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Abstract

In this paper, the effect of various doping and substitution elements on the mechanical fracture of perovskite-type (Pbg.o5Srg.05)(Zrg 52 Tip.48)O3—
Pb(Mn,3Sb,/3)03—Pb(Mn;,3Nb,/3)O05 and (Pbg 95519 04)(Zr, _, Ti,)O3—Pb(Mg;,3Nb,/3)O3 ceramics was investigated. The predominant transgra-
nular fracture mode was observed in the modified piezoceramics mentioned above and the ZnO, SnO, and SiO, as trace additives were found
beneficial to enhance the mechanical bonding force of grain boundaries. The mechanism of transgranular fracture mode was understood by the
diffusion of doping elements into the structural lattice of perovskite-type oxides, agreed with the experimental results of reduced tetragonality,

dielectric constant and piezoelectric coefficient.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lead zirconate titanate (PZT) based ceramics are the most
important piezoelectric functional materials and have been
intensively and widely studied and practically applied in the
sensors, actuators and transducers. It has been revealed that the
piezoelectric properties are close associated with the mechan-
ical properties, i.e. improved mechanical properties and
enhanced piezoelectric properties [1]. From the results of
fracture mechanics of ceramics, it is well known that, for
polycrystalline piezoelectric ceramics, the mechanically weak
grain boundary usually results in the intergranular fracture of
ceramic patches and the crack path (intergranular, transgra-
nular, or mixed) was observed depending on various micro-
structural factors such as the character of grain boundary, the
grain size, the porosity [2-6]. In the past twenty years, various
factors of sintering condition and sintering additive such as
Si0,, LiF, WO; have been found to set different influences on
the fracture mode of piezoelectric ceramics, and when the
fracture mode changed from intergranular to transgranular, the
dielectric constant and piezoelectric constant ds;; usually
increased [7-13]. For example, a small amount of SiO, was
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found to improve the flexural strength, microhardness and
dielectric constant of Pb(Zr0_58F60_20Nb0.20Ti0_02)0'994U0.00603
ceramics while the fracture mode observed by SEM was
essentially transgranular [8]. Adding MgO into PZT ceramics
was also observed cause the PZT fracture mode gradually
change from intergranular to transgranular [10].

Therefore, to obtain transgranular fracture mode via
controlling microstructure with dopants and trace additives
is substantially useful way to optimize piezoelectric and
mechanical properties of PZT-based ceramics, in particular
those piezoceramics for high power applications. Here, we
presented attempts of controlling ceramic fracture mode
through doping method and discussed the underlying
mechanism.

2. Experimental procedures

Here, the high power piezoceramics with general
formula of (Pbg.5Sr0.05)(Zro.52Ti0.48)O3~Pb(Mn;/35b2/3)O03—
Pb(Mn;,3Nb,/;3)O; and high dielectric constant one of
(Pboigssro_og‘) (Zr1 _xTix)O3—Pb(Mg 1/3Nb2/3)03 with  various
doping elements were prepared with conventional electro-
ceramic processing. Commercial PbO, SrCOj3;, Sb,03, MnO,,
Nb,Os, ZrO,, TiO,, NiO, Si0,, ZnO and SnO, were used as the
raw materials and weighted in accordance with the tentative
formula. The stoichiometric mixtures were ground with ethanol
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and calcined at 800 °C for 5 h. The calcined powders were
reground, granulated and uniaxially pressed into 10 mm green
disks at 250 MPa and sintered in a close alumina crucible at
temperature between 1280 and 1300 °C for 2 h with linear
shrinkage rate above 12%. For electrical characterization, the
ceramic pellets were polished, coated with silver paste and fired
at 600 °C for 10 min, and subsequently poled under a DC
electric field of 3—4 kV/mm in a silicon oil bath at 120 °C for
20 min.

The phase structure and lattice constants were examined by
X-ray diffraction (XRD, D8, Bruker AXS Gmbh, German). The
microstructure of fracture surface was observed by scanning
electron microscopy (SEM, JSM EMP-800, Japan). After 24 h
aging at room temperature, the dielectric constant and loss were
measured with Agilent 4284A LCR meter, the piezoelectric
constant measured with a quasistatic piezoelectric ds3-meter.

3. Results and discussion

Fig. 1 presented the  XRD  patterns of
the 0.95(Pb0.95SI'OA05)(ZI'O.SzTiOAg)O3—0.025Pb(Mn1/3Sb2/
3)03—0.025Pb(MH1/3Nb2/3)03 + 1% ZnO + 05%51’102 (labeled
as modified PZT—PMSN), 0.65(Pb0,95Sr0_04)(Zr0_41Ti0,59)03—
0.35Pb(Mg1/3Nb2/3)03 +1.5% SIOZ (labeled as PZT-

PMN),  0.72(Pbg.95510.04)(Zr.45Tig.55)03-0.26Pb(Mg,,3Nb,,
3)03—0.02Pb(21’11/3Nb2/3)03 +1.5% SlOz + 1% Zn0O +
0.5% SnO, (labeled as  modified PZT-PMN-
PZN), 0.72(Pby.95570.04)(Zr0 45 Tig.55)03—0.26Pb(Mg3Nby,

3)03—0.02Pb(Ni1/3Nb2/3)03 +1.5% SIOZ (labeled as
PZT—PMN—PNN), and 0.72(Pb0'95SI'0.04)(ZI'O‘45Ti 0.55)
03-0.26Pb(Mg,3Nb,/3)03—0.02Pb(Ni;;3Nb,/3)O5 + 1.5%
SiO> + 1% ZnO +0.5% SnO, (labeled as modified PZT-
PMN-PNN) (left) in the range of 20-80° and (right) in the
range of 43-47°. It was calculated from the diffraction intensity
that the content of perovskite phase for all the samples is more
than 98%. Furthermore, calculated from the (00 2)/(2 00)
peaks in the 26 range of 43-47°, the modified PZT-PMSN,
PZT-PMN, and PZT-PMN-PNN ceramic samples are in the
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Fig. 1. XRD patterns for the modified PZT-PMSN, PZT-PMN, modified PZT-
PMN-PZN (marked as Zn), PZT-PMN-PNN (marked as Ni), and modified
PZT-PMN-PNN (marked as NiZn) ceramic samples.

tetragonal phase with tetragonality of c/a = 1.013, 1.010, 1.012,
respectively, but the modified PZT-PMN-PZN and modified
PZT-PMN-PNN ceramic samples are near the position of
morphotropic phase boundary (MPB) with c/a~1. In
comparison with different doping conditions, it can be
concluded that the ZnO and SnO, dopants diffuse into the
structural lattice of PZT-PMN-PNN ceramics after sintering
processing, which reduces the lattice tetragonal distortion
towards the MPB.

Fig. 2 showed some typical SEM microstructure images of
the fracture surface for the same samples as in Fig. 1. It is seen
that the mechanical fracture behavior for the modified PZT-
PMSN, PZT-PMN, modified PZT-PMN-PZN and modified
PZT-PMN-PNN ceramics is predominantly transgranular, but
the mixed mode of transgranular and intergranular for the PZT-
PMN-PNN ceramics. As well known, piezoelectric ceramics is
very much brittle and the intergranular fracture behavior is
generally observed, which usually results from the weak
mechanical bonding force of grain boundaries owing to
impurities enriching or a thin layer of liquid phase existing
on the grain boundaries [4,5,11]. Therefore, it is a substantial

Fig. 2. SEM microstructure images of the fracture surface for the (a) modified PZT-PMSN, (b) PZT-PMN, (c) modified PZT-PMN-PZN, (d) modified PZT-PMN-

PNN, and (e) PZT-PMN-PNN ceramic samples.
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Table 1

The dielectric, ferroelectric and piezoelectric properties of the modified PZT-PMSN, PZT-PMN, modified PZT-PMN-PZN, PZT-PMN-PNN, and modified PZT-

PMN-PNN ceramic samples.

Sample 33T3 Tan § (%) P, (MC/sz) E./—E. (kV/cm) ds3 (pC/N)
Modified PZT-PMSN 1092 0.6 4.6 13.8/-7.4 226
PZT-PMN 2652 1.8 235 10.8/10.6 340
PZT-PMN-PNN 2374 1.9 22.6 8.6/-8.6 400
Modified-PZT-PMN-PNN 1843 1.9 19.2 8.6/—8.1 290
Modified PZT-PMN-PZN 2092 1.9 21.9 11.8/-11.8 267

- samples were measured at room temperature. In Fig. 3, the
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Fig. 3. Polarization—electric field hysteresis loops measured at room tempera-
ture for the same samples as in Fig. 1.

way to improve mechanical properties of piezoceramics
through controlling character of grain boundaries to obtain
transgranular fracture mode [2-5]. In our experiments, adding
1% ZnO + 0.5% SnO, into PZT-PMSN, 1.5% SiO, into PZT-
PMN or 1% ZnO + 0.5% SnO, + 1.5% SiO, into PZT-PMN-
PZN was found to change the fracture mode into transgranular,
which is agreed with the previous observation on the
Pb(Zrg 55F€.20Nbg 20 Tio.02)0.994U0.00603 ceramics[8]. In con-
trast to the PZT-PMN-PNN piezoceramics with the mixed
fracture mode of transgranular and intergranular, the addition of
1% 7ZnO +0.5% SnO, made its fracture mode become
predominant transgranular, as showed by Fig. 2(d) for the
modified PZT-PMN-PNN piezoceramics. From Figs. 2(c) and
(d), it can be seen that not only the doping element but also the
main element of the piezoceramics set influence on the bonding
force of grain boundaries. Related to the observed tetragonal
distortion, it is reasonably concluded that the ZnO/SnO,
additives diffuse into the PZT-PMN-PNN and PZT-PMN-
PZN structural lattice and subsequently enhance the mechan-
ical bonding forces of grain boundaries. To understand the
underlying mechanism, a systematical characterization of the
microstructure and characteristics of grain boundaries by high
resolution transmission electron microscopy and selected area
electron diffraction is required to be conducted.

Alternative to direct observations of grain boundaries, the
dielectric, ferroelectric and piezoelectric properties of the
modified PZT-PMSN, PZT-PMN, modified PZT-PMN-PZN,
PZT-PMN-PNN, and modified PZT-PMN-PNN ceramic

polarization—electric field hysteresis loops measured at
frequency of 10 Hz were presented. The permanent polariza-
tion P, and coercive field E,. were recorded and summarized in
Table 1, together with the dielectric constant &, and dielectric
loss tan &, piezoelectric constant d3. From Table 1, it was seen
that the modified PZT-PMSN ceramic sample exhibits hard-
type piezoelectric performance but the PZT-PMN, modified
PZT-PMN-PZN, PZT-PMN-PNN, and modified PZT-PMN-
PNN ceramics exhibit soft-type. It is of interest to note that
adding ZnO/SnO, into PZT-PMN-PNN reduces the dielectric
constant ¢1; and piezoelectric constant ds3, which is agreed with
the XRD observation of reduced tetragonal distortion. It is the
diffusion of ZnO/SnO, into the lattice of PZT-PMN-PNN
ceramic that reduces the tetragonal distortion and subsequently
decreases the dielectric constant and piezoelectric constant,
which can be understood well from the previous experimental
investigations of the relationship between structural distortion
and dielectric properties of PZT-based ceramics: the slight
tetragonal distortion away from the MPB is beneficial to
increase the dielectric constant and the maximum dielectric
constant is usually observed at the position of c/a ~ 1.01
[14,15]. On the other hand, the Zn>* ions in the ceramic lattice
are also known to play a role of acceptor and would contribute
to the reduction of dielectric constant and piezoelectric constant
[16]. So far, the observations on the dielectric and piezoelectric
properties of PZT-PMN-PNN and ZnO/SnO,-doped PZT-
PMN-PNN ceramics confirmed the conclusion from the SEM
and XRD characterizations that the ZnO/SnO, additives were
diffused into the structural lattice and resulted in those different
mechanical and electrical performances.

4. Conclusion

The perovskite-type (Pb0.953r0405)(Zr0.52Ti0_48)03—Pb(Mn1/
3Sby/3)03-Pb(Mn3Nb,/3)O03 and (Pbg 95S19.04)(Zr; _,Ti, )O3~
Pb(Mg/3Nb,/3)O5 ceramics with various additives were
prepared with conventional electroceramic processing. The
modified PZT-PMSN, PZT-PMN, modified PZT-PMN-PZN,
and modified PZT-PMN-PNN ceramics obtained here were
observed predominantly to be transgranular fracture while the
PZT-PMN-PNN ceramics exhibited mixed transgranular and
intergranular. The fracture mode was observed associated not
only with the doping elements but with the main elements of
perovskite-type piezoelectrics as well. The mechanism of
transgranular fracture mode observed here was understood by
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the doping elements diffusion into the structural lattice of
perovskite-type oxides, which enhanced the mechanical
bonding force of grain boundaries, agreed with the experi-
mental results of reduced tetragonality, dielectric constant and
piezoelectric constant.
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