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ABSTRACT

The ferroelectric and piezoelectric properties of XPZT-(1-X)PMN were measured
by means of a modified Sawyer-Tower circuit and LVDT strain gage, and d,,-meter,
respectively. The P-E hysteresis loop measurements demonstrated that the ferroelectric
properties of the ceramics in PZT-PMN system changed gradually from the normal
ferroelectric behavior in PZT ceramic to the relaxor ferroelectric behavior in PMN
ceramic. The s-E relations showed a so-called “ butterfly” curve in some compositions,
while the relation was of a quadratic electrostrictive nature in the PMN ceramic. Finally,
the piezoelectric constant (d,,) decreased from, in the units of pm/V, 280 in piezoelectric
PZT ceramic to lessthan 5in electrostrictive PMN ceramic.
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INTRODUCTION

L ead—based perovskite-type solid solutions consisting of the ferroel ectric and relaxor
materials have attracted a growing fundamental and practical interest because of their
excellent dielectric, piezoel ectric and el ectrostrictive properties which are useful in actuating
and sensing applications (Koval et al., 2003). Among the lead—based complex perovskites,
lead zirconate titanate (Pb(Zr,  Ti )O, or PZT) and lead magnesium niobate (Pb(Mg,,
Nb,.)O, or PMN) ceramics have been investigated extensively , both from academic and
commercial viewpoints (Cross, 1996; Haertling, 1999). Thesetwo types of ceramics possess
distinct characteristics that in turn makes each of them suitable for different applications.
With the complementary features of PZT and PMN described in many publications
(Wongsaenmai et al., 2003; Yimnirun et al., 2003), the solid solutions between PZT and
PMN are expected to combine the properties of both normal ferroelectric PZT and relaxor
ferroelectric PMN, which could exhibit better piezoelectric and dielectric properties than
those of the single-phase PZT and PMN. Furthermore, the properties can also be tailored
over awider range by changing the compositions to meet the strict requirements for specific
applications (Cross, 1987; He et al., 2001). In recent years, there have been several
investigations on PZT-PMN system (Shilnikov et al., 1999; Burkhanov et al., 2000; Koval et
al., 2003a). However, these previous works have focused only on afew compositionsin the
vicinity of the morphotropic phase boundary and of the end members. Therefore, the overall
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purpose of this study was to determine the dielectric and ferroelectric properties of ceramics
inthexPZT-(1-x)PMN (whenx =0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1) binary system in the hopeto
gain some insights for possible applications. This article presents the ferroel ectric properties
of ceramicsin thisbinary system.

MATERIALSAND METHODS
The Pb(zZr,,Ti, )0, - Po(Mg, ,Nb, )O, ceramic composites were prepared from PZT
and PMN powders by a mixed-oxide method. PZT powders were prepared by a more
conventional mixed-oxide method, while perovskite-phase PMN powders were obtained via
a well-known columbite method. The (x)Pb(Zr,,Ti, ,,)O, — (1-x) Pb(Mg,,Nb, )O, (when
x=0,0.1,0.3,0.5,0.7, 0.9, and 1.0) ceramic compositeswere then prepared from the starting
PZT and PMN powders by a mixed-oxide method at various processing conditions. The
detailed descriptions of ceramics processing and characterizationswere presented thoroughly
in the earlier publications (Wongsaenmai et al., 2003; Yimnirun et a., 2003).

For ferroelectric properties characterizations, the sintered samples were lapped to
obtain parallel faces, and the faces were then coated with silver paint as electrodes. The
samples were heat-treated at 750°C for 12 min to ensure the contact between the el ectrodes
and the ceramic surfaces. The samples were subsequently poled in a silicone oil bath at a
temperature of 120°C by applying adc field of 25 kV/cm for 30 min and field-cooled to room
temperature.

The ferroelectric hysteresis (P-E) loops were characterized by using a computer
controlled modified Sawyer-Tower circuit. The high voltage was applied to samples by a
bipolar amplifier (Kepco BOP 1000M) and a high voltage AC amplifier (Trek 610C) with the
input signalswith afrequency of 0.1 Hz from alock-in amplifier (Stanford Research System
SRS 830). In addition, the strain-field (s-E) loops were also determined simultaneously by
the same system, in which the strain was measured with a linear variation differential
transformer (LVDT) strain gage (Radiant Technologies). The detailed description of this
system has been described elsewhere (Jiang, 1992). Furthermore, the piezoelectric d,,
constant of the poled ceramics (after 24 h aging at room temperature) was measured at 100
Hz by a piezoelectric d,,-meter (Channel Berlincourt d,-meter).

RESULTSAND DISCUSSION

The experimental results on physical properties, the phase formation behavior and
microstructure features of all the sintered ceramics have been discussed extensively in earlier
publications (Wongsaenmai et al., 2003; Yimnirun et al., 2003). Hence, these resultswill not
be shown here. However, it should be mentioned that the sintered ceramics were mainly in
perovskite phase with tetragonal, cubic and pseudo-cubic crystal structurefor PZT, PMN and
all PZT-PMN ceramic composites, respectively. Table 1 summarizes the density, average
grain-size and dielectric properties for all ceramic compositions.
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Table 1. Characteristics of PZT-PMN ceramics with optimized processing conditions.

Ceramic Density Grain Size  Average Maximum T,
Range Grain Size €
(g/cm®) (pm) (Hm) (1kH2) (S
PZT 7.59+0.11 2-7 5.23 >29,000 >400
0.1PMN-0.9PZT 6.09+0.11 0.5-2 0.80 3,700 ~390
0.3PMN-0.7PZT 7.45+0.10 0.5-3 1.65 3,800 160
0.5PMN-0.5PZT 7.86 + 0.05 0.5-5 1.90 6,600 115
0.7PMN-0.3PZT 7.87+0.07 1-4 1.40 11,000 71
0.9PMN-0.1PZT 7.90+ 0.09 1-4 1.50 10,700 16
PMN 7.82+ 0.06 2-4 3.25 7,600 -8
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Figure 1. P-E hysteresis loops of XPZT-(1-xX)PMN ceramics.
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Figure lillustratesaseriesof polarization (P-E) hysteresisloopsfor thexPZT-(1-x)PMN
ceramics. It is clearly evident that the shapes of P-E loops vary greatly with the ceramic
compositions. The polarization loop of PZT is well-developed, showing large remnant
polarization (P. : remaining polarization when electric field is decreased to zero).The
hysteresis loop is of atypical “square” form as a result of domain switching in an applied
field. Thisisatypical characteristic of a phase that contains long-range interaction between
dipolesin the ferroel ectric micro-domain state (Koval et al., 2003a). This confirmsthat PZT
is of a normal ferroelectric phase. From the loop, the remnant polarization Pr and the
coercive field EC (indicating an electric field required to zero the polarization) are
determined to be 12.5 uC/cm? and 10 kV/cm, respectively, as listed in Table 2. When more
PMN content is added to the system, the hysteresis curves become more of “slim” hysteresis
loops, acharacteristic of the suppressed ferroelectric interaction (Koval et al., 2003a). Thisis
typically found in the relaxor ferroelectrics with polar nano-regions. These results clearly
indicate that an addition of PMN induces the relaxor behaviors of PMN into the PZT-PMN
ceramic system. This also hasresulted in the decrease in the values of both P and E_, as seen
in Table 2. Furthermore, the piezoelectric constant (d,;) also significantly decreases with
increasing PMN content in the system. Thisis intuitively understandable from the decrease
of the polarization in the ceramics and also from the fact that PMN is electrostrictive (the
second harmonic property, in contrast to the first harmonic nature of piezoelectric ceramics,
such as PZT). Therefore, it can be concluded that the ferroel ectric properties of the ceramics
in PZT-PMN system move gradually from the normal ferroelectric statein PZT to the relaxor
ferroelectric state in PMN. It is also of interest to observe that the hysteresis loop of
0.9PZT-0.1PMN ceramic isnot fully saturated. Thisis probably dueto the limited capability
of the measuring set-up used. However, it is expected that this composition should posses
better ferroelectric properties, as reported in recent publication (Koval et a., 2003).

Table 2. Ferroelectric and piezoelectric properties of PZT-PMN ceramics.

Ceramic P E d

(LC/cm?) kvicm)  (pmNV)
PZT 125 10 280
0.1PMN-0.9PZT 5 12 40
0.3PMN-0.7PZT 45 55 63
0.5PMN-0.5PZT 6.5 45 41
0.7PMN-0.3PZT 5.2 23 12
0.9PMN-0.1PZT i i 1

PMN - - 4
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Figure 2. s-E relations of XPZT-(1-x)PMN ceramics.

The relationships between the field-induced strain (s) and the applied electric field (E)
for the xPZT-(1-x)PMN ceramics are shown in Figure 2. The results show so-called
“butterfly” curves, which are characteristics of ferroelectric materials in which an external
field causes a domain switching mechanism that in turn creates strain in the material. In
Figure 2, there are three distinct groups of s-E relationship. The first group is PMN and
0.1PZT-0.9PMN ceramicswith slim loops, which follow quadratic relation at low field. This
group signifies the electrostrictive relaxors. The second group consists of 0.3PZT-0.7PMN
and 0.5PZT-0.5PMN ceramics with the large butterfly curves, a sign of more piezoelectric
behavior. PZT-riched ceramics make up the last group, in which more open and larger
butterfly curves are expected. However, the results obtained indicate that these ceramics are
not fully poled due to limited capability of the set-up used.
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CONCLUSIONS

The ferroelectric and piezoelectric properties of XPZT-(1-x)PMN (when x= 0.0, 0.1,
0.3, 0.5, 0.7, 0.9, and 1.0) ceramics prepared by a conventional mixed-oxide method were
measured by means of a modified Sawyer-Tower circuit and LVDT strain gage, and
d,-meter, respectively. From the P-E hysteresis loop, it was shown that the ferroelectric
properties of the ceramics in PZT-PMN system moved gradually from the normal
ferroelectric state in PZT ceramic, with large P, and E_ vaues, to the relaxor ferroelectric
state in PMN ceramic. The s-E relations showed a so -called “butterfly” curve in some
compositions, while the relation was of a quadratic electrostrictive nature in the PMN
ceramic. Finally, the piezoelectric constant (d,,) decreased from, in the units of pm/V, 280in
piezoelectric PZT ceramic to lessthan 5 in electrostrictive PMN ceramic.

ACKNOWLEDGEMENTS

The authors would like to express their gratitude for financial supports from Professor
Dr. Nuth Bhamornprawat Foundation, Faculty of Science, Chiang Mai University and the
Thailand Research Fund (TRF).

REFERENCES

Burkhanov, A.l., A.V. Shilnikov, A.V. Sopit, and A.G. Luchaninov. 2000. Dielectric and
electromechanical properties of (1-x)PMN-xPZT ferroelectric ceramics. Phys. Solid
State. 42(5): 936-943.

Cross, L.E. 1987. Relaxor ferroelectrics. Ferroelectrics 76: 241-267.

Cross, L. E. 1996. Review: ferroelectric materials for electromechanical transducer
applications. Mater. Chem. Phys. 43: 108-115.

Haertling, G. H. 1999. Ferroelectric ceramics: history and technology. J. Am. Ceram. Soc.
82(4): 797-818.

He, L.X., M. Gao, C.E. Li, W.M. Zhu, and H.X. Yan. 2001. Effects of Cr203 addition on
the piezoelectric properties and microstructure of PbZrXTiy(M g,,Nb
ceramics. J. Eur. Ceram. Soc. 21 : 703-709.

Jiang, Q. 1992. Electrically induced fatigue effects and reliability in piezoelectric and
electrostrictive ceramics. Ph.D. Thesis. The Pennsylvania State University, USA.
Koval, V., C. Alemany, J. Briancin, and H. Brunckova. 2003. Dielectric properties and phase

transition behavior of xPMN-(1-xX)PZT ceramic systems. J. Electroceramics. 10 : 19-29.

Koval, V., C. Alemany, J. Briancin, H. Brunckova, and K. Saksl. 2003a. Effect of PMN
modification on structure and electrical response of XPMN-(1-X)PZT ceramic systems.
J. Eur. Ceram. Soc. 23 : 1157-1166.

Shilnikov, A.V., A.V. Sopit, A.l. Burkhanov, and A.G. Luchaninov. 1999. The dielectric
response of eectrogtrictive (1-x)PMN-xPZT ceramics. J. Eur. Ceram. Soc. 19: 1295-1297.

Wongsaenmai, S., S. Ananta, E. Meechoowas, and R. Yimnirun. 2003. Uniaxial stress
dependence of dielectric properties of poled ceramics in lead magnesium niobate-lead
zirconate titanate system. Chiang Mai J. Science. 30(2): 81-93.

Yimnirun, R., S. Ananta, E. Meechoowas, and S. Wonsaenmai. 2003. Effect of uniaxial stress
on dielectric properties of lead magnesium niobate-lead zirconate titanate ceramics.
J. Phys. D: Appl. Phys. 36: 1615-16109.

2/3) 1-x-y03



