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Abstract

The piezoelectric ceramics of the compositions expressed by the formula: 0.3Pb(Zn,3Nb,/3)03-0.7Pbg g6 Lag 04(Zr Ti;_)0.9903 (x =0.50-0.53)
were prepared by two kind of sintering processes: conventional sintering (CS) and hot-pressing (HP) sintering. By comparing the properties
of these two series of ceramics, piezoelectric coefficients (ds3), electromechanical coupling factors (k;), dielectric constants (g;), etc. were
enormously improved by HP sinter procedure, which can be attributed to the highly dense microstructure (bulk density >99%). The most
impressive results are the ds3 (845pC/N) and k;, (0.703) in the HP specimen with Zr/Ti = 51/49, which have not been observed in the previous
relative reports. Additionally, according to the contrast of the experiment data, the origin of the property improvement was analyzed in details.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, there has been an increasing demand for
high performance piezoelectric materials.!> Many relaxor-
ferroelectric based piezoelectric solid solutions systems have
been developed to satisfy this demand.*> Intensive studies
were conducted to obtain single crystals of the typical re-
laxors, such as Pb(Zni;3Nby3)03-PbTiO3 (PZN-PT)® and
Pb(Mg1,3Nby/3)03-PbTiO; (PMN-PT),” due to the discov-
ery of their substantial piezoactivity and electromechanical
properties. However, compositional uniformity throughout
the crystal is difficult to achieve using conventional solution
growth method with PbO fluxes.?

Great efforts have also been taken to prepare ceram-
ics of these systems near the morphotropic phase boundary
(MPB). It is difficult to synthesize pure perovskite ceram-
ics because competitively grown pyrochlore phase seems
unavoidable.>!? Though Swartz et al.'! had succeeded in
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synthesizing the PMN-PT ceramics with pure perovskite
phase near MPB by a two-stage columbite method, PZN-
PT ceramics at MPB were not obtained by this method be-
cause of the formation of pyrochlore. The addition of other
perovskite materials, such as lead titanate (PbTiO3), barium
titanate (BaTiO3), and Pb(Ti,Zr)O3 (PZT)!? has been found
to be effective in stabilizing PZN in the perovskite struc-
ture. In the past researches, some fine piezoelectric proper-
ties (d33 =430pC/N, kp =0.67) were observed in the the PZT-
modified PZN ceramics near the MPB compositions. 314

PZN-PZT ceramics were considered to be sintered into
ceramics at a relative low temperature, so it was very diffi-
cult to achieve the full density.!>1¢ Because of fast growth,
liquid phase and non-diffusible gas such as Ny, there were
a large amount of pores trapped in the ceramic matrix dur-
ing sintering process.®!” High porosity is an impediment to
property improvement of the ceramic products. Therefore,
densification of this kind of ceramics will be an effective
way to enhance their performance.

Hot uniaxial pressing has been developed for the produc-
tion of high quality transparent ceramics such as (Pb,La)
(Zr,Ti)O3 (PLZT).'® At the same time, it can be used to
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intensively raise the bulk density of ceramics. Oxygen at-
mosphere is also helpful to increase the mobility of oxygen
vacancies and dispel the non-diffusible pores. In this study,
the hot-pressing procedure was introduced into preparation
of 0.3Pb(Zn;/3Nby/3)03-0.7(Pb,La)(Zr, Ti)O3 (PZN-PLZT)
piezoceramics. So the effect of hot-pressing on the perfor-
mance of PZN-PLZT was investigated by comparing with
conventional sintered specimens.

2. Experimental procedure

Compositions were selected according to the following
formula:

0.3Pb(Zn13Nb3,3)03-0.7Pbg g6 Lag 04(Zr Ti1—x)0.9903

where x=0.50-0.53. 0.3Pb(Zn;;3Nby/3)03-0.7(Pb,La)(Zr,
Ti)O3 (PZN-PLZT) ceramic specimens were prepared by two
sintering procedures: conventional sintering (CS) and hot-
pressing (HP).

For the CS and HP procedures, ceramic powders of
PZN-PLZT were synthesized using the columbite precur-
sor method.!! In this two-step process, the ZnNbyOg was
formed from ZnO (99.9%) and Nb,Os5 (99.99%). Stoichio-
metric amounts of ZnO and Nb,Os were mixed and milled
in ethanol for 4 h. After drying, the mixture was calcined at
1000 °C for 2h in a closed alumina crucible. The obtained
ZnNb,Og precursor was then mixed with other metal ox-
ides (PbO, TiO;, ZrO,) in a stoichiometric ratio (for the HP
specimens, 10% excess PbO) to form the desired composi-
tions. The excess PbO was used in order to form a liquid in
the specimens to promote densification during the sintering
process. The mixture was calcined at 800 °C for 2h in air,
remilled, pressed into disks in different diameters (312 mm
and @25 mm) for CS and HP processes, respectively. Dur-
ing the CS process, the specimens were packed in a double-
crucible set-up using PbTiO3 as the packing powder to control
PbO volatilization, and sintered at 1250 °C for 2 h. In the HP
process, the specimens were sintered at 1200 °C for 3 h under
a uniaxial pressure of 160 MPa and O; gas flow of 5 cm?/min,
and then soaked at 1150 °C for 10 h without pressure.

The phase structures of obtained products were charac-
terized by XRD, and their microstructures were analyzed by
SEM. The XRD patterns indicated the specimens contained a
homogeneous monophase: perovskite (to the extent of XRD
resolution). The transition from rhombohedral to tetragonal
phase was also detected with the increase of PZ content for
the HP specimens, which confirm the composition was cross
the MPB of this complex ceramic system. The transition was
not observed in the CS specimens. The bulk densities of CS
and HP specimens were measured by Archimedes method.

Before electric measurements, all sintered specimens were
polished and gold electrodes were sputtered on the large sur-
faces. And then, they were poled in air at 210 °C by applying
an electric field of 10 kV/cm for 15 min, followed by cooling
under the same electric field.

For resonance measurements, specimen dimensions were
in accordance with the IEEE standards for resonance mea-
surements. The dielectric constant was measured at room
temperature on an impedance analyzer (Agilent 4294 A Preci-
sion Impedance Analyzer, Melrose, USA). Poled and unpoled
maximum dielectric constants are obtained from dielectric
spectrum measured during heating and cooling processes, re-
spectively. The piezoelectric coefficients (d33) of the CS and
HP specimens were measured by a quasi-static piezoelectric
dyz-meter (ZJ-3A, Institute of Acoustics Academic Sinica,
Beijing, China), and the electromechanical coupling factor
(kp) was determined by the same impedance analyzer with
the resonance and antiresonance technique, according to the
following relationship:'>1°

. ( (fa— o) )1/2
P\ 10.395 f; + 0.574( fa — f)]

Where f; and f, are the resonance and antiresonance frequen-
cies, respectively.

3. Results and discussions
3.1. Microstructure

The XRD patterns of 0.3PZN-0.7PLZT (Zr/Ti=150/50 to
53/47) obtained by the CS and HP process are shown in
Fig. 1(a) and (b), respectively. As can be seen, all of the pat-
terns for the CS and HP specimens exhibit the characteristics
of pure perovskite phase. Several patterns for the specimens
with high Zr/Ti ratio display weak peaks of secondary phase,
which can be identified as the {222} peak of pyrochlore
phase. Since PbTiO3 (PT) is more effective than PbZrO3 (PZ)
to stabilize the perovskite phase of PZN, PZN-PLZT becomes
more and more unstable with the increasing of PZ contents.
The mainly differences of these XRD patterns are focused on
the peaks of {200} reflection near 45° because the {200}
reflection results in a single peak for the rhombohedral phase,
whereas it splits into two peaks for the tetragonal phase.2” All
of the patterns in Fig. 1(a) show split peaks around 45°, and
these split peaks became more and more evident with the de-
crease of Zr/Ti ratio. Such result indicates that the obtained
CS specimens possess tetragonal structure. From the trend of
the patterns of the HP specimens (Fig. 1(b)), itis indicated that
the microstructures of these complex compounds experience
a gradual transition process from tetragonal to rhombohedral
phase with the increase of Zr/Ti ratio. According to certain
previous reports,'>1%20 the MPB can be defined as the co-
existence of tetragonal and rhombohedral phases. Therefore,
the MPB of 0.3PZN-0.7PLZT (La=4mol%) complex sys-
tem can be delimited in the range of Zr/Ti=51/49 to 52/48
ratio.

Fig. 2(a) is the SEM image of the fractured surface of a typ-
ical CS specimen. From this image, the grain boundary cannot
be identified, and the fractured surface shows the features of
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Fig. 1. XRD patterns of the CS (a) and HP (b) specimens with various Zt/Ti ratios.

typical transgranular fractures. Since there is an obvious pore
in the image area, the grain size in the CS specimen can be
identified as 5—6 pm. Comparing with the fractured surface
of the CS specimen, the fractured surface of the HP specimen
(Fig. 2(b)) displays the characteristics of intergranular frac-
ture with smaller grain size about 2—3 pm, and high density
without obvious pores.

SignalA=inLens EHT = 5.00 kV
Mag =2.00K X WD =4mm

Signa:InLan EHT = 5.00 kV
Mag = 2.00K X WD =3mm

Fig. 2. SEM micrographs of the fractured surfaces of the CS (a) and HP (b)
specimens with Zr/Ti=51/49.

Bulk density of piezoceramics is an important factor influ-
encing the properties of ceramics. Commonly, the dielectric
and piezoelectric properties are positively correlated with the
density of the specimens.?!?> The bulk densities of the CS
and HP specimens are plotted in Fig. 3. We can see that the
densities of all HP specimens are quite close to the theoret-
ical density (>99% of the theoretical density values, which
were calculated according to XRD data), and much higher
than those of the CS specimens. These results are consistent
with the SEM images.

3.2. Comparison of properties

Piezoelectric coefficient (d33) is one of the most impor-
tant parameters to characterize the piezoactivity of ceramic
specimens, which are a key property for applications, such
as actuators and transducers. The piezoelectric coefficients
of the CS and HP PZN-PLZT specimens with various Zr/Ti
ratios are shown in Fig. 4. The coefficients of the HP speci-
mens are greatly influenced by the Zr/Ti ratio in the PZT: The
variations are greater than 40% when the Zr/Ti ratio shifts
only 2%. The HP curve in Fig. 4 shows a trend of increasing
and then decreasing, and achieves the maximum (845pC/N)

8.2
—a—HP
- A--CS
-+ 0-- Theoretical
8.0 4
&
£
Lo
2
2 7.8+
(72}
o a
[a] Ameiae A
A . N
S AL ’ ~
~a a
7.6
L

v L] M L v L] M L] M T v T v T
495 500 505 510 515 520 525 53.0 535
Amount of Zr in PLZT (%]

Fig. 3. Bulk densities of the CS and HP PZN-PLZT specimens with various
Zr amounts.
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Fig. 4. Piezoelectric coefficients of the CS and HP PZN-PLZT specimens
with various Zr amounts.

at the Zr/Ti=51/49. This kind of high dz3 value has not
been observed in the PZN-PZT ceramic systems previously
reported.'*!? The CS curve displays a similar trend with a
small variation, but the maximum of d33 value (637pC/N)
shifts to the Zr/Ti = 52/48. Generally, the HP specimens have
higher piezoactivity than the CS specimens.

Electromechanical coupling factor is another critical prop-
erty of piezoceramics for applications in transducers. Fig. 5
plots the changing tendencies of the planar coupling factors
(kp) of the HP and CS specimens with different Zr/Ti ratio.
Similar to the values of d33, the kp values of the HP speci-
mens form a parabola shape, and reach the peak value (0.703)
at the same Zr/Ti ratio of 51/49. According to the previous
references, 2324 this kind of high &, values have been obtained
in a few complex systems such as Pb(Sc12Nb1,2)03-PbTiO3
(PSN-PT).? However, PZN-PLZT is a cost-advantageous al-
ternative for high kj, values since Sc is an extremely expensive
rare earth element. The k;, values of CS specimens also such
exhibit a similar trend with increasing Zr/Ti ratio, whereas
the maximum (0.59) of the kp, values shift to the higher PZ
content.
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Fig. 5. k; of the CS and HP PZN-PLZT specimens with various Zr amounts.
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Fig. 6. Dielectric constants of the CS and HP PZN-PLZT specimens at
room temperature with various Zr amounts; The MPB region is for the HP
specimens.

In Fig. 6, the dielectric constant of the HP and CS speci-
mens at room temperature shows a very complex trend. For
the HP specimens, the dielectric constants of poled speci-
mens are larger than those of the unpoled specimens at the
tetragonal side. The results are averse at the rhombohedral
side. For the CS specimens, all dielectric constants of poled
specimens are larger than those of unpoled specimens. The
poled and unpoled dielectric constants of the HP specimens
are not higher than those values of the CS specimens, which
is different from the above d33 and kp results and would be
discussed in latter part.

The temperature (T1,) of dielectric maximum (Fig. 7) indi-
cates that the Ty, decrease with the increase of the Zr/Ti ratio.
This trend is easy to understand since that PbTiO3 possesses
a higher Curie temperature (490 °C) than PbZrO3 (230 °C).
And the Ty, of HP specimens are higher than those of CS
specimens.

Fig. 8(a) and (b) plot the hysteresis loops of CS specimens
and HP specimens, respectively. From these two figures, the
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Fig.7. The temperature of dielectric maximum of the CS and HP PZN-PLZT
specimens with various Zr amounts.
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Fig. 8. Hysteresis loops of the CS (a) and HP (b) PZN-PLZT specimens.

remnant polarizations (P;) of HP and CS show two different
trends with the increase of Zr/Ti ratio: decreasing in CS spec-
imens while increasing in HP specimens. The coercive field
(E.) of HP specimens was uniform (about 7.1kV/cm), but
lower than the value (7.5kV/cm) for CS specimens. Addi-
tionally, the shape of the hysteresis loops for HP specimens
was closer to a “square loop” than for CS specimens. And
the HP specimens more easily reached the saturation polar-
ization than the CS specimens. These results imply that HP
specimens were “softer”” than CS specimens.

3.3. Discussing of results

The above results show that the HP procedure greatly in-
fluenced the properties of the ceramics. Firstly, the property
changes are considered one by one.

The d33 and kp values were enormously enhanced by the
HP procedure and their maximum values shifted to alower PZ
content. Commonly, the maxima of dielectric coefficient and
electromechanical coupling factor appear on the tetragonal
side near the MPB.>32% The observed shifts of the maxima
of d33 and kp may be attributed to the shift of the MPB and

the densification. This reasoning is supported by the XRD
data.

The poled dielectric constants of the HP specimens dis-
play a sharp drop from tetragonal to rhombohedral phase
even lower than unpoled values, whereas those of the CS
specimens are higher than unpoled ones for all compositions
(Fig. 6). This result coincides with some previous reports in
PNN-PMN-PZT, PZN-PMN-PZT?* PZT? etc. systems. Ac-
cording to Fesenko et al.?’ dielectric constants in tetragonal
phase and thombohedral phase present two different changes
relative to microstructure: In the tetragonal phase, polariza-
tion will cause the relieving of the clamping effect, which
increases the dielectric constant, while in the rhombohedral
phase, the reorientation after polarization causes the obvious
dielectric anisotropy, which reduces the dielectric constant
along polarization direction. Therefore, the dielectric results
of the HP and CS specimens imply that the compositions
from Zr/Ti=50/50 to 53/47 run across the MPB for the HP
specimens, but are located in the tetragonal region for the
CS specimens. Such speculation is consistent with the XRD
results in Fig. 1.

By analyzing the results above, it can be found that the
properties of the HP specimens, such as high ds3, kp,, P; and
low E., were optimized by the HP procedure. Obviously, the
HP specimens are softer than the CS specimens. Such opti-
mization can be attributed to the following factors. Firstly, the
HP procedure removed the pores in the samples and greatly
enhanced the specimen density, which is critical to many
piezoelectric properties, such as d33, kp, etc.”! Though HP
procedure inhibited grain growth, the effect of low porosity
is not counteracted by this reduced grain size.

Assuming that such explanation is right, the dielectric
constant of HP specimens should much higher than that of
porous CS specimens. However, the experimental data from
the HP specimens were just slightly higher than those val-
ues of the CS specimens. Since the poled and unpoled spec-
imens present nearly the same trend, the domain and stress
effect can be ruled out. Therefore, this maybe results from the
second effect—grain boundary effect. The scanning electron
microscopy observations of fractured surfaces of HP speci-
mens indicated primarily intergranular fractures, which sug-
gest weak grain boundaries and the presence of a different
phase (pyrochlore) located in the grain boundaries.!! The
phase boundary usually belongs to amorphous phase with
a low dielectric constant. As the grain size is smaller, the
number of boundaries in series with the grains increases. So
the dielectric constants of the HP specimens were affected
by these large grain boundary volumes. Thus, the dielectric
constants of the HP specimens are slightly higher than those
of CS ones.

Composition is the third factor influencing the property
differences between the two series of specimens. The long
sintering time during the HP procedure will cause volatiliza-
tion of PbO.!! and a small amount of Zn. Consequently, the
HP specimens present the characteristics of specimen doped
by Nb>*. According to the previous references, NbyOs is a
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good donor dopant for PZT-based ceramics, which will in-
crease the mobility of the domain walls.?® The defect chem-
istry reaction is supposed to take place via the following equa-
tions, which reduce the concentration of oxygen vacancy,
which is the main factor for pinning the mobility of domain
walls.?”

Nb,Os + Vs o2 2Nbr; + 500

High values of piezoelectric coefficient d33 and electrome-
chanical coupling coefficient k, in poled PZT-based ceramics
are believed to arise from the motion of domain walls un-
der the action of applied field or stress.3%32 Additionally, a
small amount of doping Nb>* will increase the densification
and reduce the grain sizes of ceramics during the sintering
procedure.>*-3? These phenomena can all be observed in our
results. Certainly, the increase of bulk density and small grain
size is mainly attributed to the hot-pressing procedure under
oxygen atmosphere because the application of pressure dur-
ing sintering process helps to expel pores and to suppress
grain growth.

4. Conclusion

The ceramic specimens of PZN-PLZT system were pre-
pared by the CS and HP procedure. The HP sintering pro-
cedure greatly improves the densities of PZN-PLZT ceramic
specimens. With the densification of the HP specimens, the
piezoelectric and dielectric properties, such as ds3, kp, Pr,
etc. were enhanced to a great extent. Especially, the optimum
piezoelectric coefficient (845pC/N) and planar coupling fac-
tor (0.703) were obtained in the HP specimens. At the same
time, the effect of the HP procedure on the material prop-
erties was analysed; the material density is one of the most
important factors influencing their properties.
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