiang). been investigated.
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electron microscope (JSM-6700F, JEOL, Japan). The size
of NiO particles and the average of PZT grain size were
determined by the linear intercept method from the SEM
image of the surfaces of the etched samples. For piezoelec-
tric properties, the specimens were poled in silicon oil at
120°C for 20 min under the electric field of 2.5kV/mm.
The dielectric constants were measured at 1 kHz and elec-
tromechanical coupling factorkd), Young’s modulus were
measured by the resonance and antiresonance method using
the HP4294A impedance analyzer.

3. Results and discussion

(a) (b)

3.1. Phase characterization of PZT/NiO composites
Fig. 1. (a) TEM image of NiO nanoparticle-coated PZT powder, (b) higher-

magnification TEM image of PZT/NIO regiofL4]. X-ray diffraction patterns of the monolithic PZT and

PZT/NiO composites sintered at 1220 for 1.5h are
2. Experimental procedure shown inFig. 2 The XRD analysis reveals that the PZT

matrix is a ferroelectric tetragonal phase, regardless of the

PZT/NiO composites were fabricated from NiO nano- volume fraction of NiO. All the peaks are identified as PZT

particle-coated PZT powders obtained by the heterogeneousand NiO with cubic phase. No reaction phases between the
precipitation method14]. The starting PZT powder had a PZT matrix and NiO addition is found in XRD patterns.
composition of Pb(Z52Tig.48)O3 and the average particle  The relative intensity of NiO phase peaks for PZT/7.4 vol.%
size was 0.3@.m. As shown irFig. 1, NiO particles with the NiO composite is higher than that of the PZT composite
size of about 8 nm were spherical and weakly agglomeratedwith 3.6 vol.% NiO addition, which indicates that NiO is
coating on PZT particle. The coated powders were uniaxi- a compatible phase to the PZT matrix. There is no NiO
ally pressed in the form of disc shape {1 mmx 2 mm) and detected in the PZT composites with 0.9 and 1.7 vol.% NiO
rectangle shape (42 mm42 mmx 8 mm) at a pressure of  addition. However, due to the detection limit of the XRD
40 MPa and subsequently followed by cold isostatic pressing analysis, whether small amount of NiO diffuses toward PZT
(CIP) at 200 MPa. After CIPing, the pressed samples were matrix or not cannot be concluded from the XRD patterns.
sintered at 1100-126@ for 1.5h in a Pb-rich atmosphere The variation of tetragonalityc(a) of PZT composites
controlled by the sintered PZT ceramic powder which is with NiO content is shown iifrig. 3. The value of PZT/NiO
available to reduce the lead loss in the specimens. For eleccomposite is lower than that of monolithic PZT. The grain
trical measurements, Ag paste was painted on both sides ofize and the solution of NiO in PZT are two factors affecting
the discs and then fired at 650 for 30 min. For mechanical
measurements, the standard bars (36 mhmm x 3 mm)
were cut from the sintered bodies and one of the major faces NiO content/ vol.%

" NiO
(dimensions of 36 mnx 4 mm) was polished with diamond ! (Z‘) 8 o
paste to obtain mirror surface. EC)) 17

For sintered sample phase characterization, X-ray diffrac- (d)—— 3.6
tion pattern was obtained using an automated dffractometer (&) — 7.4
(Rigaku RAX-10, Japan) with Cu &l radiation. The con-
tent of NiO was determined by inductively coupled plasma (EL._J\.___J S !
atomic emission spectrometry (ICP-AES) (Varian Vista
AX, USA). The bulk density was determined by using the
Archimedes method in water. Fracture strength was mea-
sured on the standard bars by three-point bending method

A
A

(INSTRON 8501, UK). The span was 30 mm and the rate of (b) f\ A o N ]
I

Relative intensity

loading was 0.5 mm/min. Hardness and fracture toughness
was measured by the indentation fracture (IF) technique @
[15] using a micro-Vickers diamond indenter (AKASHI P S T B!
AVK-A, Japan). The indentation load of 49N was applied 10 20 30 4 %0 60 70
for 15s. The grain boundary of the composites was re- 26 ()

vealed by etching with a dilute solution of HCl and HF. The  Fig. 2. x-ray diffraction patterns for the monolithic PZT and PZT/NiO
microstructure was analyzed by field emission scanning composites wittxvol.% NiO.
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Fig. 3. Variation of tetragonalityc{a) of the PZT composites with NiO
content.

the tetragonalityd/a). Arlt et al. [16] have reported that/a
ratio decreased with the reduction of grain size when the
grain size is smaller thanim. As shown inFig. 6, the av-
erage grain size of PZT/NiO composite is larger thami
Therefore, the major factor to reduce the tetragonatits)

is attributed to the solution of NiO in PZT matrix. It is well
known that PZT system has an AB®ype perovskite struc-
ture. The A-sites are occupied by#hions and the B-sites
by Zr*+ and T ions. A dopant can go either to the A-
or B-site, its distribution on the two sites being a function
of the valence and ionic radius of the dopant. The ionic ra-
dius of NF* ion (0.069 nm) is almost equal to that of B-site
cations: Zf+ (0.072nm) and Tit (0.0605nm). Although
the valence of Ni* ion is the same as that of A-site cation:
Pt?t, the ionic radius of Nit is much smaller than that
of PBt (0.119nm)[17]. It might be expected that Ki

ion prefer to enter into B-site in perovskite structure. A
Ni2* ion substitution will create an oxygen vacancy to com-

pensate charge neutrality. The distortion of oxygen octahe-

dron structure results in the variation of tetragonalita).
However, there is little change in the tetragonalitig] of
PZT composites when the content of NiO is higher than
0.9vol.%. Furthermore, there are some NiO particles ap-
pearing in PZT/0.9vol.% NiO composit&ig. 9. There-
fore, it can be estimated that the solubility of NiO in PZT
matrix is lower than 0.9 vol.%.

3.2. Sintering behavior and microstructure of PZT/NiO
composites

The NiO nanoparticle-coated PZT powders were sin-
tered at various temperaturésg. 4 shows the densification
curves of the monolithic PZT and PZT/NiO composites. It
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Fig. 4. Variation of relative density of the monolithic PZT and PZT/NiO
composites (a) with sintering temperature and (b) with NiO content
sintered at 1220°C.

at 1220°C for 1.5h increase with the content of NiO, as
shown in Fig. 4b. These observations show the benefit of
coated powders during sintering process. The same behav-
ior has been reported in the ceramic—ceramic composites
prepared from their corresponding coated powders [11,18].
This sintering behavior can be associated with the high
reactivity of nanoparticles in the coating layers. Moreover,
the formation of oxygen vacancies due to Ni?* ion substi-
tution in the perovskite structure is considered to be another
reason responsible for the sintering behavior of PZT/NiO
composites. The oxygen vacancies accelerate mass transfer
and densification, which result in high relative density [8].
Fig. 5 shows the SEM photographs of surface of the
monolithic PZT and PZT/7.4vol.%NiO composites sintered
at 1220°C for 1.5h. The dark gray phases in Fig. 5b are

reveals that the coated powders could be sintered to aboveNiO particles which homogeneously dispersed in PZT ma-
96% of the theoretical density even at a temperature astrix. The NiO particles are surrounded by three or more ma-

low as 1200C. The relative density of composites sintered

trix grains. The size of NiO particle and the average grain
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Fig. 5. SEM photographs of the surface of (a) the monolithic PZT and
(b) PZT/NiO composites with 7.4vol.% NiO addition.
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size of PZT matrix are shown as a function of NiO content
in Fig. 6. The NiO particles grow dlightly with increasing
NiO content. The particle size increases from about 1.0 um
with 0.9vol.% NiO addition to 1.3 um with 7.4vol.% NiO
addition, whereas, that in the starting coated PZT powders
isonly 8nm. It is obvious that NiO nanoparticles appear to
agglomerate and grow during sintering process. This means
that NiO nanoparticles, initially coating on the surface of
PZT powder, move along grain boundaries and gradually
concentrate at the boundary intersections, and agglomerate
into larger particles during the grain growth of the matrix.
That is, the growth of NiO particles occurs by coalescence.
The average PZT grain size decreases obviously after dop-
ing NiO addition. The value decreases from 4.5 to 1.3 um
with an addition of 0.9vol.% NiO and shows no obvious
change with the further increasing the content of NiO ad-
dition. Tzing et a. [19] have reported that both the Ni so-
lute and NiO second phase can inhibit the grain growth of
BaTiOs matrix. In the present study, the average grain sizes
of PZT matrix vary little with increasing NiO content above
0.9vol.%. Therefore, the contribution to inhibiting the grain
growth by NiO second phase is small. It is likely that the
NiO particles move along the grain boundaries, offering lit-
tle inhibition to the growth of PZT matrix during sintering
process.

3.3. Mechanical properties of PZT/NiO composites

The variation of hardness and Young' s modulus with NiO
content are shown in Fig. 7. Hardness and Young' s modulus
increase with increasing NiO content. As stated previoudly,
some Ni%* ion may incorporate into the perovskite struc-
ture. Ni%t ions substitution for B-site ions produces oxygen
vacancies in the structure. It is well known that oxygen va-
canciesin the perovskite structure generally result in typical
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Fig. 6. Variation of the size of NiO particle and the average PZT grain size for PZT/NiO composites with NiO content.
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Fig. 7. Variation of hardness and Young's modulus for th

“hard” properties of ferroelectric ceramics: high hardness,
€l astic modulus and mechanical quality factor. Thus, the cre-
ation of oxygen vacancies due to Ni2t ion substitution is
considered to be a possible reason responsible for the high
hardness and Young's modulus observed in Fig. 7. Although
the solubility limit of NiO in perovskite structure isless than
0.9vol.%, as mentioned above, the values of hardness and
Young's modulus still increase dightly with further increas-
ing NiO content above 0.9vol.%, which can be explained
by the higher hardness and Young's modulus of NiO than
those of PZT matrix.

Fig. 8 shows the variation of fracture toughness (Kic)
values with NiO content. The K¢ of PZT/NiO composites
decreases with 0.9vol.% NiO addition. Further increasing

125

e monolithic PZT and PZT/NiO composites with NiO content.

the content of NiO above 0.9vol.%, K c increases from
1.55 to 1.87 MPam®/? with an addition of 7.4vol.% NiO.
The most probable mechanism responsible for the enhance-
ment in fracture toughness is the crack deflection due to the
interaction between PZT matrix and NiO particles. SEM
images of the crack traces induced by the Vickers inden-
tation on the surface of the monolithic PZT and PZT/NiO
composites are illustrated in Fig. 9. In the monalithic PZT,
the crack mainly passes through the interface of PZT grains
(Fig. 94). For the PZT/0.9vol.% NiO composites, the major
crack propagate into the matrix grains in a straight line,
selecting the nearest-neighbor grains (Fig. 9). The small
reduction in fracture toughness of PZT composite with
0.9vol.% NiO addition results from the decrease in crack
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Fig. 8. Variation of fracture strength and fracture toughness for the monolithic PZT and PZT/NiO composites with NiO content.
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Fig. 9. SEM photographs of the crack propagation in (a) the monolithic
PZT and PZT/NiO composites with (b) 0.9vol.% NiO, (c) 7.4vol.% NiO
addition.

deflection. However, in the PZT/7.4vol.% NiO composite,
the crack front never propagatesin a straight line, but rather
is deflected, and mainly propagates along the interface be-

tween the matrix and NiO particles (Fig. 9c). The change in
crack propagation can be considered to be influenced by the
thermal internal stresses caused by the thermal expansion
mismatch between the matrix and the NiO particles. Be-
cause the thermal expansion coefficients of the PZT matrix
and NiO particles are 13 x 107% and 17.1 x 1076°C1,
respectively [20,21], the considerable amounts thermal
residua stresses are generated in the matrix grains and
the NiO particles during the cooling process from the
sintering temperature. The residual stress values of some
composites can be calculated by the expression derived by
Selsing [22]:
AaAT
7T A+ vm/2Em) + (1 — 2vp/Ep)

where A« is the difference in the therma expansion co-
efficients between the matrix and the particle, AT is the
temperature change; E and v are the Young's modulus and
Poisson’s ratio, respectively (the subscripts “m” and “p”
denote the matrix and particle, respectively). In the present
case, the values of 262.9GPa and 0.37 are selected for
Young's modulus and Poisson’s ratio of NiO, respectively
[21]. The measured Young's modulus and Poisson’s ratio
for PZT matrix via the resonance and antiresonance method
are 65.1 GPa and 0.39. Substituting values for E and v into
Eq. (1) givesavaueto be ~420 MPain tension in the radial
direction and ~210 MPain compression in the tangential di-
rection at the PZT matrix/NiO particleinterface. Thethermal
residual stresses induce the propagation of crack to bypass
the NiO particles. Consequently, the crack deflection leads
to the toughening of the composites with larger NiO volume
fraction.

Fracture strength is aso shown in Fig. 8. The fracture
strength increases remarkably from 59 to 105MPa with
0.9vol.% addition. Further increasing the content of NiO
above 0.9vol.%, the fracture strength increases alittle. The
observed strength variation coincides with the change of the
average grain size of PZT/NiO composite (Fig. 6). It iswell
known that the reduction of matrix grain size would result in
the strengthening of composites owning to the reduction of
critical flaw size [23]. For brittle materials (such as ceram-
ics), the fracture strength can be defined by the following
equation:

of = Kic
Yye

where K¢, Y and ¢ represent the fracture toughness, the
geometrical parameter of aflaw and one-half of the width of
the initial flaw, respectively. In general, c is proportional to
the grain size in dense polycrystalline materials. Therefore,
the improvement of fracture strength can be attributed to
the refinement of the matrix grain. According to Eq. (2),
the strength ratio of two polycrystalline materials can be
related by average grain size ratio if the toughness values
of the specimens are the same. In the present study, the
Kic values of PZT/1.7vol.% NiO composite is aimost the
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content.

same as that of the monolithic PZT (Fig. 8). The average
grain size ratio predicts 86% of the strength increment for
the PZT/1.7 vol.% NiO composite, which matches very well
with the experimental value (83%).

3.4. Electrical properties of PZT/NiO composites

The dielectric constant of composites asafunction of NiO
content at room temperatureis shownin Fig. 10. The dielec-
tric constant of the unpoled and poled samples decrease with
increasing amounts of NiO up to 0.9vol.% and thereafter
increase up to 7.4vol.%. However, the dielectric constant
of the poled PZT increases obvioudly after poling, whereas,
that of PZT/NiO composites shows a small reduction after
poling. These observations suggest that domain switching
caused by the poling is prevented by doping NiO addition.
Moreover, the average grain sizes of PZT/NiO composites
are reduced to 1.3 pum. Thus, the domain clamping due to
the reduction of grain size [24] is considered to be another
reason responsiblefor the low dielectric constant of the com-
posites after poling.

The variation of planar electromechanical coupling fac-
tors, kp, with NiO content is also shown in Fig. 10. ky de-
crease with increasing the content of NiO. It is generally
accepted that the domain clamping will lead to lower satu-
ration polarization and thus results in reduction in k. For
PZT/NiO composites, the reduction in ky can be attributed
to the domain clamping caused by the formation of oxygen
vacancies [25] due to the substitution of Ni* ion in per-
ovskite structure and by the reduction of grain size, as men-
tioned above. In addition, the non-ferroelectric NiO second
phase in PZT matrix also causes the fall in ky. Although,
the values of k, of composites decrease, PZT composites
(NiO content lower than 3.6 vol.%) show suitable k, values
(higher than 0.40) for piezoelectric actuator.

4. Conclusions

The present work has shown that high strength PZT com-
posites containing fine NiO particles can be obtained from
NiO nanoparticle-coated PZT powders. SEM observations
reveal that the NiO particles are located at the matrix grain
boundaries and the microstructure of the matrix is refined.
The microstructure strongly influences the mechanical and
electrical properties of the PZT/NiO composites. Fracture
strength of 7.4vol.% NiO added PZT composite was 1.9
times higher than that of monolithic PZT and the fracture
toughness increased to 1.87 MPam'/2. The crack deflection
due to the thermal residual stresses resultsin the toughening
of the material. The electrical properties of the composites
are improved or not reduced dramatically with the high
mechanical properties. As a consequence, the PZT/NiO
composite (NiO content lower than 3.6 vol.%) shows good
mechanical and suitable piezoelectric properties for high
reliable ceramic actuators.
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