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Fig. 1. Relative changes of dielectric constant (¢,) with compressive stress
for (1 — x)PIN—(x)PT ceramics (measured at 25 °C and 100 kHz).
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Fig. 2. Relative changes of dielectric loss tangent (tan ¢) with compressive
stress for (1 — x)PIN—(x)PT ceramics (measured at 25 °C and 100 kHz).

decreases with increasing stress. On the other hand, for the
tetragonal compositions, with x values of 0.4 and 0.5, the
dielectric constant shows very little change with stress. In
addition, the compressive stress dependence of the dielec-
tric loss tangent (tand) is observed, as shown in Fig. 2. It
can be seen that the dielectric loss tangents during loading
and unloading are not significantly different. It is also
noticed that the changes in the dielectric properties with
the compressive stress obtained in this study are in parts
similar to those for PMN-PZT and PMN-PT systems in
earlier investigations [10,11].

To understand these experimental results, at least qual-
itatively, various effects have to be considered. When a
compressive stress is applied to the ferroelectric materials
in the direction parallel to the poling direction, the domain
structure in the material will change to maintain the
domain energy at a minimum, because the stress will move
some of the polarization away from the poling direction;

during this process some of the domains engulf other
domains or change shape irreversibly. Under a stress, the
domain structure of ferroelectric ceramics may undergo
domain switching through non-180° domain walls, de-
aging, de poling and clamping of domain walls [10].

The experimental observations, both the drastic change
case and the very little change case, can be attributed to
competing influences, in an opposite way, of the intrinsic
contribution of domains and the extrinsic contribution of
re-polarization and growth of micro-polar regions. Under
the applied compressive stress, the non-180° domain wall
density increases. Hence, the increase of the dielectric con-
stant is observed. The de-aging mechanism, which also
increases the dielectric constant [9-11], is also expected to
play a role here. Therefore, a combination of the domain
switching and the de-aging mechanisms is believed to be
a reason for the increase of the dielectric constant during
low-stress application, i.e., PIN-PT with x =0.2, 0.3, 0.4
and 0.5. With further increase in the stress, the stress
clamping of domain walls, which results in a decrease of
domain wall mobility, and the stress induced decrease in
switchable part of spontaneous polarization are expected
to play a role in the decrease of the dielectric constant
[9,10]. In addition, in case of 0.9PIN-0.1PT the continuous
decrease in the dielectric constant can be attributed to the
switching of 90° domains, which causes the significant
decrease in the dielectric constant, as seen in Fig. 1. The
cause of the stress dependence of the dielectric loss tangent
is a little more straightforward. As depicted in Fig. 2, the
clamping of the domain walls under the compressive stress
results in a decrease of domain wall mobility and reduces
the dielectric loss tangent [25]. This is a reversible effect
with the domain wall mobility returning to near the origi-
nal values, when the applied stress is removed, as seen in
Fig. 2 that the dielectric loss tangents return to near their
original values after a stress cycle. In addition, a significant
decrease in the dielectric constant after a full cycle of stress
application has been observed and attributed to the stress
induced decrease in switchable part of spontaneous polar-
ization at high stress and the irreversible 90° domain
switching [10,25].

4. Conclusions

In this study, the dielectric properties of PIN-PT ceram-
ics with a formula (1 — x)Pb(In;/,Nby,,)O3—(x)PbTiO; (for
x = 0.1-0.5) prepared by a two stage mixed-oxide method
are measured under the compressive stress from 0 to
400 MPa. The results clearly show that the superimposed
compression stress has pronounced effects on both the
dielectric constant and the dielectric loss tangent of PIN-
PT ceramics. The observations are mainly interpreted in
terms of competing influences of the intrinsic contribution,
and the extrinsic contribution from domain switching
through non-180° domain walls, clamping of domain walls,
de-aging, and the stress induced decrease in switchable part
of spontaneous polarization.



R. Yimnirun et al. | Current Applied Physics 9 (2009) 422-425 425

Acknowledgements

This work was supported by the Thailand Research
Fund (TRF), Commission on Higher Education (CHE),
Development and Promotion of Science and Technology
Talents Project (DPST), Faculty of Science and Graduate
School of Chiang Mai University.

References

[1] J. Kuwata, K. Uchino, S. Nomura, Jpn. J. Appl. Phys. 21 (1982) 1298.

[2] S. Park, T.R. Shrout, J. Appl. Phys. 82 (4) (1997) 1804.

[3] D. Viehland, J. Powers, Appl. Phys. Lett. 78 (20) (2001) 3112.

[4] L.E. Cross, Ferroelectric 76 (1987) 241.

[5] K. Uchino, Piezoelectric Actuators and Ultrasonic Motors, Kluwer
Academic, Boston, 1997.

[6] D. Stansfield, Underwater Electroacoustic Transducers, Bath Uni-
versity Press, Bath, 1991.

[7] R. Yimnirun, S. Ananta, S. Chamunglap, Mater. Chem. Phys. 102
(2007) 165.

[8] R. Yimnirun, S. Ananta, A. Ngamjarurojana, S. Wongsaenmai, Curr.
Appl. Phys. 6 (3) (2006) 520.

[9] G. Yang, S.F. Liu, W. Ren, B.K. Mukherjee, Proc. SPIE Sym. Smart
Struct. Mater. 3992 (2000) 103.

[10] R. Yimnirun, M. Unruan, Y. Laosiritaworn, S. Ananta, J. Phys. D 39

(2006) 3097.

[11] R. Yimnirun, Int. J. Mod. Phys. B 20 (23) (2006) 3409.

[12] D. Zhou, M. Kamlah, D. Munz, J. Eur. Ceram. Soc. 25 (2005)
425.

[13] S. Wongsaenmai, S. Ananta, E. Meechoowas, R. Yimnirun, J. Phys.
D 36 (2003) 1615.

[14] E.F. Alberta, A.S. Bhalla, J. Kor. Phys. Soc. 32 (1998) 1265.

[15] A. Halliyal, U. Kumar, U. Kumar, R.E. Newnham, L.E. Cross, Am.
Ceram. Soc. Bull. 66 (4) (1987) 671.

[16] J.R. Belsick, A. Halliyal, U. Kumar, R.E. Newnham, Am. Ceram.
Soc. Bull. 66 (4) (1987) 664.

[17] N. Yasuda, M. Fujie, Jpn. J. Appl. Phys. 31 (1992) 3128.

[18] S. Wongsaenmai, O. Khamman, S. Ananta, R. Yimnirun, J.
Electroceram., in press. doi: 10.1007/s10832-007-9311-3.

[19] R. Yimnirun, S. Ananta, A. Ngamjarurojana, S. Wongsaenmai,
Appl. Phys. A: Mater. Sci. Proc. 81 (2005) 1227.

[20] R. Yimnirun, Y. Laosiritaworn, S. Wongsaenmai, J. Phys. D: Appl.
Phys. 39 (2006) 759.

[21] S. Wongsaenmai, A. Bhalla, X. Tan, S. Ananta, R. Yimnirun,
Ferroelectr. Lett. 34 (2007) 36.

[22] Wongsaenmai, X. Tan, S. Ananta, R. Yimnirun, J. Alloys Comps.
454 (2008) 331.

[23] N. Vittayakorn, G. Rujijanagul, T. Tunkasiri, X. Tan, D.P. Cann, J.
Mater. Res. 18 (2003) 2882.

[24] N. Vittayakorn, G. Rujijanagul, X. Tan, H. He, M.A. Marquardt,
D.P. Cann, J. Electroceram. 16 (2006) 141.

[25] Q.M. Zhang, J. Zhao, K. Uchino, J. Zheng, J. Mater. Res. 12 (1997)
226.



International Journal of Modern Physics B
Vol. 23, No. 1 (2009) 105-111
© World Scientific Publishing Company

World Scientific

www.worldscientific.com

ELECTRICAL PROPERTIES OF Nb-DOPED
Pb(ZI‘O‘52Ti0‘48)O3 CERAMICS

PIYACHON KETSUWAN, YONGYUT LAOSIRITAWORN,
SUPON ANANTA and RATTIKORN YIMNIRUN*

Department of Physics, Faculty of Science,
Chiang Mai University, Chiang Mai 50200, Thailand
*rattikornyimnirun@yahoo.com

Received 30 July 2008

The Pb(Zro.52Tio.48)O3 ceramics with 0.75, 1.0, 1.25 and 1.50%wt of Nb2Os addition
were prepared by a conventional mixed oxide technique. It was found that the average
grain size of the ceramics decreased from 6 to 1 um with increasing doping concentration
to 1.5%wt. The room temperature dielectric constant and ds3 reached maximum values
of 1050 and 285 pC/N, respectively, at 1%wt Nb-doping. The electrical coercivity (E.)
of Nb-doped PZT decreased, while the polarization values increased, with increasing
doping concentration. Most importantly, this study shows that Nb2Os-doped PZT ce-
ramics exhibits soft piezoelectric and enhanced ferroelectric behaviors, and the optimum
properties can be obtained using suitable doping concentration.

Keywords: Ferroelectric properties; dielectric properties; Nb-doped PZT.

1. Introduction

Pb(Zrg.52Tig.45)O3 is a composition near the morphotropic phase boundary (MPB)
of Pb(Zr,Ti)O3 that separates rhombohedral and tetragonal ferroelectric forms with
the coexistence of the 14 orientation states: 6-tetragonal and 8-rhombohedral. That
is essential to allow the strong polarization for piezoelectricity. As the MPB is nearly
vertical on the phase diagram, intrinsic property persists over a wide temperature
range.! Almost all useful PZT ceramics are doped or modified to improve proper-
ties for specific applications.? Lead zirconate titanate solid solution modifications
are controlled by aliovalent cation additions. The excess charge cation addition is
called donor doped or soft PZTs, and the charge deficient cation is acceptor doped
or hard PZTs. One approach of modification is off-valent donor doping, such as
Nb®* replacing Zr**. This makes the domain wall move more easily and results in
enhanced dielectric constant and coupling factor but reduced electric coercivity.?

*Corresponding author.
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However, there have only been a few reports on the effect of doping concentra-
tion of electrical properties of Nb-doped PZT ceramics prepared with conventional
mixed-oxide method.* 7 This study is therefore aimed at detailed and comprehen-
sive investigation on the effect of doping Pb(Zrg 52Ti.45)O3 with 0.75, 1.0, 1.25 and
1.50%wt of NbyOs addition on dielectric, piezoelectric and ferroelectric properties.

2. Experimental Method

The Pb(Zrg52Tig.45)O3 ceramics with addition of 0.75, 1.0, 1.25 and 1.50%wt
NbyO5 were prepared by conventional mixed oxide technique from PbO (Fluka
99.0%), ZrOy (Fluka 99.0%), TiO2 (Fluka 99.9%) and NboOj5 (Aldrich 99.9%) pow-
ders. After ball milling in ethanol for 24 h, the slurry was dried and calcined at
975°C for 2 h.® Then, the calcined powder was pressed into discs (d = 10 mm).
The pellets were placed inside a closed alumina crucible covered with lead zirconate
(PbZrO3) powder to compensate the PbO volatilization and sintered at 1250°C for
2 h.

The X-ray diffraction (XRD) was used for structure and phase formation analy-
sis. The microstructure was observed by scanning electron microscope (SEM). The
bulk densities of sintered discs were measured by the Archimedes method. The di-
electric, piezoelectric and ferroelectric properties were determined by automated
LCR-meter, dss-meter and a Sawyer-Tower circuit, respectively. The specimens
were poled under 20 kV/cm at 120°C for 30 min in silicone oil.?1°

3. Results and Discussion

The X-ray diffraction pattern of NboOs doped Pb(Zrg 52Tig.45)O3 ceramics with
varying concentration is shown in Fig. 1. The peak intensity indicates the forma-
tion of perovskite phases, which could be matched with JCPDS file 73-2022 for
rhombohedral phase of PZT and JCPDS file 33-0784 for tetragonal phase of PZT.
It should be noticed that the coexistence of tetragonal and rhombohedral phase
for the undoped and doped PZT at 0.75 and 1.0%wt, which was characterized by
(020) and (200) peaks. Finally, the thombohedral phase became dominant at 1.25
and 1.5%wt.

The densification behavior of the specimens is shown in Fig. 2. The density
increases at first with increasing doping concentration from 0.75 to 1.0%wt. Then
a drop of the densification is observed when the concentration is further increased.
However, the density of doped specimens is smaller than the undoped condition. The
surface morphology of sintered ceramics was observed by using scanning electron
microscope (SEM), as shown in Fig. 3. The mean grain size of the ceramics was de-
termined by using the line intercept method. The mean grain size tends to decrease
with increasing doping concentration. Similar observations have been reported in
other systems.*%7 This observation indicates that NbyO5 addition had inhibited

grain growth during the solid-solution process, as also reported earlier.'!:!2
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Fig. 1. XRD pattern of NbaOs-doped Pb(Zrg.52Tig.48)O3 ceramics sintered at 1250°C for 2 h
with varying concentration (a) 0%wt, (b) 0.75%wt, (c) 1.0%wt, (d) 1.25%wt and (e) 1.5%wt.
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Fig. 2. Dependence of density and grain size of NbaOs-doped Pb(Zrg.52Tip.48)O3 ceramics on
the doping concentration.

The room temperature dielectric constant and piezoelectric dss-constant show
a similar trend that is observed on densification behavior. The ¢, and ds3-constants
increase with increasing doping from 0.75 to 1.0%wt. Then a drop of the ¢, and
ds3 is observed when the concentration is further increased, as shown in Fig. 4.
In addition, both values of NboOs doped samples are better than those of the
undoped sample. This trend is also observed in Pb(Zrg 51 Tigp.49)O3 ceramics doped
with 5.5 mol% NbyOj5 as reported by Chu et al.”
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Fig. 3. SEM micrographs of NbaOs-doped Pb(Zrg.52Ti0.48)O3 ceramics with doping concentra-
tion (a) 0%wt, (b) 0.75%wt, (c) 1.0%wt, (d) 1.25%wt and (e) 1.5%wt.

The ferroelectric hysteresis behavior of Pb(Zrg 52 Tig 45)O3 with addition of 0.75,
1.0, 1.25 and 1.50%wt NbyOs is shown in Fig. 5. The electrical coercivity (E.)
is seen to decrease, while the polarization values increase with increasing doping
concentration. These observations clearly indicate the soft piezoelectric behavior of
Nb-doped PZT, as expected.

It should also be noted that earlier investigations observed enhanced elec-
trical properties, particularly dielectric properties, with decreasing grain size in

11,13,14
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Fig. 4. The room temperature dielectric constant measured at 1 kHz and piezoelectric d3s3-
constant as a function of doping concentration of NbaOs-doped Pb(Zrg.52Ti0.48)O3 ceramics.

P (uC/cm?2)
@ 0% wt
v 0.75% wt
1.00% wt
- 1.25% wt
A 1.5% wt

: E (kV/cm)

Fig. 5. P-E hysteresis loops of Nb2Os-doped Pb(Zrg.52Tig.48)O3 ceramics.

perovskite ferroelectrics, such as PZT-based and BT-based ceramics. Therefore,
one could state that the enhanced electrical properties observed in this study are
partly due to decreasing grain size, as observed in Fig. 3. However, it should also
be pointed out that there is a competing influence of the decreased density, which
generally deteriorates electrical properties. These two competing microstructural
features result in nearly constant dielectric constant (&,) in undoped and 0.75%wt
NbyOj5 doped PZT ceramics, as shown in Fig. 4. However, with further increase in
Nb2O5 concentration to 1.0%wt, the significant increase of &, is observed, possibly
due to increased density and decreased grain size simultaneously. Although the grain
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size continues to decrease with higher NbyO5 concentration, the dielectric constant
decreases significantly, likely due to a strong decrease in the density. Another pos-
sible reason for the decrease in the dielectric constant, as well as the dz3 constant,
beyond 1.0%wt NbyOs addition is a phase transition from mixed tetragonal and
rhombohedral to mainly rhombohedral, as described earlier and shown in Fig. 1.

In addition to the relationship between the phase and microstructural features,
and the electrical properties as described above, enhanced electrical properties can
also be attributed to the softening effect with addition of NbsOj5 into PZT ceram-
ics. As is well-known, a soft doping ion may soften the properties of piezoelectric
ceramics, i.e., dielectric constant (¢,) and piezoelectric ds3 constant are enhanced,
while the coercivity is reduced, as observed in Figs. 4 and 5. When ions with small
ionic radius like Nb°T enter into the perovskite lattice of PZT, they occupy the B-
sites to replace Zr** /Ti** ions. Since the doping ions have higher valence than +4,
extra positive charges entering the lattice and Pb vacancies have to be created to
ensure electroneutrality. In a lattice having Pb vacancies, transfer of atoms is easier
than in a perfect lattice; thus domain motions can be caused by a smaller electric
field.''® Therefore, the coercivity of NbyOs doped PZT ceramics is reduced, as
compared to undoped PZT, as seen in Fig. 5. In addition, Pb-vacancies are neg-
atively charged, and these can be paired with Nb®*t ions to form defect dipoles,
which can be aligned when there is a spontaneous polarization or when there is an
applied electric field. This will create a larger polarization, and hence explain why
the doped PZT has larger polarization values than the undoped PZT, as seen in
Fig. 5. The decrease in the ds3 constant and the polarization values for PZT ce-
ramics containing more than 1.0%wt NboOj is likely due to the significant decrease
in the density and the phase transition from mixed tetragonal and rhombohedral
to mainly rhombohedral, as described earlier.

4. Conclusion

The effects of doping on the electrical properties of Pb(Zrg 52Tip.45)O3 ceramics
with addition of 0.75, 1.0, 1.25 and 1.50%wt NbyO5 were investigated. The density
increases at first with increasing doping concentration from 0.75 to 1.0%wt. Then a
drop of the densification is observed when the concentration is further increased. It
was found that the average grain size of the ceramics decreased from 6 to 1 pm with
increasing NboOjy doping concentration to 1.5%wt. The room temperature dielectric
constant and dss reached maximum values of 1050 and 285 pC/N, respectively, at
1%wt Nb-doping. The electrical coercivity decreases, while the polarization values
increase, with increasing doping concentration.
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In this study, the (1 — z)Pb(Mg;,3Nby,3)03-;PbTiO3 (when z = 0.1, 0.3 and 0.5)
ceramics were prepared from PMN and PT powders by a mixed-oxide method. The
dielectric properties of the ceramics were measured as functions of both temperature
(—150-400°C) and frequency (100 Hz—1 MHz). The results indicated that the dielectric
properties of pseudo-cubic phase 0.9PMN-0.1PT and tetragonal phase 0.5PMN-0.5PT
ceramics followed that of relaxor and normal ferroelectric behaviors, respectively, while
the dielectric behaviors of a near MPB phase 0.7PMN-0.3PT ceramic showed a mixture
of normal and relaxor ferroelectric behaviors. In addition, the Curie temperature (T¢)
increased with increasing PT contents, while the diffusivity decreased. This confirmed
a gradual transition from a relaxor ferroelectric behavior in 0.9PMN-0.1PT to a nor-
mal ferroelectric behavior in 0.5PMN-0.5PT. The difference in dielectric behaviors was
attributed to the structural symmetry of the ceramics.

Keywords: PMN-PT; dielectric properties.

1. Introduction

Ceramics are one of the many classes of electronic materials. The electronic in-
dustries are demanding smaller, higher packing density and higher frequency elec-
tronic devices.! Among those features, volume efficiency can be easily improved
by reduction of the dimensions of devices and by increasing the dielectric con-
stant of the materials used. This is particular in the case for capacitor industry,
in which uses of high dielectric constant ceramics are of great success. A family of
materials which dominates the industry is lead-based ferroelectrics, especially lead
magnesium niobate, Pb(Mg; /3Nby/3)O3 or PMN, and its solid solution with lead
titanate, PbTiO3 or PT, the so-called PMN-PT compounds, which show dielectric
constant in excess of 20,000, making them candidate materials for capacitors.? In
addition, they exhibit electrostrictive behavior at temperatures above their tran-
sition temperatures. This particular feature leads to their uses in transducers and

actuators.®?
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Lead magnesium niobate (PMN) is generally established as a representative of
relaxor ferroelectrics. Although the Curie temperature of PMN is well below room
temperature,’ it can be easily shifted upward with PT addition, a normal ferroelec-
tric compound which has a transition at 490°C. A spontaneous phase transition is
indicated in the solid solution PMN-PT as a result of a change in the degree of or-
dering induced by substitution of cationic sites. An addition of ~28% PT causes the
material to revert to a normal ferroelectric tetragonal phase with T¢ ~ 130°C. The
(1 —2z)PMN-(z)PT system also shows a morphotropic phase boundary (MPB) near
x ~ 0.4, separating pseudo-cubic phase and tetragonal phases. As observed in other
systems such as PZN-PT and PZT, anomalously large dielectric and piezoelectric
properties are observed for compositions lying near the MPB.® This study is aimed
at investigating the dielectric properties, as functions of both temperature and fre-
quency, of ceramics in PMN-PT system. In particular, three compositions, 0.9PMN-
0.1PT, 0.7PMN-0.3PT and 0.5PMN-0.5PT representing pseudo-cubic, near MPB
and tetragonal phases, respectively, are chosen for the study to examine the roles
of MPB, as well as to establish the structure-property relations for the PMN-PT
system.

2. Materials and Methods

The Pb(Mg; /3Nby/3)O3_PbTiO3 ceramics were prepared from PMN and PT pow-
ders by a mixed-oxide method. Perovskite-phase PMN powders were obtained via a
well-known columbite method,” while PT powders were prepared by a more conven-
tional mixed-oxide method. For PMN powders, the magnesium niobate (MgNbyOg)
powders were first prepared by mixing starting MgO (>98%) (Fluka, Switzerland)
and NbeOs (99.9%) (Aldrich, Germany) powders and then calcining the mixed
powders at 1100°C for 3 hours with the heating/cooling rates of 20°C/min. This
yielded a so-called columbite powder (MgNbsOg). The columbite powders were
subsequently ball-milled with PbO (99%) for 24 hours. The mixed powders were
calcined at 800°C for 1 hour with the heating/cooling rates of 20°C/min. X-ray
diffraction analysis was employed to confirm the formation of perovskite-phase
PMN. PT powders were prepared from reagent-grade PbO (99%) and TiO2 (98.5%)
starting powders (Fluka, Switzerland). These powders were ball-milled for 24 hours
and then calcined at 600°C for 1 hour with the heating/cooling rates of 20°C/min.
The (1—x)Pb(Mg;/3Nby/3)03_,PbTiO3 powders (when z = 0.1, 0.3 and 0.5) were
subsequently prepared from the precursor PMN and PT powders by a mixed-oxide
technique. Initially, PMN and PT powders for a given composition were weighed
and then ball-milled in ethanol for 24 hours. The mixed powders were calcined for
2 hours at 900, 800 and 750°C for compositions with z = 0.1, 0.3 and 0.5, respec-
tively, with the heating/cooling rates of 20°C/min. To fabricate PMN-PT ceramics,
the calcined powders were pressed hydraulically to form disc-shaped pellets 15 mm
in diameter and 2 mm thick, with 5 wt.% polyvinyl alcohol (PVA) as a binder.
The pellets were stacked in a covered alumina crucible. Finally, the sintering was
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carried out at a sintering temperature for 2 hours with 15 min/°C heating and
cooling rates. The sintering temperature was optimized at 1240°C for compositions
with £ = 0.1 and 0.3, and at 1220°C for composition with x = 0.5. More details of
the powder and ceramic preparation studies were described thoroughly in previous
publication® and will not be included in this present context, which is focused on
the dielectric properties of the successfully prepared ceramics.

The dielectric properties of the sintered ceramics were studied as functions of
both temperature and frequency with an automated dielectric measurement system.
The computer-controlled dielectric measurement system consisted of an LCR-meter
(Hewlett—Packard Precision LCR-Meter HP 4284A), a temperature chamber (Delta
Design 9023) and a computer system. The detailed description of this system was
explained elsewhere.? For dielectric property characterizations, the sintered sam-
ples 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 electrodes and the ceramic surfaces. The capacitance and
the dielectric loss tangent were determined over the temperature of —150 and 400°C
with the frequency ranging from 100 Hz to 1 MHz. The measurements were car-
ried out on cooling continuously. Before each cooling run, the samples were first
heated up to 400°C and then cooling run was performed at the rate of 4°C/min.
The dielectric constant was then calculated from e, = Cd/egA, where C is the
capacitance of the sample, d and A are the thickness and the area of the electrode,
respectively and eq is the dielectric permittivity of vacuum (8.854 x 10712F/m).

3. Results and Discussion

The experimental results on physical properties, the phase formation behavior and
microstructure features of all the sintered ceramics are presented and discussed
thoroughly elsewhere.'® Hence, these results will not be shown here. However, it
should be stated here that the sintered ceramics are in perovskite phase with a
pseudo-cubic crystal structure for 0.9PMN-0.1PT, and with a tetragonal crystal
structure for 0.5PMN-0.5PT. It is of interest to see that 0.7PMN-0.3PT composition
shows a mixed pseudo-cubic and tetragonal symmetry, which confirms that the
MPB of the PMN-PT system lies between & = 0.3 and 0.4.% Table 1 includes the
density and grain-size range for all ceramic compositions. It should be noted that

Table 1. Physical and dielectric properties of PMN-PT ceramics (at 1 kHz).

Maximum Room temp.
properties properties
Density Grain size Tc Diffusivity
Ceramic (g/cm?) (pm) (°C) €r tan o €r tand )
0.9PMN-0.1PT 7.98 0.42 — 3.66 38 25400 0.049 19400 0.087 1.96
0.7PMN-0.3PT 7.86 0.41 —2.80 197 23500 0.011 2320  0.022 1.63

0.5PMN-0.5PT 7.78 0.48 —3.76 250 23200 0.085 1010  0.025 1.14
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a variation in these physical features could impose significant effects on dielectric
properties. However, as seen in Table 1, the density and the grain size range are not
significantly different, and are not expected to show marked effects on the dielectric
properties of the ceramics. Therefore, in this case, it is reasonable to assume that
the dielectric properties of the ceramics are mainly influenced by their structural
symmetry, as will be discussed in the following context.

The dielectric properties, e.g., dielectric constant (e,) and tand, are measured
as functions of both temperature and frequency, as shown in Figs. 1(a)-1(c). As
listed in Table 1, the Curie temperature (T¢) (determined at measuring frequency
of 1 kHz) increases from 38°C in 0.9PMN-0.1PT to 250°C in 0.5PMN-0.5PT. This
is a direct result of PT addition to PMN (T¢ ~ —8°C) since PT itself has a Curie
temperature of 490°C.!"! The maximum dielectric constant for all the ceramics stud-
ied is in excess of 20,000. This is clearly a reason for their potential applications
in capacitors.’ As shown in Fig. 1(a), for 0.9PMN-0.1PT ceramic, both dielec-
tric constant (e,) and dielectric loss tangent (tand) exhibit strong temperature-
frequency dependence below the transition temperature. This is a typical dielectric
behavior of relaxor ferroelectrics,® in which a strong temperature-frequency de-
pendence is observed and the temperatures of maximum dielectric constant and
dielectric loss tangent are shifted to higher temperature with increasing frequency.
The maximum value of the dielectric constant decreases with increasing frequency,
while that of the dielectric loss tangent increases. The dielectric properties then
become frequency independent above the transition temperature.’>'* PMN is a
well-known relaxor ferroelectric material with diffused phase transition (DPT) as
a result of a short-range ordered structure with a nanometer scale heterogeneity
in composition.'?> Small addition of PT to PMN causes an increase in T¢, but
the strong relaxor behavior still exists. In addition, since 0.9PMN-0.1PT ceramic
has a pseudo-cubic symmetry, it is therefore intrinsically electrostrictive (i.e., its
electrically-induced strain is quadratically proportional to the applied electric field
and is nonhysteretic).* With its enhanced dielectric properties at room tempera-
ture, as listed in Table 1, it is widely employed in transducers and actuators.?*

Further increase in PT contents leads to more observable normal ferroelectric be-
havior because PT is intrinsically a normal ferroelectric.®# The dielectric properties
of 0.7PMN-0.3PT ceramic, as plotted in Fig. 1(b), exhibit a mixture of both normal
and relaxor characteristics, in which the transition temperature is not shifted as
much as for relaxor 0.9PMN-0.1PT ceramic. Similar tendency has also been ob-
served in several prior investigations.!2 14 It should be noted that 0.7PMN-0.3PT
ceramic composition is close to MPB of the PMN-PT system. Therefore, its struc-
tural symmetry is a mixture of pseudo-cubic and tetragonal, which in turn causes
a mixture of normal and relaxor characteristics observed for dielectric properties.
With a tetragonal symmetry, the 0.5PMN-0.5PT ceramic, on the other hand, ex-
hibits a normal ferroelectric behavior with a very sharp phase transition. As plotted
in Fig. 1(c), the dielectric properties of 0.5PMN-0.5PT ceramic change significantly
with temperature, but are nearly independent of frequency, except in the vicinity
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Fig. 2. (Color on line) Temperature dependence of dielectric constant of PMN-PT ceramics
(measured at 1 kHz).

of the phase transformation temperature. This is a typical characteristic of nor-
mal ferroelectric ceramics with a long-range ordered structure.®'2 It should also
be noted here that the dielectric properties in all ceramics increase significantly at
high temperature as a result of thermally activated space charge conduction.!14

When PT is added to form the binary system with PMN, the T increases
monotonically, as shown in Table 1 and Fig. 2, and the dielectric behavior is shifted
from relaxor ferroelectric towards normal ferroelectric. The degree of broadening or
diffuseness is used to assess such behavior in the observed dielectric variation. This
could be estimated with the diffusivity () using the expression In(1/e, — 1/emax)
versus (T — Tiax)?. The value of v can vary from 1, for normal ferroelectrics
with a normal Curie-Weiss behavior, to 2, for completely disordered relaxor ferro-
electrics.'3 ¢ The plots in Fig. 3 show that the variation is very linear. The mean
value of the diffusivity () is extracted from these plots by fitting a linear equa-
tion. The values of « listed in Table 1 vary between 1.14 for 0.5PMN-0.5PT and
1.96 for 0.9PMN-0.1PT. These results confirm that diffuse phase transition occur in
0.9PMN-0.1PT ceramic (y = 1.96) with a nearly complete disorder characteristic,
while a strong normal ferroelectric behavior is observed for 0.5PMN-0.5PT ceramic
with v = 1.14. With the ~ value of 1.63, 0.7PMN-0.3PT ceramic is expected to pos-
sess a mixed behavior, as is confirmed by the dielectric data plotted in Fig. 1(b). In
addition, it should also be noted that even if it is established that the diffuseness
could be caused by the decrease of grain size in a perovskite ferroelectric material, 2
the observed difference of the degree of the diffuseness in this study is not a result
of the grain size variation because of the uniformity of the grain size range of the
ceramics studied.
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Fig. 3. (Color on line) Variation of In(1/e — 1/emax) versus In(T — Tmax) of PMN-PT ceramics
in the paraelectric region at 1 kHz.

4. Conclusion

The (1 — x)Pb(Mg;/3Nby/3)03_,PbTiO3 (when z = 0.1, 0.3 and 0.5) ceramics
are prepared from PMN and PT powders by a mixed-oxide method. The dielectric
properties of the ceramics are determined as functions of both temperature and fre-
quency with an automated dielectric measurement system. The measurement takes
place over the temperature range of —150°C and 400°C with measuring frequency
between 100 Hz and 1 MHz. The results indicate that the dielectric properties of
pseudo-cubic phase 0.9PMN-0.1PT and tetragonal phase 0.5PMN-0.5PT ceramics
follow that of relaxor and normal ferroelectric behaviors, respectively, while the
dielectric behaviors of a near MPB phase 0.7PMN-0.3PT ceramic show a mixture
of normal and relaxor ferroelectric behavior. In contrast to an increase in T with
increasing PT contents, the degree of broadening or diffuseness shows a decrease,
which confirms a transition from a relaxor ferroelectric behavior in 0.9PMN-0.1PT
to a normal ferroelectric behavior in 0.5PMN-0.5PT. The difference in dielectric
behaviors is attributed to the structural symmetry of the ceramics.
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Pure and dense relaxor perovskite ceramics of lead magnesium niobate (PMN) have been successfully fab-
ricated by using a combination between a corundum Mg4Nb, Og B-site precursor and a two-stage sintering
techniques. Effect of doubly sintering on phase formation, microstructure and dielectric properties of the
PMN ceramics was determined via XRD, SEM and dielectric measurement. It has been found that under
suitable two-stage sintering schemes, dense and pure perovskite PMN ceramics derived from a corun-
dum B-site precursor route can be successfully achieved with better dielectric properties than those of
ceramics from either a conventional or a two-stage sintered columbite B-site precursor methods.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Relaxor perovskite ferroelectric lead magnesium niobate,
Pb(Mg;3Nby/3)03 (PMN), -based-ceramics are widely employed
for electronic applications such as multilayer capacitors, elec-
trostrictive actuators and components working by induced
piezoelectric effect [1,2]. Principal role in the properties of the
niobates plays intrinsic cationic substitution which form addi-
tional anharmonic electron-phonon interaction [3] determining
the principal electronic and optical properties. However, the main
hindrance to the utilization of these PMN-based materials in elec-
tronic device applications has been the lack of simple, reproducible
fabrication technique for dense and pure perovskite phase [4-6].
Moreover, it would also be highly desirable for these materials
to be fired at relatively low temperatures, permitting the use
of low-cost electrode materials, e.g. copper or nickel [1,2]. It is
well-known that the fabrication of PMN via a solid-state reac-
tion method is complicated by the formation of an undesired
lead-niobate-based pyrochlore phases during the final stage of
reaction between mixed oxides and the high volatility of lead
oxide [5-8]. Several approaches have been introduced to mini-
mize the pyrochlore phases and improve the reproducibility of their

* Corresponding author. Tel.: +66 53 943376; fax: +66 53 943445.
E-mail address: suponananta@yahoo.com (S. Ananta).

0254-0584/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2008.10.003

dielectric properties [9-12]. These involve modification of solid-
state or wet chemical methods, but most of them leave 3-5wt%
pyrochlore phase in the sintered products [7,8]. In connection with
this, a “columbite” method [8] where MgNb,0Og is formed first,
followed by its reaction with PbO to form the perovskite PMN,
has become one of the most effective solid-state reaction method
which has been widely employed to produce PMN since 1982 [8].
Alternatively, different kinds of precursor such as Pb3Nb,Og [13]
or “corundum” MgyNb,0g [14] have been introduced instead of
MgNb,Og. Amongst all the approaches reported so far, most atten-
tion has been concentrated on the powder processing, whereas
investigation of modified sintering techniques for the production
of PMN ceramics has not been widely carried out [15]. In practice,
sintering is a crucial stage which can significantly affect the den-
sification and the dielectric properties of the PMN ceramics more
strongly than the choice of reaction precursors.

In our previous work [15], a combination between the columbite
B-site precursor and the two-stage sintering techniques has been
proposed to achieve the densification of PMN ceramic bodies with-
out significant grain growth. However, so far, no work has been
done on the investigation of the two-stage sintering PMN ceram-
ics derived from a corundum B-site precursor route. Therefore, in
this work, an attempt has been made to fabricate and characterize
the relaxor perovskite PMN ceramics by employing a combination
of the corundum precursor and the two-stage sintering methods.
The influence of doubly sintering condition on phase formation,
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microstructure and dielectric properties of the PMN ceramics is
investigated.

2. Materials and methods

The starting materials were commercially available oxide powders of PbO, MgO
and Nb, Os (Aldrich, 99% purity) with an average particle size of 3-5 wm. A corundum
B-site precursor route [ 16] employing intermediate phase of Mg4Nb, Og was adopted
for the preparation of PMN powders. In this method, MgO and Nb, O5 were reacted at
1050 °C for 4 h with heating/cooling rates of 10 °C min~! to form Mg4Nb,0g [17,18],
prior to reaction with PbO at 950 °C for 1 h with heating/cooling rates of 30 °C min—!
[16]. All powders were prepared by using a simple mixed oxide method via a rapid-
vibro milling technique for 30 min with corundum media in isopropyl alcohol, as
detail described in our previous works [17-19]. Ceramic fabrication was achieved by
adding 3 wt% polyvinyl alcohol (PVA) binder, prior to pressing as pellets in a pseudo-
uniaxial die press. Each pellet was placed in an alumina crucible together with an
atmosphere powder of identical chemical composition. After the binder burn out
at 500°C for 1h, sintering was carried out with a dwell time of 1h at each step,
with constant heating/cooling rates of 20°Cmin~! applied. Three sets of the first
sintering temperature (T;) were designed for the two-stage sintering case: 1025,
1050 and 1075 °C. Variation of the second sintering temperature (T, ) between 950
and 1025 °C was carried out for each case.

Densities of the final sintered products were measured by using the Archimedes
principle. Sintered ceramics were examined by room-temperature X-ray diffrac-
tion (Siemen D-500 diffractometer) using Cu Ka radiation to identify the phase
formed. The microstructural development was characterized using a scanning elec-
tron microscopy (JEOL JSM-840A). Mean grain size of the sintered ceramics was
subsequently estimated by employing the linear intercept method [20]. In order to
evaluate the dielectric properties, dense ceramics were polished to form flat, parallel
faces and then coated with gold electrodes. The dielectric properties were measured
at various frequencies using a LCR meter (HIOKI 3532-50), on cooling through the
transition range (—50 to 100 °C) with a rate of 3°Cmin~1.

3. Results and discussion

X-ray diffraction patterns of the PMN ceramics doubly sintered
at various conditions are displayed in Fig. 1, indicating the for-
mation of both perovskite and impurity phases in each case. The
results indicated that a single phase of perovskite PMN (yield of
100% within the limitations of the XRD technique) is found at only
three sets of sintering conditions: i.e. at 1025/1000°C, 1050/1025°C
and 1075/1025°C. The strongest reflections in the majority of all
XRD traces indicate the formation of the Pb(Mgy;3Nby/3)03 per-
ovskite phase, which could be matched with JCPDS file no. 81-861,
inagreement with other works [21,22]. To a first approximation, this
major phase has a cubic phase in space group Pm3m (no. 221) with
cell parameter a=404.41 pm [23]. For other doubly sintering con-
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Fig. 1. XRD patterns of PMN ceramics doubly sintered at various conditions.

ditions, additional weak reflections of the pyrochlore-type phase
previously observed in normal sintered PMN case [20] are found to
co-exist along with the perovskite PMN. It should be attributed to
many factors, including the poor mixing of the employed powders
derived from the mechanical milling technique and the PbO evapo-
ration [21,22]. Whilst it is possible to obtain better mixing through
planetary- or jet-milling method [1], these mechanical millings
can lead to seriously higher contaminations (which in turn lead
to another problem of getting rid of all of them). Hence, one has
to balance between these two factors in each case. In addition, as
suggested in the literature [24], the PbO evaporation could also be
determined by measuring weigh loss by assuming that the PbO is
the only evaporating component in the system, which in most case
is still incorrect.

Nonetheless, this minor phase could be correlated with
pyrochlore phase of composition Pbygg(Mgp 24Nb175)0g.5 (marked
by v), and could be matched with JCPDS file no. 82-388 [25].
This phase has a pyrochlore-type structure with a cubic unit cell
a=10.60A, space group Fd3m (no. 227). Moreover, no evidence
of other pyrochlore phases such as Pb,Nb,07, Pb3Nb4O;3, and
Pb1g3Nb171Mgp290639 has been observed here whereas these
phases were found in other works [5,8,15]. By comparison with
other processing routes, it is found that only one set of double-
sintering condition was found to produce a single phase perovskite
PMN (at 1025/1100°C) in the two-stage sintered columbite-route
PMN [15] whilst a minimum temperature of up to 1225°C is
required for the normal sintered columbite-route PMN ceramics
[21]. This observation indicates that the Mg4Nb,Og precursor is
a better precursor to get rid of the unwanted pyrochlore phase,
probably due to the better chemical reactivity between PbO and
Mg4Nb209.

In order to evaluate the relative amounts of perovskite and
pyrochlore phases in each doubly sintering condition, the follow-
ing approximation was employed, as in the earlier PMN and PFN
studies [15]:

I
perovskite phase(wt%) = f x 100

Ip +Im
Here I, and Iy refer to the intensities of the (110) perovskite
and (2 22) minor phase peaks, respectively, these being the most
intense reflections in the XRD patterns of both phases. For the pur-
poses of estimating the concentration of minor phase present, Eq.
(1) has been applied to the diffraction patterns obtained (Table 1).
Table 1 also presents the relative density and grain size data of
the two-stage sintered PMN samples compared with conventional
case [21]. Generally, it is evident that as the sintering tempera-
ture increases, the density of almost all the samples increases.
The two-stage sintered corundum-route PMN ceramics reaches a
maximum density of ~97% at 1075/1025 °C, each for 1 h (normal
sintered columbite-route PMN samples exhibit equivalent densi-
fication after sintered at 1275°C for 2 h [21]). On the other hand,
two-stage sintered columbite-route PMN ceramics exhibit less den-
sification and a sintering scheme of 1125/1100°C, each for 2h,
is required to reach a densification level of ~91% [15]. Moreover,
it can be seen that the relative density of the two-stage sin-
tered corundum-route PMN ceramics increases from 85 to 97%
with increasing sintering temperature, whilst grain size changes
only slightly (about 2.1-2.9 wm). This is probably because the
two stage sintering proceeds in a “frozen” microstructure and has
the effect on grain growth. Hence, the kinetics are sufficient for
reaching fairly high density, whilst providing the benefit of suppres-
sion grain growth [26,27]. The physical characteristics of various
two-stage sintered PMN samples obtained by different B-site pre-
cursors are also compared in Table 1. Apart from employing shorter
dwell time and faster heating/cooling rates, it can be noticed that
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Table 1
Physical properties of PMN ceramics doubly sintered at various conditions.

T; (°C) T, (°C) Perovskite phase? (wt%) Relative density® (%) Grain size range (mean)‘ (m)
1025 950 83.5 90 1.1-2.9 (2.0)

1025 975 92.0 91 1.1-3.0(2.0)

1025 1000 100 94 1.2-3.0 (2.1)

1025 1025 96.4 96 1.0-2.9 (1.9)

1050 950 87.1 85 1.2-2.8 (2.0)

1050 975 89.1 93 1.3-3.0(2.2)

1050 1000 92.4 94 1.3-3.0(2.2)

1050 1025 100 96 14-3.2(2.3)

1075 950 84.3 93 1.5-3.4 (2.5)

1075 975 88.6 94 1.5-3.8 (2.7)

1075 1000 92.0 95 1.6-4.0 (2.8)

1075 1025 100 97 1.6-4.2 (2.9)

1025 1100 100 91 2.0-7.0 (4.5) (Ref. [14])
1275 - 100 96 3.2-15.6 (9.4) (Ref. [20])

4 The estimated precision of the perovskite phases is +1%.
b The estimated precision of the density is +1%.
¢ The estimated precision of the grain size is £10%.

optimized sintering temperature and/or dwell time of the two-
stage sintered corundum-route PMN ceramics in this work is lower
than the normal sintering [21] and equivalent to the two-stage sin-
tered columbite-route PMN ceramics [15]. This observation could
be attributed mainly to the effectiveness of a combination between
the two-stage sintering and the corundum B-site precursor meth-
ods.

As-fired and fracture surface SEM micrographs of corundum-
route PMN samples doubly sintered with different schemes are
shown in Fig. 2(i) and (ii), respectively. Clearly, the free surface
microstructure of the two-stage sintered corundum-route PMN
ceramics is significantly different from those of the normal and
the two-stage sintered columbite-route PMN sample [15,21] which
exhibits highly dense microstructure with abnormal grains of size
around ~3-4 pm due to the recrystallization during firing and vari-
ation of stoichiometric compositions [28]. Their grain sizes are
in the range of 1-4 wm which is significantly lower than those
observed in the normal and the two-stage sintered columbite-route
PMN ceramics (Table 1) [15,21]. Moreover, with careful obser-
vation (Fig. 2(i)), it can be found that PMN grains in two-stage
sintered sample also exhibit whisker-like shape, similar to the
results observed by Chaisan et al. [29]. With sizes of ~300-500 nm
in length and ~60-100 nm in width, these whiskers are seen to
distribute and coat on the grains (only at the surfaces). By using
an energy dispersive X-ray (EDX) analysis, the chemical compo-
sition of these whiskers is identified as Pb(Mgg 33Nbgs7)03. Even
though exact mechanism of the microstructure observed here is not
well established, but it should be noted that the various features
of microstructure in PMN ceramics depend on the grain growth
rate in the different planes [30]. However, the sintered process
and growth environment also play an important role in the for-
mation of microstructures [31]. In this work, the occurrence of a
typical abnormal grain growth commonly found in the PMN-based
systems [32-35] is observed and is likely to be caused by atom
attachment to surface or boundary steps either produced by two-
dimensional nucleation and lateral growth mechanism or existing
at screw dislocations or the coalescence of grains and the conse-
quent formation of grain boundaries with re-entrant edges [34,35].
MgO inclusion may act as a sintering inhibitor because of grain size.
Therefore, grain growth is suppressed during the sintering process.
It is possible that small amount of MgO are dissolved in the PbO-
rich liquid or PMN at high firing temperatures, and its segregation
at the grain-liquid interface and grain boundary may have made
their step energies finite and hence made them sufficiently singu-
lar to cause these abnormal grain growth, as found in the PMN-PT

system [32,33]. However, in this work grain boundaries inside these
abnormal grains were not clearly observed by SEM. To answer this
question, the crystallographic orientation of the grains should be
examined further by using other techniques such as TEM or electron
backscattered diffraction.

In general, SEM micrographs of fracture surfaces (Fig. 2(ii))
shows highly dense microstructures consisting of equiaxed grains,
in agreement with other workers [6,15,21]. The grains are similar
in shape, with significant variation in size (0.2-3.5 wm). Moreover,
micrograph shows a few pores at triple points. Minor phases can
be found in these micrographs, in particular at the grain bound-
aries and at the triple point junctions. These phases could be clearly
distinguished from the microstructure features of the perovskite
parent phase, in term of brightness (too bright and too dark). EDX
analysis (Table 2) shows the chemical composition of the minor
phases, neighbouring the parent PMN phase (marked as “1”), to be
Pb(Mg.sNb19)0g .35 (bright area; marked as “2”) in contrast to the
XRD result (Fig. 1), and MgO (dark area; marked as “3”), although
the concentration is too low for detection by X-ray, in consistent
with earlier work [16]. In addition, it is seen that the PMN sam-
ples also have an intergranular fracture mechanism, indicating that
the grain boundaries are mechanically weaker than the grains [31],
similar to the results previously observed in the two-stage sintered
columbite-route PMN ceramics [15].

The dielectric properties of PMN ceramics doubly sintered at
various conditions were measured at frequencies between 100 Hz
and 100kHz in the temperature range from —120 to +100°C as
shown in Fig. 3. In general, the typical relaxor behavior [1,2] with
the characteristic dispersive frequency dependence of the dielectric
maxima has been observed in all samples. Fig. 4(a) and (b) shows
a comparison of the dielectric properties at 1 kHz of PMN ceramics
doubly sintered at various conditions. It is clear that the maxima
in the dielectric constant versus temperature plots increase notice-
ably with increase in the sintering temperature. Similar trend is
also observed for T(&rmax) and tan émax. The dielectric properties

Table 2
Dielectric properties (at 1kHz) of PMN ceramics doubly sintered at various
conditions.

EDX positions Composition (at%) Possible phase

Pb (M) Mg (K) Nb (L)
1 50.83 17.05 32.12 Pb(Mgo33Nbo.67)03
2 28.21 16.97 54.82 Pb(Mgo 6Nb1.9)0g 35
3 = 100 = MgO
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(b-i)

(c-i)

(c-ii)

Fig. 2. SEM micrographs of as-fired (i) and fracture surfaces (ii) of PMN ceramics doubly sintered at (a) 1025/1000°C, (b) 1050/1025°C and (c) 1075/1025 °C, for constant

dwell time of 1 h at each stage.

at room temperature also show the same dependency on sinter-
ing temperature, i.e. both &35-¢c and tan§,s-¢ increase. Hence, it
can be stated that the magnitude of both dielectric constant and
dielectric loss in PMN ceramics depend considerably upon the heat
treatment conditions. As also listed in Table 3, all doubly sintered
PMN samples exhibit the maximum dielectric constant of about
20,708-24,291 at 1 kHz with temperature of maximum dielectric
constant, T(&rmax ), of about —15 to —18°C, in good agreement with
other researchers [5-10]. As listed in Table 2, it can be noticed
that the presence of MgO phase may slightly shift the tempera-
ture of ermax. In addition, since the grain size of all the doubly
sintered corundum-route PMN ceramics are not significantly differ-
ent (ranging from 2.1 to 2.9 wm, as listed in Table 1), the difference
in dielectric properties should be attributed to the difference in

density, which increases from 94 to 97% with increasing sintering
temperature (as listed in Table 1). The statement that the den-
sity plays a crucial role in controlling the dielectric properties is
further supported when comparing the dielectric properties of
the doubly sintered corundum-route PMN ceramics with those
of the normal sintered and doubly sintered columbite-route PMN
ceramics, as listed in Table 3. Here, one can clearly see that the
dielectric constant values (both ;35 -c and &,max ) in doubly sintered
corundum-route PMN ceramics are very close to those observed in
the normal sintered PMN [36]. It should be noted that these ceram-
ics have very different grain size (2.9 and 9.4 wm, respectively, as
listed in Table 1), but similar density values, i.e. 96-97%. On the
other hand, as listed in Tables 1 and 3, the dielectric constants
of the doubly sintered columbite-route and corundum-route PMN
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Fig. 3. Variation with temperature of: (i) dielectric constant (&) and (ii) dielectric loss (tan §) for PMN ceramics doubly sintered at: (a) 1025/1000°C, (b) 1050/1025°C and

(c) 1075/1025 °C, for constant dwell time of 1h at each stage.

ceramics with very different density (91 and 97%, respectively) are
significantly different, even though they have similar average grain
size. This clearly indicates that density, not the average grain size,
could be the controlling factor for such observation [37]. It should
be noted that the presence of MgO results in an enhancement of
the dielectric constant of PMN ceramics, as also observed by Lu and
Lee [38]. This was originally attributed to the elimination of the
pyrochlore phase, consistent with the XRD results.

The degree of broadening or diffuseness in the observed dielec-
tric variation could be estimated with the diffusivity (y) using the
expression (&rmax/€r) — 1 versus (T — Tmax )2. The value of y can vary
from 1 to 2, for completely disordered relaxor ferroelectrics [39,40].
The plots in Fig. 5 show that the variation is very linear. The mean
value of y is extracted from those plots by fitting a linear equa-
tion. The values of y for all doubly sintered corundum-route PMN
samples are generally very similar (varying between 1.66 and 1.79),
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Table 3

EDX analysis on doubly sintered PMN ceramics derived from a corundum B-site precursor route.

Dielectric properties (1 kHz)
Columbite-route

Sintering temperatures (T1/T») (°C) and dwell time of each step (h)

Corundum-route

1275, 2 (Ref. [20])

1025/1100, 2 (Ref. [14])

1025/1000, 1 1050/1025, 1 (this work) 1075/1025, 1

Er250C 18,268 9,500 15,372 18,313 19,023
Tan8ys0¢ 0.01 0.001 0.001 0.004 0.009
Tey max -9 -10 -17.5 -163 -15
Er— 24,003 13,910 20,708 23,823 24,291
tan 8max 0.20 0.12 0.11 0.12 0.14
Diffusivity (y) - - 1.79 1.66 1.67
indication of close to completely disordered relaxor behavior in the 25
ceramics sintered by this route. —— 1025/1000 °C ,
Here, the effect of two-stage sintering on phase formation, | [ igi‘s’ig?g N
. . . . . - —— | D ;
microstructure and dielectric properties of the PMN ceramics 20 i

derived from a corundum B-site precursor route was investi-
gated and compared with both the normal and the two-stage
sintered columbite-routes. The different microstructural character-
istics, density and amount of secondary phase present in sintered
PMN ceramics strongly influence the dielectric properties of these
materials, leading to superior electrical behavior in two-stage
sintered corundum-route PMN sample. In comparison to the nor-
mal sintering method, although a disadvantage of the proposed
two-stage sintering method is a greater time requirement, the sig-
nificant reduction in firing temperature is a possible development,
particularly with regard to the drive towards electrodes of lower
cost for electronic products [1,2,26]. In general, these PMN ceram-
ics exhibit complex microstructures which are a result of variation
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Fig. 4. Variation with temperature of: (a) dielectric constant and (b) dielectric loss
at 1 kHz for PMN ceramics doubly sintered at various conditions.
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(T-Ta)’
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Fig. 5. Dependence of (&max/&r) — 1 with (T — Tmax )2 for PMN ceramics doubly sin-
tered at various conditions.

in grain size, shape and orientation, variation in chemical homo-
geneity and densification, and the presence of additional minor
phase, pores and (micro) cracks. These factors, which are strongly
influence by the sintering conditions, have an important effect on
the dielectric properties. Furthermore, the PMN ceramics showed
a comparable perovskite yield, maximum density, and dielectric
properties to those obtained by the partial oxalate [36], or even
better than those fabricated by the sol-gel [11], the freeze-drying
[41], and the citrate-gel [42] methods.

4. Conclusion

This work demonstrated that, under suitable processing con-
ditions, the properties of the PMN ceramics derived from a
combination between the corundum B-site precursor and the two-
stage sintering methods are equivalent to (or even better than)
those obtained from a well-known columbite route (either a nor-
mal or a two-stage sinterings). It has been found that the two-stage
sintering can effectively suppress the grain growth in perovskite
PMN.
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The scaling behavior of the dynamic hysteresis of ferroelectric BaTiO; single crystals was
investigated. Two sets of the scaling relation of hysteresis area (A) against frequency f and field
amplitude E, were clearly established. Above the coercive field, the scaling took a form of (A)
% fO195 090 On the other hand, the scaling in the form of (A)oc f1:007E0-2804 157 wag obtained
under subcoercive field condition. While these scaling relations were generally comparable to
previously reported ones, it was found that the f and E, exponents depended on E; and f,
respectively, which was in contrast to the prior theoretical prediction and experimental
investigations. © 2009 American Institute of Physics. [DOI: 10.1063/1.3086317]

I. INTRODUCTION

The dynamic hysteresis, i.e., hysteresis area (A) as a
function of the field amplitude E, and frequency f has be-
come important consideration in many applications, whose
performance is related to the signal amplitude and frequency,
as well as in more recently developed ferroelectric random
access memories (Fe—RAMs).l’4 Therefore, it is technologi-
cally helpful to understand the scaling behavior so that the
ultrahigh frequency hysteresis can be predicted in devices.
Hence, there have been reports on the scaling behavior of the
dynamic hysteresis in ferromagnetic and ferroelectric thin
films, with some discrepancies between theoretical and ex-
perimental results.”* Many theoretical studies have been
focused on the power-law scaling,

(A) = fES, (1)

(where « and B are exponents that depend on the dimension-
ality and symmetry of the system) of hysteresis curves in
polarization systems.s’9

Earlier inve:stigations5’6’8’14_16 have reported the scaling
relations in thin films of some ferroelectric materials, such as
Pb(Zr,Ti)O5 (or PZT), BisTizO,,, and SrBi,TagO,, as sum-
marized in Table I. We also reported the scaling relations for
soft and hard PZT bulk ceramics.'” ™ Most recently the scal-
ing behavior of a ferroelectric liquid crystal was also
reported.21 As listed in Table I, it is interesting to observe
that scaling behaviors of different materials derived from
theoretical models, thin-film, and bulk ceramics are generally
comparable (only slight difference in exponents m and n),
suggesting that materials with similar domain structures
should have very comparable dynamic hysteresis and scaling
behavior, as previously proposed in our recent
investigations.”’lg’22 It could be stated that the dynamic hys-
teresis (hence the scaling behavior) is mainly controlled by
available domain states and polarization switching mecha-

YAuthor to whom correspondence should be addressed. E-mail:
rattikornyimnirun @yahoo.com.

0021-8979/2009/105(4)/044109/6/$25.00

nism. Our previous investigations in soft and hard PZT bulk
ceramics have shown indirect evidence of the influence of
the different domain states on the dynamic hysteresis behav-
ior.

However, giving the complexity of the dopant types and
concentrations in the commercial ceramics investigated, it
was too complicated to directly evaluate the domain state
contribution to dynamic behavior in the ceramics. It is thus

TABLE 1. Dynamic scaling exponents for different systems [refer to Eq.

(0]

105, 044109-1

System @ B Refs.

(®2)2 and (P?)* models -1 2 5and 6

Q-state Potts model

Saturated Loops 1 14

Minor Loops 4 14
—0.66 2 15

Nd-doped Bi;Ti;O, thin-Film —0.33 2 16

SrBi,TagO, thin-film —0.33 3 14

Pb(Zr,Ti)O; thin-films —0.33 1 41

PbTiOs/polymer Composite -1 2 42

Soft PZT bulk ceramic

Saturated Loops —0.25 1 17

Minor Loops —0.33 3 17

Hard PZT bulk ceramic

Saturated Loops —0.28 0.89 19

Minor Loops —0.43 3.19 19

PZT-PZN bulk ceramic

Minor Loops —0.42 3.65 22

Nay sBij sTiO; ceramic

Minor Loops —0.39 2.63 43

{001}-BaTiO; single crystals
Saturated Loops
Minor Loops

—-0.195%0.016  0.950*=0.056 This work
(1.667)E)—2.804 4.157+0.092 This work

© 2009 American Institute of Physics
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more suitable to study such influence in material with more
distinct domain structures, particularly single crystals of
simple ferroelectric materials, of which the scaling behavior
has surprisingly yet to be reported. Thus, we present the
results on the scaling behaviors of the dynamic hysteresis of
tetragonal BaTiO; single crystals. As will be seen, the dy-
namic hysteresis and scaling behaviors of the BaTiO5 single
crystal are comparatively very similar to those of the other
more complex materials previously reported. More interest-
ingly, it is found that an intercorrelation of f and E; expo-
nents is obtained, which is in contrast to the prior theoretical
prediction and experimental investigations.

Il. EXPERIMENTAL

The dynamic hysteresis (P-E) loops of tetragonal
{001}-BaTiO; single crystals grown by the Remeika
process23’24 containing a-c domain525’26(triangular-shaped
plates with 5 mm edge length and thickness of 0.5 mm) were
characterized at room temperature (25 °C) by using a modi-
fied Sawyer-Tower circuit with f covering from 1 to 300 Hz
and E, from O to 6.6 kV/cm. Measurements were parallel to
the tetragonal (001) direction. The electric field was applied
to a sample by a high voltage ac amplifier (Trek 610D) with
the input sinusoidal signal from a function generator (HP
3310A). The P-E loops were recorded by a digital oscillo-
scope (HP 54645A, 100 MHz). Each loop was obtained after
20 sampling cycle to average out the noise deformation.

lll. RESULTS AND DISCUSSION

The hysteresis loops at different E,, but fixed f (100 Hz),
and at different f but fixed E, (6.0 kV/cm) are shown in Fig.
1. As shown in Fig. 1(a), for applied fields lower than the
coercive field, the loop does not saturate. With further in-
crease in E; beyond E,., the loop area (A), remanent polar-
ization (P,), and coercive field (E.) increase until well satu-
rated loop is achieved. Similar observations have been
reported in  ferroelectric  thin films and  bulk
ceramics 1 %14171922 The (A), P,, and E, decrease with an
increase in frequency, as shown in Fig. 1(b). As already es-
tablished in our previous investigations,”’lg’22 the scaling be-
havior can be divided into two distinct regimes; that for the
saturated loops (E,>E,) and the other for the minor loops
(Ey<E.). The same can be applied for the case of the
BaTiOj; single crystals, as seen in an inset of Fig. 1(a) that
the change in (A) with E, follows two distinctly different
trends with the applied field amplitude E,=E. (1.7
kV/cm)25’27 being a critical turning point. It should be noted
that the E, is generally frequency dependent [E.(f)], but in
this case the measuring frequency range is not too extensive
to cause large variation in E,_, as seen in an inset of Fig. 1(a).
Thus, the fixed E,. of 1.7 kV/cm can be used effectively.

Thus, to obtain the scaling relations for the BaTiOj
single crystals, one can fit the data with Eq. (1) where expo-
nents « and S are determined directly from the experimental
data. By plotting (A) against f at fixed E,, one obtains the
exponent «. On the other hand, the exponent 8 can be ob-
tained from plotting (A) against E, at fixed f. In conjunction
with the least square-fitting method, the methodology out-
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FIG. 1. (Color online) Hysteresis loops for {001}-BaTiO5 single crystals (a)
at various E, and f=100 Hz and (b) at various f and E,=6.0 kV/cm.
Shown in insets are changes in (A) with f and E, at some measuring
conditions.

lined above is applied to obtain the exponents a and 8 from
the saturated loop (E,>E.) and the minor loop data (E,
<E,.). Figures 2(a) and 2(b) show a variation in exponent «
with E, and a variation in exponent 8 with f, respectively.
Evidently, the two exponents depend slightly on the fre-
quency f and significantly on the field amplitude E,, with
Ey=E, being the critical turning point. The variations in both
exponents obtained here are in strong contrast to most of the
previous investigations,s_g‘l1’14_22 in which the scaling expo-
nents are normally treated as constant and depend only on
the dimensionality and symmetry of the system, not the fre-
quency f and field amplitude E, as stated previously in Eq.
(1).

From Fig. 2(a), two linear relations can be obtained for
the variation in f-exponent « with E,. With Ey<E, a strong
field-dependent relation a=(1.667)E,-2.804 (with R?
~0.97) is obtained, while a much weaker field-dependent
relation a=—(8.07 X 1073)E,—0.163 (with R>~0.93) is at-
tained at E,> E,. Furthermore, as displayed in Fig. 2(b), two
very weak frequency-dependent relations are obtained for the
variation in Eg-exponent 8 with f, e.g., B=(6.105X 1074)f
+4.065 (with R>~0.94) and 8=(3.730 X 107*)£+0.894 (with
R>~0.95) for E,<E, and E,>E,, respectively. It is impor-
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FIG. 2. (Color online) (a) Variation in exponent a with E; and (b) variation
in exponent B with f in subcoercive field (0.1=E;=1.6 kV/cm) (black
square markers) and beyond coercive field (1.8<E;=6.6 kV/cm) (red
circle markers) conditions. Dotted lines indicate linear relations fitted to data
in each regime.

tant to point out that not only the complex scaling behaviors
of a ferroelectric prototype BaTiO; single crystal are re-
vealed but the relations expressed above also provide useful
and critical information in understanding the scaling behav-
iors in other ferroelectric materials previously reported, as
listed in Table I, and will be discussed later.

Obviously, with very small coefficients to E and f terms
(for the whole range of E; and f used in this study), one can
estimate the exponents a=-0.195+0.016 and f
=0.950+0.056 when E,>E_. As plotted in Fig. 3(a), it is
revealed that the saturated loop data can be fitted reasonably
well (R*~0.92), within the measured uncertainty, by

<A> ocf—O.l95Eg.950. (2)

On the other hand, for the case of E,<E_ only the ex-
ponent $=4.157 %+ 0.092 can be estimated, while the relation
a=(1.667)E,—2.804 has to be used due to its strong field-
dependent nature. Therefore, the scaling relation for the mi-
nor loops of the BaTiOj; single crystals takes the form of

<A> o<f1~667E0_2'804E3‘157’ (3)

which fitted very well (R>~0.99) with the minor loop data at
each E,, as plotted in Fig. 3(b).

The scaling relation obtained in Eq. (2) for the saturated
loops of BaTiO; single crystals indicates that (A) decays
more slowly with f and grows more slowly with E, than the
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FIG. 3. (Color online) Scaling of hysteresis for {001}-BaTiO; single crystals
(a) area (A) against f1%ES* and for the saturated loops (E,>E,) (b) area
(A) against f*E4"7 for the minor loops (E,<E,). The dotted lines represent
the fitting.

theoretical prediction from (®%)? and (®?)3 models, as well
as most of the other ferroelectric materials in both thin-film
and bulk forms, as compared in Table I. In the saturated loop
case, when comparing the Ey-exponent 3 listed in Table I, it
is very interesting to observe that the 3 value (approximately
1) in our present study on BaTiOj; single crystal is similar to
those obtained earlier for the bulk ceramics and that directly
estimated from Monte Carlo method based on Q-state planar
Potts rnodel,14 while it is much lower than those derived
from (®?)? and (®?) models and ferroelectric thin films
(B~2-3). A qualitative explanation for the difference may
come from the polarization-interaction terms as considered
in the (®2)? and (®?)? models, in which the polarization flip
just has one contribution, i.e., polarization reversal.”® Simi-
larly, as explained thoroughly in our previous reports,”’20
main polarization switching contribution in thin films would
also be from the 180° domain reversal. Hence, a similar po-
larization switching kinetics is expected in the two cases. On
the other hand, in the single crystals and bulk ceramics, there
are influences of many depolarizing effects'” arisen from do-
main walls, boundaries, space charges, immobile defects,
etc., which may retard the external field. Consequently, the
energy barrier is very much higher, which leads to slower
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polarization-flip kinetics. Therefore, a lower exponent for the
E, term is expected in these types of materials.

A more quantitative approach to explain a near linear
dependence of hysteresis area with electric field amplitude
E( can be drawn upon the domain reversal nature through the
nucleation and growth concept,28 which was theoretically es-
tablished very nicely for BaTiO; materials.”® Here the do-
main reversal can be characterized by an effective character-
istic time [combining simultaneous contributions from both
the new domain nucleation rate (’T”OCE62/ %) and the domain
boundary motion velocity (7,%Ey*?)] 7' = VTTUMEgl.]G’zg If
this effective characteristic time represents the response of
the domain reversal to the varying external field at a given
frequency, it should be inversely proportional to the hyster-
esis area (A). Therefore, it can be assumed that (A) o E,
which is in very good agreement with the present study.

Furthermore, in the case of saturated loops, the
f-exponent « of BaTiO; single crystal is smallest in absolute
value among those listed in Table I. In our previous reports,
the depolarizing effects, acting as a buffer to polarization-
reversal mechanism, were already discussed as the reason of
a relatively weaker dependence on f in bulk ceramics than
that observed in thin films and predicted from theoretical
models.'" As for the smallest response to f in the single
crystals, an explanation may simply be a result of a near
saturation of polarization in the single crystals under the ap-
plied field beyond its coercive field, as shown in Fig. 1(a),
under which the crystal is nearly in a single-domain-like
state, unlike in thin films and bulk ceramics with multido-
main states."***! This has resulted in a relatively weaker
dependence on f than those observed in most of the other
ferroelectric thin films and bulk ceramics. It should also be
noted here that a deviation of the experimentally obtained
scaling relations from the theoretical prediction may be due
to the fact that the models™® is relevant to the insulating
defect-free single domain samples with very low dielectric
anisotropy and low electroelastic coupling, which clearly is
not the case for the BaTiO; single crystals with a well-
known large dielectric anisotropy.l’zs’m’31

For the minor loop scaling relation in Eq. (3) and as
listed in Table I, the Ej-exponent B (~4.157) in the BaTiO;
single crystals is approximately in the same order (3—4) as to
that in PZT thin film,*!* as well as those in minor loops of
PZT and PZN-modified PZT bulk ceramics.'”'"** As ex-
plained in our previous investigations,”’19 this is attributed to
the fact that the main polarization orientation mechanism in
thin films and in subcoercive field condition for single crys-
tals and bulk ceramics is likely from the reversible 180°
domain rotation (which also occurs at much faster rate than
the irreversible process), as the irreversible non-180° domain
switching is normally accompanied with mechanical strain, it
occurs at higher E-field than 180° domain rotation does.
Therefore, under low E-fields, one would expect the 180°
domain rotation to occur first.”>>’ This explains why the
scaling behavior of the single crystals and bulk ceramics at
low E fields is similar to that of thin films and why the
response to E, at subcoercive field occurs at much faster
response (B~2-4) than that at higher field amplitude (8
~1). It should also be noticed that the 8=4.157 obtained
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experimentally in this study agrees very well with the S
value of 4 obtained from the previous simulation study using
Monte Carlo method based on Q-state planar Potts model.'*

Another important implication of this study is the fact
that the f-exponent « is strongly field dependent in subcoer-
cive field condition, as seen in Fig. 2(a). This may provide a
hint to explain such variation in the « value, as listed in
Table I, which may be caused from an experimental limita-
tion to fully achieve the saturation state in most of the pre-
vious high-field dynamic hysteresis studies available in lit-
erature. In fact, the « value for all previous investigations
falls between —0.195 (that of saturated loop of BaTiO; ob-
tained here, believed to be the upper limit of the f exponent)
and —1 [theoretically obtained from (®?)? and (®2)* models
for non-saturated loops]. The upper limit of the « value is
believed to be related to available domain states in the ma-
terial, previously proposed in our investigations,19’22 or
growth dimension in growth kinetics model proposed by Ish-
ibashi and Orihara®®*’ based on Kolmogorov-Avrami model.
Nonetheless, more investigations are clearly required to sup-
port this hypothesis.

It should also be noticed that the scaling relations ob-
tained in this current study is only applicable to high fre-
quency limit. This is because at lower frequency range
(<1 Hz) another set of scaling relations must be formulated,
as seen in both previous theoretical and experimental works
that (A) is rapidly increasing, then turning to zero at much
lower frequency. In addition, the high frequency limit in
prior investigations in thin films is usually in the range of
1-100 kHz, the maximum frequency of 300 Hz used in this
study may not be viewed as a high frequency limit as com-
pared to those cases. The range of excitation parameters in
this study is limited by equipments used. The field amplitude
used here is reasonable as saturated P-E loops are already
obtained. Therefore, while the higher field amplitude could
be obtained, no new information is revealed. The major limi-
tation in this current study is probably the frequency range of
1-300 Hz, which seems rather narrow, as compared to pre-
vious investigations in thin films. However, this can be ex-
plained very easily. All of the previous investigations on
scaling behavior of ferroelectric materials are on thin films.
Therefore, it is much easier to apply only 1-10 V to obtain
saturated P-E loops and most of the function generators can
provide this voltage in very wide frequency range (0.0001
Hz to >1 MHz). As a result, most of the previous investi-
gations were carried out in boarder range, as compared to
current study in much thicker samples. Since this work was
carried out on single crystal plates with nearly 1 mm thick,
the amplifier can only provide high electric field (6 kV/cm)
up to 300 Hz.

Based on the arguments mentioned, the scaling relations
are considered applicable within the range of the experimen-
tal conditions. Nevertheless, it is interesting to point out that,
through extrapolation of the scaling relations presented in
Fig. 2 for exponents « and 3 to the range of field amplitude
of 10-50 kV/cm and frequency of 1-10 kHz used in the case
of many previous thin-film studies, one could easily obtain
the exponents « and S close to those previously reported as
listed in Table I. For instance, with E; of 25 kV/cm and f of
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FIG. 4. (Color online) Linear plots between (a) P, and f for various E, and
(b) E, and f for various E;. Solid lines indicate power-law fitting to the data.
Also shown in insets of respective figure are linear plots of P, and E, with
E, for various f.

5 kHz, the exponents a and B of —0.365 and 2.759 (as
compared to —0.33 and 2-3 for thin films) can be obtained.
More importantly, it should still be emphasized that the scal-
ing relations obtained in this study is mostly applicable
within the range of excitation parameters mentioned above.

Finally, we look at the measured P, and E. as functions
of f and E|), as plotted in Fig. 4. One can observe decaying of
both P, and E_. with f, while both parameters increase to
saturation with E, as seen in insets of Fig. 4. As the fre-
quency of the applied field increases, it is expected for P, to
decrease because some of the domains cannot follow the
applied field. Hence, it takes lower electric field to force the
polarizations to become zero, hence lower coercive field is
observed. It is important to note that both P, and E. will not
increase indefinitely as f— 0. As reported in many previous
investigations,7’8’11‘14_16’39 the two parameters reach maxima
at certain f, then begin to decrease to finite values (usually
called static P, and E,) as f— 0. However, due to an equip-
ment limitation such very low f range could not be per-
formed in this study. Nonetheless, the measured P, and E.. as
functions of f seen in Fig. 4 imply power-law relations be-
tween the two parameters and f, as also widely reported in
literature.>**%* On the other hand, as seen from insets of
Fig. 4 rather complex relations with E, are obtained, hence
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will not be discussed here. Therefore, with least-square fit-
ting method with R?>0.95 (with some variation), the power-
law scaling of P,(f) and E.(f) for saturated loop data (E,
>1.7 kV/cm) takes the forms of

Pr I f‘—0.079’ (4)

E, o f0164, (5)

Since approaching saturation the hysteresis area can be
roughly estimated with (2P,)(2E,),”*" so an empirical rela-
tion (A) f-0243 ig available from Egs. (4) and (5). Although
at fixed E, this relation is not too far from Eq. (2) with (A)
o f0195 the difference in the f-exponent could arrive from
the complex relations between P,, E., and E, as displayed in
insets of Fig. 4 and discussed above. Nonetheless, these two
scaling methods seem to agree reasonably well.** So once
the scaling of area to the frequency is found, it is possible to
guess how the E,. would scale with f if the scaling relation
between P, and f is known or vice versa. Similarly, scaling
of area to frequency and to temperature has also been re-
ported in previous investigations.zo’39

IV. CONCLUSIONS

Two sets of the scaling relation for BaTiOj5 single crys-
tals are established based upon the coercive field. The scaling
in the form of (A)oc fO19EN®" is obtained when Ey> E,
while the scaling takes the form of (A)oc f1:067£0=2804p2.157
when Ey<E.. Although, these scaling relations that are
comparable to those of the other more complex materials, the
intercorrelation between the f and E,, exponents is obtained,
which is in contrast to the prior theoretical prediction and
experimental investigations.

ACKNOWLEDGMENTS

This work was financially supported by the Thailand
Center of Excellence in Physics (through the Research Cen-
ter in Theoretical and Computational Physics). Partial sup-
ports for N.-W., A.N., and S.A. from the Thailand Research
Fund (TRF), Commission on Higher Education (CHE),
Graduate School and Faculty of Science, Chiang Mai Uni-
versity are also acknowledged. Thanks are also due to Ed-
ward M. Sabolsky of Penn State University for providing the
single crystals.

'B. Jaffe, W. R. Cook, and H. Jaffe, Piezoelectric Ceramics (Academic,
New York, 1971).

%J. F. Scott, Ferroelectr. Rev. 21, 1 (1998).

3K. Uchino, Ferroelectric Devices (Marcel Dekker, New York, 2000).

‘R. Waser, U. Bottger, and M. Grossmann, in Ferroelectric Random Access
Memories, edited by H. Ishiwara, M. Okuyama, and Y. Arimoto (Springer-
Verlag, Berlin, Heidelberg, 2004).

M. Rao, H. R. Krishnamurthy, and R. Pandit, Phys. Rev. B 42, 856 (1990).

M. Acharyya and B. K. Chakrabarti, Phys. Rev. B 52, 6550 (1995).

J-M. Liu, H. L. W. Chan, C. L. Choy, and C. K. Ong, Phys. Rev. B 65,
014416 (2001).

8J.-M. Liu, H. L. W. Chan, C. L. Choy, Y. Y. Zhu, S. N. Zhu, Z. G. Liu, and
N. B. Ming, Appl. Phys. Lett. 79, 236 (2001).

M. Rao and R. Pandit, Phys. Rev. B 43, 3373 (1991).

IOQ. Jiang, H. N. Yang, and G. C. Wang, Phys. Rev. B 52, 14911 (1995).

"B. Pan, H. Yu, D. Wu, X. H. Zhou, and J.-M. Liu, Appl. Phys. Lett. 83,
1406 (2003).

'2Y.-H. Kim and J.-J. Kim, Phys. Rev. B 55, R11933 (1997).

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



044109-6 Wongdamnern et al.

Br H. Park, C.-S. Kim, B.-C. Choi, B. K. Moon, J. H. Jeong, and 1. W.
Kim, Appl. Phys. Lett. 83, 536 (2003).

4] -M. Liu, H. L. W. Chan, and C. L. Choy, Mater. Lett. 52, 213 (2002).

By.-M. Liu, B. Pan, H. Yu, and S. T. Zhang, J. Phys.: Condens. Matter 16,
1189 (2004).

107 M. Liu, B. Pan, K. F. Wang, and H. Yu, Ceram. Int. 30, 1471 (2004).

R, Yimnirun, Y. Laosiritaworn, S. Wongsaenmai, and S. Ananta, Appl.
Phys. Lett. 89, 162901 (2006).

18R, Yimnirun, S. Wongsaenmai, S. Ananta, and Y. Laosiritaworn, Appl.
Phys. Lett. 89, 242901 (2006).
"R. Yimnirun, R. Wongmaneerung, S. Wongsaenmai, A. Ngamjarurojana,
S. Ananta, and Y. Laosiritaworn, Appl. Phys. Lett. 90, 112908 (2007).
»R. Yimnirun, R. Wongmaneerung, S. Wongsaenmai, A. Ngamjarurojana,
S. Ananta, and Y. Laosiritaworn, Appl. Phys. Lett. 90, 112906 (2007).
s, s. Bhattacharyya, M. Rahman, A. Mukherjee, B. K. Chaudhuri, and A.
Yoshizawa, Appl. Phys. Lett. 92, 122909 (2008).

2R. Yimnirun, N. Wongdamnern, N. Triamnak, M. Unruan, A. Ngamjaru-
rojana, S. Ananta, and Y. Laosiritaworn, J. Appl. Phys. 103, 086105
(2008).

BE. M. Sabolsky, A. R. James, S. Kwon, S. Trolier-Mckinstry, and G. L.
Messing, Appl. Phys. Lett. 78, 2551 (2001).

E. M. Sabolsky, S. Trolier-Mckinstry, and G. L. Messing, J. Appl. Phys.
93, 4072 (2003).

»E Jona and G. Shirane, Ferroelectric Crystals (Dover, New York, 1993).

B, Jiang, Y. Bai, J. L. Cao, Y. Su, S. Q. Shi, W. Chu, and L. Qiao, J. Appl.
Phys. 103, 116102 (2008).

7TW. J. Merz, Phys. Rev. 91, 513 (1953).

J. Appl. Phys. 105, 044109 (2009)

21 D. Gunton, M. San Miguel, and P. S. Sahmi, in Phase Transitions and
Critical Phenomena, edited by C. Domb and J. L. Lebowitz (Academic,
London, 1983), Vol. 8, p. 267.

»H. L. Stadler and P. L. Zacumanids, J. Appl. Phys. 34, 3255 (1963).

%M. E. Caspari and W. J. Merz, Phys. Rev. 80, 1082 (1950).

3'M. E. Lines and A. M. Glass, Principles and Applications of Ferroelec-
trics and Related Materials (Oxford University Press, Oxford, 1977).

32N. Uchida and T. Ikeda, Jpn. J. Appl. Phys. 4, 867 (1965).

BA. Gruverman, O. Auciello, and H. Tokumoto, Annu. Rev. Mater. Sci. 28,
101 (1998).

D, Bolten, U. Béttger, and R. Waser, Appl. Phys. Lett. 84, 2379 (2004).

B, Tsurumi, T. Sasaki, H. Kakemoto, T. Harigai, and S. Wada, Jpn. J. Appl.
Phys. 43, 7618 (2004).

363, Trolier-McKinstry, N. B. Gharb, and D. Damjanovic, Appl. Phys. Lett.
88, 202901 (2006).

K. Lee and S. Baik, Annu. Rev. Mater. Res. 36, 81 (2006).

Y. Ishibashi and N. Orihara, Integr. Ferroelectr. 9, 57 (1995).

%J. M. Liu, W. M. Wang, Z. G. Liu, H. L. Chan, and C. L. Choy, Appl.
Phys. (Berlin) A75, 507 (2002).

“G. L. Yuan, J.-M. Liu, S. T. Zhang, D. Wu, Y. P. Wang, Z. G. Liu, H. L. W.
Chan, and C. L. Choy, Appl. Phys. Lett. 84, 954 (2004).

#1J-M. Liu, H. P. Li, C. K. Ong, and L. C. Lim, J. Appl. Phys. 86, 5198
(1999).

“B. Pan, Y. Yang, L. C. Yu, J. M. Liu, K. Li, Z. G. Liu, and H. L. W. Chan,
Mater. Sci. Eng., B 99, 179 (2003).

BN, Wongdamnern, T. Sareein, and R. Yimnirun (to be published).

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



Journal of Alloys and Compounds 475 (2009) 473-478

journal homepage: www.elsevier.com/locate/jallcom

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

Journal of

ALLOYS
AND COMPOUNDS

Fabrication and dielectric properties of lead titanate nanocomposites

R. Wongmaneerung?, A. Rujiwatra®, R. Yimnirun¢, S. Ananta*

a Department of Physics, Faculty of Science, Maejo University, Chiang Mai 50290, Thailand

b Department of Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
¢ Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand

ARTICLE INFO ABSTRACT

Article history:

Received 14 January 2008

Received in revised form 8 July 2008
Accepted 13 July 2008

Available online 6 September 2008

Keywords:

Lead titanate
Perovskite
Composites
Microstructure
Dielectric properties

A simple powder mixing and pressure-less sintering process for fabrication of PbTiO3 (PT) nanocompos-
ites (micron-sized PT matrix reinforced with either PT nanoparticles or nanofibers) has been developed to
enhance both densification and dielectric properties. The potentiality of a ceramic-nanocomposite tech-
nique as a low-cost and simple ceramic fabrication to obtain highly dense and pure PT/PT composites
was demonstrated. It has been found that both densification and dielectric properties of the compos-
ites fabricated in this work were significantly enhanced, as compared to the two-stage sintering and the
conventional PT ceramics.
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1. Introduction

Pure and dense lead titanate (PbTiO3 or PT) ceramic, which is of
interest as a component in commercial electroceramic materials,
is regarded to be one of the most difficult lead-based perovskite
ferroelectric ceramics to produce [1-3]. The most important prop-
erties of PT ceramics are high Curie temperature (~490°C), large
mechanical-quality factor and pyroelectric coefficient [4,5]. More-
over, PT when combined with other oxides can form a series
of ferroelectric materials that exhibit many of the most desir-
able dielectric, piezoelectric and pyroelectric properties for use in
electronic and electro-optic devices at high frequency and high
temperature, such as infrared sensors, actuators and hydrophones
[1-3]. However, PT ceramic is mechanically weak due to large
distortion of the tetragonal phase at room temperature which is
characterized by the ratio between the lattice parameters (c/a,
hereafter called tetragonality, ~1.06 [6,7]). Apart from general prob-
lems of PbO volatilization and associated high porosity, the stress
induced by cooling through the phase transition can create cracking
in bulk ceramics.

To overcome these problems, several techniques have been
introduced, such as utilizing nanopowders, using additives,
employing spark-plasma sintering and carrying out appropriated
milling and sintering conditions [8-13]. All these techniques are

* Corresponding author. Tel.: +66 53 943367; fax: +66 53 943445.
E-mail address: suponananta@yahoo.com (S. Ananta).

0925-8388/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2008.07.074

aimed at reducing the lattice tetragonality of bulk ceramics, even
though they inevitably affect the phase formation, structure and
electrical properties of materials in different ways. Amongst all
the issues reported so far, most attention has been concentrated
on the use of additives and chemically derived powder processing,
whereas investigations on modified particle packing or composite
techniques have not been widely carried out [14,15].

Recently, ceramic-nanocomposites in which nanosized phases
were dispersed within the matrix grains and/or at the grain bound-
aries have emerged as a novel approach of improving materials
properties [16]. The mechanical properties of ceramics are known
to be improved significantly by dispersing ceramic-nanoparticles
into the ceramic-matrix grains or grain boundaries. However, the
degree of improvement in their properties is dependent on the
type of composite system involved [16]. Few studies have reported
on ferroelectric matrix/metal nanodispersoid [17] and ferroelectric
matrix/non-ferroelectric nanodispersoid [18] composite systems,
and it is not yet clear how these dispersoids affect the properties of
nanocomposites. Moreover, the problem of property trade-off, i.e.,a
deterioration of electrical properties still remains unsolved. In other
words, the improvement of mechanical property can only be real-
ized only by sacrificing electrical properties. So far, a little has been
reported on the fabrication of ferroelectric matrix/ferroelectric
nanodispersoid composite systems [19]. However, no work on the
perovskite PT ceramic-nanocomposites has been reported yet.

Therefore, in this work, ferroelectric matrix/ferroelectric nan-
odispersoid PT composite has been developed to resolve these
problems. With this new scheme, instead of using only micron-
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sized PT powders as reported in our previous works [13,20], two
different types of PT nanodispersoid (nanoparticles and nanofibers)
were adopted as starting materials. The influence of both PT
nanodispersoids on densification, microstructure and dielectric
properties of the composites will be discussed and compared with
the conventional method.

2. Experimental procedure

The starting PT materials for the fabrication of self-reinforced PT matrix/PT
nanodispersoid composites were micron-sized PT powders, nanopowders, and
nanofibers (Fig. 1), which were synthesized via ball-milling, vibro-milling, and
hydrothermal techniques, respectively. The characteristics of each starting PT mate-
rials and their processing details are described in our previous works [21-23].
The powder mixtures (matrix:dispersoid ratio of 1:1) were formed into pellets
by adding 3 wt.% polyvinyl alcohol (PVA) binder, prior to pressing in a pseudo-
uniaxial die press at 100 MPa. It should be noted here that preliminary study of
other matrix:dispersoid ratios, e.g. 0.7:0.3 and 0.6:0.4 was carried out and the com-
plete solid-solution microstructure type commonly observed in the conventional PT
processing was observed in all cases, indicating the solubility effect of the perovskite
PT/PT (although their morphologies are different) limiting the possibility of com-
posite formation. Each pellet was placed in an alumina crucible together with an
atmosphere powder of identical chemical composition [20]. Such a composite can-
not be fabricated by hot-pressing in the reduced atmosphere because the Pb-based
perovskite is easily decomposed in the atmosphere. In this work, the composites
were prepared by using simple pressure-less sintering method. Sintering was carried
out at various temperatures (1000-1225°C), for 1 h with heating/cooling rates of
1°C/min [13,20] applied. These firing conditions were advocated from our previous
work on PT ceramics with experimental details presented in Refs. [13,20].

Densities of the sintered products were determined by using the Archimedes
principle. X-ray diffraction (XRD; Siemens-D500 diffractometer) was carried out at
room temperature using Cu Ko radiation to identify the phase formed. The lattice
parameters and tetragonality factor (c/a) of the sintered ceramics were calculated
from the XRD patterns [24]. The microstructural development was characterized
using a scanning electron microscopy (SEM; JEOL JSM-840A), equipped with an
energy dispersive X-ray (EDX) analyzer. Mean grain sizes of the sintered ceram-
ics were subsequently estimated by employing the linear intercept method [25]. In
order to evaluate the dielectric properties, densified ceramics were polished to form
flat and parallel faces. The samples were coated with silver-paste electrodes which
were fired on both sides of the samples at 700 °C for 1 h. The dielectric properties
were measured using a HIOKI 3532-50 LCR meter, on cooling through the transi-
tion range (550-25°C) with a rate of 5°C/min at high frequencies ranging from 1
to 5 MHz. Values of the dielectric constant were corrected for porosity by using the
relationship &r = &measured) x theoretical density/sintered density [26].

3. Results and discussion

X-ray diffraction patterns of the PT composites reinforced with
various PT dispersoids and sintered at various temperatures are
displayed in Fig. 2, indicating the formation of single phase per-
ovskite in all cases. The strongest reflections in the majority of all
XRD traces indicate the formation of the PT perovskite phase of
lead titanate which could be matched with JCPDS file no. 6-452,
in agreement with other works [10-13]. To a first approximation,
this phase has a tetragonal perovskite-type structure in space group
P4/mmm with cell parameters a=389.93 pm and c=415.32 pm [27].
All the peaks were assigned to PT, and no reaction phase between
different PT starting materials was detected. Moreover, there is no
significant difference between the PT nanocomposites reinforced
with either PT nanopowders or nanofibers, after sintered at tem-
peratures ranging from 1150 to 1200°C. This observation could
be attributed mainly to the high purity of the employed start-
ing materials together with the optimized firing conditions. The
samples sintered with temperature below 1150°C were broken
into pieces after sintering process, whilst the samples sintered at
1225°C exhibited severe melted areas. Thus, no further character-
ization can be performed on these samples.

It should be noted that a single phase of perovskite is found
in all PT composites similar with the two-stage sintering samples
[20], in contrast to the observations for the conventional case [13]
(Table 1). No evidence of pyrochlore phase of PbTi3O; composition

Fig. 1. SEM micrographs of the starting PT dispersoids: (a) micron-sized powders,
(b) nanopowders, and (c) nanofibers.

reported earlier by other workers [21,28] was found, nor was any
evidence of other second phases [29] being present. This could be
due to the lower firing temperature of the nanocomposite samples
as compared to the conventional PT ceramics, leading to a smaller
degree of lead losses and consequently avoiding the pyrochlore for-
mation, in consistent with other works [30,31], whilst a sufficient
arrangement of grain-packing required for ceramic densification
still be reached. However, many other factors come into play, e.g.
homogeneity of materials, reactivity of starting powders, and pro-
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Fig. 2. XRD patterns of PT composites reinforced with PT nanopowders after sin-
tered at (a) 1150°C, (b) 1175°C and (c) 1200°C, and reinforced with PT nanofibers
after sintered at (d) 1150 °C, (e) 1175 °C and (f) 1200°C, for 2 h.

cessing variables. These XRD results clearly show that, in general,
the different processing methods used for preparing PT ceramics
gave rise to a different phase formation in the sintered materials.
The absence of minor phase in composite samples was related to
the more reactive process used.

Table 1 also shows tetragonality factor (c/a), relative density and
average grain size of each nanocomposite sample, comparing with
the conventional and the two-stage sintered samples, respectively.
Generally, it is evident that as the sintering temperature increases,
the density of almost all the samples increases. However, it can be
seen that the sintering behavior of PT ceramics derived from differ-
ent processing techniques were dissimilar. Two-stage sintering PT
ceramics reached a maximum density of ~97% at 900/1200°C [20].
Whilst conventional PT samples exhibit reduced densification, and
a temperature of 1225 °C was required to reach a densification level
of ~94% [13]. On the other hand, both types of PT nanocomposites
sintered at 1200 °C exhibit the highest relative density of about 98%
with a smallest average grain size of less than 1.0 wm. By compari-
son with conventional PT ceramics, lower values of tetragonality
(c/a) are found in all nanocomposite cases, equivalent to those
observed in the two-stage sintering case, indicating lower internal
stress in these nanocomposites. More interestingly, all nanocom-
posite samples do not suffer from severe stresses as a result of the

Table 1
Sintering behavior of PT ceramics derived from different fabrication techniques

high c/a ratio so they have not broken into pieces after experienced
the sintering process or once subjected to a cycle of high temper-
ature measurement of dielectric properties, as reported previously
for the conventional and two-stage sintering PT cases [13,20].

Microstructural features (free and fracture surfaces) of both
PT nanocomposites sintered at different temperatures for 2 h are
shown in Figs. 3 and 4. It was found that average grain sizes increase
with the sintering temperature (Fig. 3). The PT nanodispersoids
were found to locate both within the matrix and at the grain bound-
aries (see enlarged insertion in Fig. 3(d)). The microstructure of the
composites is that of the nanocomposites classified as “nanomicro”
and “nanofiber” types [16].

Representative fracture surfaces for both types of PT nanocom-
posites are given in Fig. 4. It is seen that a uniform grain shape
of typical perovskite ceramics [9,30,31] is observed, with sizes in
the range of 0.2-2.8 m. It should be noted that the average grain
size of both PT nanocomposites is <1.7 wum, which is less than the
critical value of 3 wm [11,32,33] and gives rise to a volumetric
percentage enough to buffer the anisotropic stress caused by the
phase transition [32]. Here, it is believed that PT nanodispersoids
with random orientations result in lower internal stress in com-
posite samples because they compensate the anisotropy of thermal
expansion coefficients.

By comparison with conventional PT ceramics [13], almost clean
microstructures with highly uniform, denser angular grain-packing
and more homogeneous are generally observed in both types of
self-reinforced PT nanocomposites. These microstructures are typ-
ical of a solid-state sintering mechanism. In the present study
(Figs. 3 and 4), the microstructural features of both types of PT
nanocomposites with various sintering temperatures ranging from
1150 to 1200 °C are not significantly different. However, it should be
noted that higher angularly grains were evidenced for higher sin-
tering temperature. The observation that the sintering temperature
effect may also play an important role in obtaining a high angularity
grains of perovskite ceramics is also consistent with other similar
systems [30,31]. Moreover, abnormal grain growth probably due
to the inhibition of grain growth mechanism during doubly sinter-
ing process [20,34] was also found in some samples, as shown in
Figs. 3(c and d) and 4(f). It is also of interest to point out that evi-
dence of intergranular fracture has been found for the existence of
microcracks (arrowed) along the grain boundaries of the compos-
ite samples self-reinforced with PT nanoparticles (Fig. 4(a-c)). The
different microstructure evolution of PT nanocomposites confirms
the importance of the processing method including the morpholog-
ical characteristics of the dispersed phase, consistent with other
works [32,35]. Whilst the grain size of both nanocomposites is
approximately the same, the density and microstructure of PT sam-
ples sintered at higher temperatures indicated that the composite

Processing [Ref.] Sintering Perovskite Relative Tetragonality Grain size€ Average grain

temperature (°C) phase? (%) densityP (%) factor (c/a) (pm) size (m)
Normal sintering [13] 1225 89.20 93.00 1.063 41.0-83.0 62.0
Two-stage sintering [20] 900/1200 100.00 97.02 1.061 1.0-2.2 16
Composite reinforced with nanopowders 1150 100.00 96.33 1.059 0.2-0.6 0.40

1175 100.00 97.02 1.053 0.3-1.0 0.65

1200 100.00 97.85 1.061 0.6-2.0 1.30
Composite reinforced with nanofibers 1150 100.00 95.68 1.053 0.3-13 0.80

1175 100.00 96.76 1.058 0.4-13 0.85

1200 100.00 97.45 1.061 0.5-2.8 1.65

2 The estimated precision of the perovskite phase is +£0.1%.

b The estimated precision of the density is +0.1%.
¢ The estimated precision of the grain size is +10%.
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)]

Fig. 3. Free surface of PT composites reinforced with PT nanopowders after sintered at (a) 1150 °C, (b) 1175 °C and (c) 1200 °C, and reinforced with PT nanofibers after sintered

at (d) 1150°C, (e) 1175°C and (f) 1200°C, for 2 h.

method of PT matrix reinforced with PT nanofibers was preferable
for obtaining dense PT ceramics.

Interestingly, all the nanocomposite samples sintered at
1150-1200°C remained unbroken. It may be assumed that the
nanocomposites consisting of very fine dispersoids suffer less
deformation, caused by the high value of c/a ratio, than the ceramics
with significantly large grains (Table 1). Consequently, the experi-
mental work carried out here suggests that the optimum conditions
for forming the highly dense PT samples in this work are both types
of PT/PT nanocomposites sintered at 1200°C, 2 h dwell time, and
1°C/min heating/cooling rates.

The dielectric properties of PT samples fabricated with differ-
ent techniques are also compared in Table 2. In general, they all
behave as typical normal ferroelectric materials [3]. The Curie tem-
peratures are about the same for all samples measured whilst the
variation of dielectric constant and dielectric loss of both types of
PT nanocomposites seems to be somewhat related to the sintering
temperatures. This observation indicates that densification and the
presence of the second phases accompanied with porosities are the

key factors responsible for the dielectric response of the products.
Moreover, this study demonstrated that the dielectric properties
of PT ceramics are also influenced by microstructural features and
arrangement especially the microcracks and final density rather
than by only grain size itself.

Table 2
Dielectric properties of PT ceramics derived from different fabrication techniques
Processing [Ref.] Frequency (MHz) T (°C) &350 &rmax  tanSmax
Normal sintering [13] 1 482 243 7680  1.07
Two-stage sintering 1 484 209 8198 0.95
[20]
Composite reinforced 1 486 244 8523  1.09
with nanopowders

3 486 245 7517  0.91

5 487 247 7144 0.76
Composite reinforced 1 488 248 9104 0.81
with nanofibers

3 489 246 7110  0.57

5 489 242 6801 045
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Fig. 4. Fracture surface of PT composites reinforced with PT nanopowders after sintered at (a) 1150°C, (b) 1175°C and (c) 1200 °C, and reinforced with PT nanofibers after

sintered at (d) 1150°C, (e) 1175°C and (f) 1200°C, for 2 h.

The different microstructure and the different amount of
secondary phases present in the sintered PT ceramics strongly
influence the dielectric properties of these materials, leading to
relatively superior dielectric behavior in PT/PT nanocomposites.
The secondary phases in conventional PT sample are intercon-
nected at grain boundaries and, as suggested by Wang and
Schulze [31], exert more influence on the dielectric properties
than when they are isolated. The influence of densification and
microcracks on dielectric properties of these PT composites can
be clearly observed in Fig. 5, where the dielectric constant and
dissipation factor as a function of temperature are shown, respec-
tively.

The maximum dielectric constant values at 1 MHz in both PT
nanocomposites were 2-5% higher than in two-stage sintering and
conventional PT samples (Table 2). As mentioned earlier, the reason
for this is the high amount of secondary phase present in conven-
tional PT ceramics and the presence of a PbO-rich secondary phase,
with low dielectric constant, which could form a continuous layer

between grains, decreasing the dielectric constant of the two-stage
sintering samples [13,36].

The results obtained in this work suggest that, in general, these
PT/PT nanocomposites exhibit complex microstructures which are
inherently heterogeneous. The heterogeneity is a result of variation
in grain size and orientation; variation in chemical homogeneity;
and the presence and distribution of additional minor phase, pores
and (micro) cracks. These factors, which are strongly influenced by
the sintering conditions, have an important effect on the dielec-
tric properties of the materials and their reproducibility. However,
these results suggest that better densification can be introduced
into piezoceramics by fabricating ceramic-nanocomposites rein-
forced with piezoelectric nanodispersoids. Two aspects of this
study are significant: (i) reductions in the maximum required
sintering temperature (or the required prolong firing time) are pos-
sible as compared to the conventional (or the two-stage sintering)
method and (ii) a framework has been established for developing
self-reinforced piezoceramic-nanocomposite technique for better
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loss (tan §) at 1 MHz for PT composites reinforced with PT nanopowders compared
with those reinforced with PT nanofibers.

densification with retainable electrical properties of other piezo-
electric materials, particularly those containing low melting point
constituents.

For better understanding and verifying the attractiveness of the
nanocomposite technique further, a systematic study on the effect
of another piezoelectric nanodispersoids such as BaTiO3 or PZT on
the phase formation, densification, microstructure and electrical
properties of the piezoelectric-based ceramic-nanocomposites is
required.

4. Conclusions

The potentiality of a ceramic-nanocomposite technique as a
low-cost and simple ceramic fabrication to obtain highly dense and

pure PT/PT composites was demonstrated. It has been found that
both densification and dielectric properties of the composites fab-
ricated in this work were significantly enhanced, as compared to
the two-stage sintering and the conventional PT ceramics, which
is likely due to the fine-grain and reduced tetragonality as well as
anisotropies of stress and domain motion in the composites.
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In this study, the solid solution of Pb(IngsNbg s )1-x)Tix)O3 with 20 mol% of BT (where x=0.0, 0.1, 0.2 and
0.3) ceramics was prepared by the wolframite precursor method via a vibro-milling technique. The con-
centration of 20 mol% of BT was the lowest amount of BT to help stabilize the perovskite phase formation
of PIN ceramics in this study. The variation of x between 0.0 and 0.3 (0.0 <x<0.3; Ax=0.1) was cho-
sen based on the non-MPB composition of this PINT system to focus on the compositions with relaxor
behavior. The phase formation of the ceramics was investigated as a function of compositions. The XRD
patterns investigation showed that the ceramics gradually changed from the pseudo-cubic to tetragonal
phase between the compositions x=0.2 and 0.3, indicating a shift in the MPB of the PINT system with BT
addition. Correspondingly, large dielectric constant maximum (&n, ) was observed over the same composi-
tions. The remanent polarization (P;) was also maximized at this composition, which indicated enhanced
electrical properties near the MPB of this PBINT system. These results clearly indicated that the addition
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of BT had strong influence on phase formation and the electrical properties of the PINT system.
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1. Introduction

The relaxor ferroelectric ceramics, which have the Pb(B'B”)03
complex perovskite structure, show broad dielectric transition
maxima, high dielectric constant over a wide temperature range
and frequency dispersion of dielectric properties and high elec-
trostrictive strains [1,2]. These owning excellent properties attract
for application as multilayer capacitor, piezoelectric transducer and
electrostrictive actuator [2,3]. It is known that the main problem
of these materials is the difficult to obtain the single-phase per-
ovskite because of its inherently small electronegativity difference
and low tolerance factor [4]. It has reported that the addition of the
largest electronegativity difference and tolerance factor such as BT
to PZN- and PMN-based system helps to stabilize the perovskite
phase formation [5,6]. Lead indium niobate (PIN) is of interest
for its chemical ordering study. It is a member of relaxor family
with a 1:1 stoichiometric of B-site ordering which can be brought
from disordered state into ordered state by thermal treatment
[7]. The disordered state of PIN exhibits relaxor behavior which
shows broad dielectric maximum near 66 °C [8,9]. In contrast, the
ordered state shows antiferroelectric behavior with a sharp peak in

* Corresponding author. Tel.: +66 53 873525; fax: +66 53 872206.
E-mail address: wongsaenmai@yahoo.com (S. Wongsaenmai).

0925-8388/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2008.06.112

dielectric constant vs. temperature curve observed at 168 °C [8,10].
However, the most interesting in this material is the solid solution
with PT normal ferroelectric, because of their T, higher than 250°C
near the MPB for the single crystal [11]. It is difficult to eliminate
the pyrochlore phase in preparation, even though the wolframite
precursor method was used. Interestingly, the addition of BT to help
elimination the pyrochlore phase was reported in other systems of
PZN-PT-BT and PMN-PT-BT [12,13]. In this present work, the addi-
tion of BT to PINT system was obtained by the wolframite precursor
method to obtain the pure phase perovskite via vibro-milling tech-
nique. The phase formation and transition were investigated from
the XRD patterns and the lattice parameters. The possible MPB of
this PBINT system was examined with XRD patterns and electrical
properties.

2. Experimental

The powders of Pb(Ing.sNbo s )(1-x Tix O3 with 20 mol% of BT (where x=0.0, 0.1,
0.2, and 0.3, abbreviated as PBINT) were synthesized by the wolframite precursor
method via a vibro-milling technique. The concentration of 20 mol% of BT was low-
est amount of BT to help stabilize the perovskite phase formation of PIN ceramics
in this study. The secondary phase was found in the compositions lower than that
of 20 mol% of BT (results are not shown). The wolframite (InNbO,4) was first pre-
pared by mixing starting indium oxide (In,O3) and niobium oxide (Nb,Os) (Aldrich,
99.9% purity). Mixed powders were milled by a vibratory laboratory mill (McCrone
micronizing mill) for 0.5h and calcined at optimized calcination temperature of
900°C for 4 h to obtain the intermediate precursor InNbO4 [14,15]. The wolframite
precursor powders were subsequently mixed with lead oxide (PbO) (Fluka, 99%
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Fig. 1. XRD patterns of PBINT ceramics obtained at optimum sintering temperature.

purity), BaCOs (Fluka, 99% purity) and titanium oxide (TiO;) (Riedel-de Haén, 99%
purity) according to the compositions of Pb(IngsNbg s )1_xTix)O3 with 20 mol% of
BT where x=0.0, 0.1, 0.2, and 0.3 and re-milled for 0.5h. Excess amount of PbO
(2mol%) and In,03 (2 mol%) were added in this stage. After drying at 120°C for
2 h, the mixtures were calcined at temperature between 1050 and 1150°C for 2h
with heating/cooling rate of 5°C/min to determine optimum firing condition for
every composition, in closed alumina crucible. After that, the calcined powders
were pressed hydraulically to form disc-shaped pellets 10 mm in diameter and 2 mm
thick, using 3 wt.% polyvinyl alcohol as binder. The pellets with composition between
x=0.0 and 0.3 were sintered in a closed alumina crucible at temperature between
1250 and 1300°C for 2 h with heating/cooling rate of 10°C/min. To prevent PbO
evaporation, the pellets were placed on the same powder.

The phase formation of the sintered ceramics was analyzed by X-ray diffraction
(XRD), using Cu Ka radiation to determine the phases formed and optimum firing
temperatures for the formation of desired phase. The relative amount of the per-
ovskite phase was determined from the relative intensities of the major XRD peaks of
perovskite (110) and pyrochlore (22 2) (Iperov(110)/Iperov(110) + Ipyro(222)) [16]. Lattice
parameters of the perovskite phases were determined by Cohen’s method in con-
junction with the least squares method [17]. The microstructure was investigated
by scanning electron microscopy (SEM, JEOL Model JSM 840A). For the evaluation of
electrical properties, gold electrodes were sputtered on both sides of the samples.
The dielectric properties were measured with an LCR meter (HP-4284A, Hewlett-
Packard, Santa Clara, CA) in conjunction with an environmental chamber (9023,
Delta Design, Poway, CA). A heating rate of 2°C/min and frequency of 1 kHz were
used during measurement. Ferroelectric hysteresis loops were evaluated at vari-
ous temperatures (25, —20, —50 and —80°C) with a standardized ferroelectric test
system (RT-66A, Radiant Technologies, Albuquerque, NM). A peak electric field of
30kV/cm was applied.

3. Results and discussion

The XRD patterns of the dense PBINT ceramics as function of PT
concentration at room temperature are shown in Fig. 1. It is evident
that a complete crystalline solid solution of pure perovskite phase
occurs throughout the studied compositional range of the PBINT
system. The main difference of these XRD patterns can be observed
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Fig. 2. Selected region XRD patterns of PBINT ceramics.

on the peak of (2 0 0) reflection near 20~44—45°, because the single
(200) reflection peak indicates the pseudo-cubic phase, whereas
the splitting in two peaks of (200)/(200) shows the tetragonal
phase. For better viewing, the selected region of the (2 00) reflec-
tions near 260~44—45° are shown in Fig. 2, which exhibits the phase
transformation from the pseudo-cubic to the tetragonal phase near
the compositions of x=0.2 and 0.3. Therefore, it can be expected
that the MPB of this system lies between the compositions x=0.2
and 0.3.

It is also supported by the lattice parameters, as listed in Table 1,
that the region near same the compositions between x=0.2 and 0.3
shows rapid increase in the tetragonality factor of c/a to 1.01. It is
also seen that the addition of PT leads to shrinking of the a-axis
while the c-axis expands, resulting in the average lattice parame-
ter decrease. In comparison to the PINT system, the average lattice
parameter of composition x=0.0 (as a=0.4127 nm) is larger than
that of the PIN ceramics (as a=0.4117 nm) [ 18]. However, the aver-
age lattice parameter decreases with increasing PT concentration
for both of PINT and PBINT ceramic systems. It is expected that diffu-
sion of the smaller Ti cation into B-site results in a decrease in lattice
constant and the partial substitution of the larger Ba cation into A-
site causes an increase in the average lattice parameters [19-21].
From the results of the XRD patterns and the lattice parameters,
it is believed that the MPB of the PBINT system lies between the
compositions x=0.2 and 0.3. Additionally, it is also indicated that
the addition of BT induces a shift of the MPB in the PINT system.
Similar shift of the MPB has been reported in other systems such as
PMN-PT and PZN-PT [13,22,23].

Fig. 3 shows the SEM micrographs of the PBINT ceramics. The
grain size was estimated from the SEM observation, as listed in
Table 1, together with the density. In general, the irregular grains

Table 1
Physical properties and the lattice parameters of PBINT ceramics
Composition (x)  Calcination Sintering Lattice constant (nm) Bulk density Percentage of theoretical Grain size
temperature (°C) temperature (°C) (g/cm3) density (%) (pm)
a c cla (a%c)'3
0.0 1150 1300 04126 - 1 0.4127 7.89 93.2 1.90
0.1 1000 1250 04100 - 1 0.4100 7.78 90.1 2.13
0.2 1050 1250 0.4096 - 1 04096 7.84 92.6 2.26
0.3 1050 1250 0.4052  0.4109 1.01 04067 7.86 97.1 2.58
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Fig. 3. SEM micrographs of PBINT with various compositions: (a) x=0.0, (b) x=0.1, (c)x=0.2 and (d) x=0.3.

and porosities can be observed, while the pyrochlore phase could
not be found in the microstructure, good agreement with the XRD
investigation. Clearly, the addition of PT and BT helps to stabilize
the perovskite phase, a result of their difference in electronegativ-
ity and tolerance factor [5]. Additionally, the relative densities in
the range of 90-97% theoretical density are obtained. These den-
sities strongly influence the electrical properties, which will be
presented in the following part. Moreover, the average grain size
is in the range of 1-3 wm, indicating the fine grain size for this sys-
tem [24]. The average grain size increased from 1.90 wm for the
composition of x = 0.0-approximately 2.58 wm for the composition
of x=0.3. However, it should be noticed that the microstructure
of all the compositions also represents two distinct grain sizes, i.e.
large grains (~5 pwm) and submicron grains. It is clearly evident that
the addition of PT noticeably enhances grain growth.

The temperature dependence of the dielectric constant (at
1kHz) as a function of composition is displayed in Fig. 4. All com-
positions show broad maximum of the dielectric constant. More
details of the dielectric properties underlying frequency and their
relaxor behavior have been reported in our previous work [25].
The dielectric constant maxima (&n) slightly increase with the
composition of x=0.1 and then drastically increase with more PT
concentrations.

As listed in Table 2, large dielectric constant maxima are
obtained at the composition of x=0.2 (¢y =17,366 at 1kHz) and
x=0.3 (¢ =18,541 at 1kHz). It is known that the solid solution
of lead-based relaxor and normal ferroelectric (PT) shows extra
high dielectric constant maximum near the MPB [26]. Based on the

XRD patterns and the lattice parameters, the maximization of the
dielectric properties near the MPB has also been correlated with
the reduction of the lattice distortion, as previously reported in the
PZT system [27]. The temperatures of dielectric constant maximum
(T ) are also summarized in Table 2. It can be seen that increasing
PT concentration leads to a shift of T, to a higher temperature,
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Fig.4. Temperature dependence of the dielectric constant at 1 kHz for PBINT ceram-
ics.
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Table 2
Dielectric properties of PBINT ceramics at 1 kHz

Composition (x) T () Dielectric properties
25°C At Ty
Gr tand B tand
0.0 26 7500 0.030 7591 0.029
0.1 85 5326 0.076 8093 0.027
0.2 130 4953 0.068 17,366 0.038
0.3 155 3339 0.039 18,541 0.047

as expected since the transition temperature of PT is very high
(~490°C)[28]. However, it should be noticed that the Ty, in PBINT is
lower than that in the PINT system even at the same composition,
as reported in our previous work [29]. The Ty, is shifted to lower
temperature by the addition of BT, with similar results observed
in PMN-PT-BT and PZN-PT-BT systems [12,13]. This is probably
related to BT-based solid solutions tend to posses pinched-type
phase transition due to the lack of lone-pair electron associated
with lead ions [26,30].

Fig. 5illustrates a series of the polarization (P-E) hysteresis loops
at various temperatures (25, —20, —50 and—80°C) with a driving
electric field of 30kV/cm for PBINT ceramics. All ceramics show
well-developed hysteresis loops with decreasing temperature. The
composition x=0.0 shows the slim-type hysteresis loop at room
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Fig. 5. Hysteresis loops of PBINT as a function of temperature 25, —20,
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temperature, and the loop opens up with decreasing temperatures,
indicating the development in the volume fraction of local polar
regions with decreasing temperature [31]. It is also observed that
the hysteresis loops differ in shapes depending on the composi-
tion. The typical “slim” hysteresis loops is found at the composition
x=0.0, then the loop shape gradually changes to the typical “square”
hysteresis loops with increasing PT concentration. The square type
loops are due to abruptly switching of a domain structure with an
electric field, which is typical for a phase of strong normal ferro-
electric PT that contains long-range corporations between dipoles
in the ferroelectric micro-domain [27]. On the other hand, the slim-
type loop is owing to more sluggish reversal, typical of a phase with
a suppressed long-range of interaction micro-domain. The value of
the polarization parameters such as the remanent polarization (Py),
the saturated polarization (Ps) and the coercive fields (E.) evaluated
from the hysteresis loop are also listed in Table 3. The E. is seen to
be strongly depending on temperature for all compositions, while
the Pr changes only slightly.

The variations of the values of hysteresis loops parameters; i.e.
the remanent polarization (P;) and the coercive fields (E.), evalu-
ated from the hysteresis loops are shown in Fig. 6. The maximum
of the P; is observed near the compositions x=0.2 and 0.3, indica-
tion of the MPB region of this PBINT system. It is generally accepted
that the domain wall can easily move around the MPB because of
the coexistence of the pseudo-cubic and tetragonal phases in ferro-
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—50 and —80°C for various compositions (a) x=0.1, (b) x=0.2 (c) x=0.3 and (d) x=0.4.
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Table 3
Ferroelectric properties of PBINT ceramics

Composition (x) Ferroelectric properties

At 25°C At —80°C
Pr (pm/em?) Ps (pm/cm?) Ec (kV/cm) Ry? Pr (pm/cm?) Ps (pm/em?) Ec (kV/cm) Rsg?
0.0 1.09 20.22 0.29 0.84 7.08 2243 6.02 0.41
0.1 6.67 24.12 2.67 0.42 14.70 24.24 9.78 0.74
0.2 22.48 31.84 424 0.94 28.40 32.79 13.04 1.12
0.3 24.60 31.44 10.08 1.11 25.75 3247 18.08 125
? Hysteresis loop squareness.
25¢ —= 312 technique. The XRD investigation showed that the ceramics grad-
F|—— P, pe ) E ually changed from the pseudo-cubic to tetragonal phase between
’05 —*—E| ' » J10 the compositions x=0.2 and 0.3. Correspondingly, large dielectric
T ) E constant maximum (&) were also obtained at the same compo-
F / 15 sitions. The remanent polarization (P;) also maximized near these
g sf ] WM compositions, which indicated enhanced electrical properties near
L Y 1 = the MPB composition. These results clearly indicated that the addi-
L:’L : { 3 g § tion of BT had strong effect on phase formation, microstructure and
:.. 10F i B the electrical properties of the PINT system.
: / - 14
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Composition (x)

Fig. 6. Composition dependence of the P; and E. of PBINT ceramics at room tem-
perature.

electric materials, which induces the high P; [32]. In addition, the
linear increase of the E. indicates the increasing in the extent of the
tetragonal phase with increasing PT concentration, which makes
domain switching more difficult [33].

Finally, the ferroelectric characteristic of the ceramics can also
be assessed with the hystersis loop squareness (Rsq), which is typ-
ically understood to be ratio of P;/Ps, where P; is the remanent
polarization at zero electric field and Ps is the saturated polarization
obtained at some finite field strength below the dielectric break-
down. One can also use the loop squareness to measure not only
the deviation in the polarization axis but also that in the electric
field axis with the empirical expression, Rsq = (Py/Ps) + (P1.1g./Pr)
where P; 1. is the polarization at the field equal to 1.1E.. For the
ideal square loop, Rsq is equal to 2.00. The Rsq parameter, listed in
Table 3 for all compositions at 25 and —80°C, clearly shows more
loop squareness with increasing PT concentration.

From the results of this study, it believed that the MPB of the
PBINT system lies between the compositions x=0.2 and 0.3. This
is confirmed by the phase transformation observed in the XRD
patterns, and the examined lattice parameters. The electrical prop-
erties; i.e. dielectric constant and the P-E hysteresis loops also
exhibit excellent values near these compositions. These results
clearly indicate that the addition of BT has strong effect on phase
formation, microstructure and the electrical properties of the PINT
system. In comparison with the PINT system, the addition of BT
leads to a shift of the MPB region, increases the grain size, and
enhances the electrical properties.

4. Conclusion

The pure phase of solid solution of Pb(IngsNbgs)1_x)Tix)O3
with 20 mol% of BT (where x=0.0, 0.1, 0.2 and 0.3) ceramics was
obtained by the wolframite precursor method via a vibro-milling
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Dense perovskite ferroelectric PbTiOs (or PT) ceramics reinforced with SiC nanofibers have been success-
fully fabricated by a simple solid-state mixed oxide and conventional sintering method. Phase formation,
densification, microstructure and dielectric properties of the composites were investigated as a function
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matrix and at the matrix boundaries. The grain size was decreased significantly with addition of SiC
nanofiber. Though the densification and mechanical strength were improved, the dielectric properties of
PT/SiC composites were degraded dramatically.
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1. Introduction

Perovskite ferroelectric lead titanate (PbTiOs3 or PT) based
ceramics which exhibit excellent dielectric, piezoelectric and
pyroelectric properties have been widely employed in sensor, trans-
ducer and actuator applications, especially for devices working
at high-temperature and high-frequency conditions [1-3]. How-
ever, pure and dense PT ceramic is regarded to be one of the most
difficult lead-based perovskite ferroelectrics to produce especially
via a simple solid-state reaction method [2,3]. It suffers from low
mechanical properties and the resulting poor electrical reliability
mainly due to large distortion of the tetragonal phase at room tem-
perature [3]. This phase transformation causes a complicated stress
system in the ferroelectric material, and then results in the gener-
ation of internal stress and mechanically twined microstructure at
room temperature. For further high-power applications used under
severe circumstances, its poor mechanical and electrical reliabil-
ity become a critical limitation on the application of this material.
Especially in multilayer piezoelectric actuators, the high electric
driving field needed to produce a large displacement may cause
mechanical and electrical degradation [2,3]. Therefore, improving
mechanical properties of PT-based materials is worthwhile.

To overcome such problems, several techniques have been intro-
duced [4-9]. Amongst all the issues reported so far, most attention

* Corresponding author.
E-mail address: re_-nok@yahoo.com (R. Wongmaneerung).

0925-8388/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2008.07.051

has been concentrated on the use of additives and chemically
derived powder processing, whereas investigations on modified
particle packing or composite techniques have not been widely
carried out [10,11]. Recently, Niihara [12] had reported that small
amount of submicro- or nano-scale second phase could largely
improve the mechanical properties of ceramic matrix. In the past
few years, this composite idea has been applied to some perovskite
ferroelectric ceramics such as BaTiO3/SiC [13], PZT/SiC [14] and
PZT/Ag[15] systems. However, to our knowledge, the fabrication of
PT composites reinforced with SiC nanofibers has not been reported
so far.

Therefore, in this work, small amount SiC nanofibers
(0.1-5.0 wt%) reinforced PT ceramics are fabricated by conven-
tional sintering method. The effect of SiC additions on densification,
microstructure and dielectric properties of the composites have
been discussed and compared with the monolithic PT ceramics.

2. Experimental procedure

Monolithic PbTiO3 (PT) ceramics and PT/SiC composites were prepared using
a conventional ceramic fabrication method. The starting materials were PbTiO3
powders (average particle size ~1-5 um) and (3-SiC nanofibers (average diameter
~80-100 and ~15-100 pm in length), as shown in Fig. 1. Characteristic properties of
starting materials and detail of their fabrication procedures were already described
elsewhere [16,17]. Briefly, different amounts (0.1-5.0 wt% or 0.03-1.55 vol%) of SiC
nanofibers were ultrasonically dispersed in ethanol for 10 min before mechanically
vibro-mixing [16] with the PT powders and 1wt% of PVA binder for 30 min. The
slurry was dried at 120 °C and sieved into a fine powder. The mixed powders of each
composition were pressed into green pellet under a uniaxial press at 100 MPa, placed
on high purity alumina spacer inside a closed alumina crucible. The PVA binder was
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Fig. 1. SEM micrographs of the fabricated (a) PT powders and (b) SiC nanofibers.

burnt out at 550 °C with heating/cooling rates of 10 °C/min and sintered at 1200 °C
for 1h with slow heating/cooling rates of 1°C/min (in order to avoid the sample
damage after sintering [9,18]). A PbO atmosphere was also maintained during sin-
tering using PT powders with identical chemical composition in order to minimize
the lead loss due to evaporation [9,18].

Phase identification of the sintered samples was characterized by using room
temperature X-ray diffraction technique (XRD; Siemens-D500 diffractometer) with
Cu K1 radiation. The lattice parameters and tetragonality factor (c/a) of the sin-
tered samples were calculated from the XRD patterns [18,19]. The bulk density was
determined by using the Archimedes principle in distilled water, and the relative
density calculated using the theoretical density of PT [1]. Microstructure and frac-
ture surface of the samples were examined with a scanning electron microscopy
(SEM; JEOL JSM-840A). The average grain size of each composition was determined
by linear intercept method using SEM photograph [9]. For electrical measurement,
silver paste was fired on both sides of the polished samples at 600°C as electrode.
The dielectric properties were studied as a function of temperature. The capacitance
was measured with a HP4284A LCR meter in connection with a Delta Design 9023
temperature chamber and a chamber holder capable of high temperature measure-
ment, on cooling through the transition range (550-25 °C) with a rate of 5°C/min
at high frequencies range from 1 to 5 MHz.

3. Results and discussion

X-ray diffraction patterns of the monolithic PT and PT/SiC com-
posites sintered at 1200 °C for 1 h are shown in Fig. 2(a), indicating
the formation of only single phase perovskite in all cases. All
the peaks were identified as tetragonal PbTiO3, which could be
matched with JCPDS file no. 6-452 [20], in agreement with other
works [4-9]. No reaction phases between the PT matrix and SiC
addition were observed in these XRD patterns. Moreover, there
is no trace of the SiC phase was detected in all composites. The
amount of SiC remaining in the composite may have been too small
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Fig. 2. XRD patterns of monolithic PT ceramics and PT/SiC composites after sintered
at 1200°C for 1 h with heating/cooling rates of 1 °C/min.

to be detected by XRD, and peak broadening due to particle size
effects may have also been a factor [19]. It should be noted that the
XRD patterns show some sign of peak splitting, e.g. (201)/(210)
peaks which is an indication of tetragonal PT phase [16,20] how-
ever, the splitting was less well defined in the higher amount of
SiC-containing samples, as shown in Fig. 2(b).

Table 1 also shows tetragonality factor (c/a), relative density and
grain sizes of all compositions. The values of c/a for all PT/SiC com-
posites are significantly lower than that of monolithic PT ceramics,
indicating lower internal stress in these PT/SiC composites. With
increasing SiC content, the c/a value, the density and the aver-
age grain size was decreased, in consistent with other similar
perovskite-based systems [13,14]. More interestingly, all composite

Table 1
Physical properties of PT/SiC composites after sintered at 1200 °C for 1 h with heat-
ing/cooling rates of 1°C/min

SiC nanofiber Tetragonality Relative Grain size?
(wt%) (cla) density (%) (mean) (m)
0.0 1.063 94 20.0-65.0 (36)
0.1 1.061 95 0.5-2.2 (0.8)
0.5 1.061 91 0.5-2.6 (0.7)
1.0 1.060 90 0.2-1.6 (0.6)
3.0 1.057 84 0.1-0.9(0.4)
5.0 1.057 72 0.1-0.7 (0.3)

2 The estimated precision of the grain size is +10%.



458 R. Wongmaneerung et al. / Journal of Alloys and Compounds 475 (2009) 456-462

100 08
*

0.7
3 E
e E
e =
g L o6 §
< E
2 E

2

= Los g
] &
& S
>
<

L 0.4

70 y . 03

0 1 2 3 4 5

wt% of SiC nanofibers
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samples do not suffer from severe stresses as a result of the high
c/a ratio so they have not broken into pieces after experienced the
sintering process or once subjected to a cycle of high temperature
measurement of dielectric properties, as reported previously for the
conventional and two-stage sintering PT cases [9,18]. Arlt et al. [21]
have shown that for the grain size of less than 1 wm, the lower value
of c/aratio was found with the reduction of grain size. In the present
study, the average grain size of all PT/SiC composites is obviously
smaller than 1 wm (Table 1 and Fig. 3). Thus, it is believed that the
major factor to reduce the tetragonality factor is mainly attributed
to the grain growth suppression effect of SiC addition [13,14].
However, there is little change in the tetragonality factor of PT
composites when the content of SiC is higher than 3.0 wt%. Further-
more, there is no SiC phase appearing in any PT/SiC composites.
Thus, it can be estimated that the solubility of SiC in PT matrix is
higher than 5 wt% (or 1.55 vol%) [22]. It is well known that PT system
has an ABO3-type perovskite structure. The A-sites are occupied by
Pb2* jons and the B-sites by Ti** ions. Although 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 dopants [1,3]. How-
ever, in this study, the possibility of a Si** ion substitution which
will create an oxygen vacancy to compensate charge neutrality and
the distortion of oxygen octahedron structure [3] resulting in the
variation of tetragonality (c/a) should not be the case since no suf-
ficient ionization or diffusion can be expected for SiC at 1200°C.
The influence of SiC additions on the relative density of PT com-
posites sintered at 1200°C for 1 h in air is also shown in Table 1 and
Fig. 3. Generally, it is evident that the monolithic PT ceramics and
PT/SiC composites (with less than 1 wt% SiC) could be sintered to
above 90% of the theoretical density even at a temperature as low as
1200 °C. As the SiC content increases (especially at 0.5 wt¥% SiC), the
relative density of the samples decrease in good agreement with
those found for the PZT/SiC [20], PZT/Al, 05 [23], BaTiO3/Al, 03 [24]
and BaTiO3/NiO [25] composites. In the case of BaTiO3/Al,03 and
BaTiO3/NiO systems [24,25], it was also shown that addition of sec-
ondary phase caused enlargement of particle size in green body,
resulting in low density observed in sintered samples. In this work,
the addition of SiC nanofibers into PT matrix had the same effect
as those of Al;03 and NiO. The inhibition of densification was evi-
denced from the large fraction of opened pores in 1.0 and 5.0 wt%
SiC/PT samples (Figs. 4¢(ii) and d(ii)) compared to the monolithic
PT (Fig. 4a(i)). It should be noted that remarkable change of aver-
age grain size was observed on addition of a non-perovskite SiC
phase, and the small quantity added had quite significant effect
on the sinterability of PT ceramics by suppressing the liquid-phase
(PbO-rich phases) sintering mechanism commonly found for typi-

cal monolithic PT [9,18]. This sintering behavior can be associated
with the grain growth suppression of SiC nanofibers inside the
PT matrix. In this system, the formation of oxygen vacancies due
to Si** ion substitution in the perovskite structure is not consid-
ered to be another reason responsible for the sintering behaviour
of PZT/SiC composites. Thus, the assumption of oxygen vacancies
accelerate mass transfer and densification, which result in high rel-
ative density observed in other system [15,26] is not valid in this
study.

A distribution of SiC fibers in a matrix may decrease the sin-
tering rate by inducing tensile mean stress in the matrix [27,28].
The effects are less pronounced for a PT matrix, wherein the ten-
sile mean stress approaches the sintering potential, resulting in
substantial retardation of sintering, as observed experimentally.
However, the SiC nanofiber has a diminished retardation effect
in a lower strength ferroelectric typed of PT matrix, because the
stresses are more readily relaxed. The specific source of this differ-
ence is not yet understood. Several researchers [27-29] have found
that application of an initial gap between the fiber and matrix to
delay stress development, are shown to be crucial requirements for
densification of ceramic matrix materials.

Microstructural features, free (i) and fracture (ii) surfaces, of the
monolithic PT ceramics and PT/SiC composites sintered at 1200°C
for 1 h are displayed in Fig. 4. The grain structure of both monolithic
PT ceramics and PT/SiC composites were more or less equiaxed.
Growth of the matrix grains in the PT/SiC composites is thought to
be inhibited by reaction between the matrix and SiC phases [28,30].
In general, the small grain size results in high mechanical proper-
ties. Because of the relatively low reactivity between PT and SiC[28],
SiC has significant effect on overall microstructural arrangement
and therefore also the mechanical properties [3,12]. Observation of
the microstructure by SEM showed that the SiC phase was randomly
dispersed in the PT matrix. The average grain size of PT matrix
(determined by a linear intercept as shown in Table 1) is also given
as a function of SiC content in Fig. 3. The average grain sizes were
found to decrease with the addition of SiC, indicating that SiC inhib-
ited grain growth as earlier proposed by other workers [13,14]. The
SiC nanofibers were found to locate both within the matrix and at
the grain boundaries (see enlarged insertion in Fig. 4e(i)). The over-
all microstructural arrangement of the PT/SiC composites found in
this study can be roughly classified as “nanofiber” types according
to the model advocated by Kuntz et al. [30].

As mentioned previously, a small quantity of dispersed fiber is
enough to control the grain growth mechanism and as a conse-
quence to effectively reinforce the PT matrix. It seems that the grain
boundary movement is depressed by the SiC fibers, as can be seen
in Fig. 4(c). This may be caused by the grain boundary pinning force
of SiC, which depressed the migration of PT grain boundaries during
the sintering process [31], pointed out by other researchers [23,24].
In general, spontaneous cracking of polycrystalline ceramics results
from the internal stresses between grains, owing to incompatible
strains from either thermal expansion anisotropy or phase transfor-
mation [2,3,32]. The spontaneous cracking observed in the present
study must be caused by the paraelectric to ferroelectric phase
transformation.

Generally, the fracture mode of pure perovskite PT ceramics
is known to be an intergranular [9,18]. In the present study, the
fracture mode of 0.1 wt% SiC composite (Fig. 4b(ii)) is predomi-
nantly intergranular-type as well as that of monolithic PT ceramic
(Fig. 4a(ii)), because the clear grain boundary can be observed. In
general, the samples with intergranular fracture include the pores
and impurities in the grain boundaries are weaker compared to
those of the other part. In comparison with the typical monolithic
PT ceramics [5,9], almost clean microstructures with highly uni-
form, denser angular grain-packing and more homogeneous are
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Fig. 4. Free (i) and fracture (ii) surfaces of (a) monolithic PT ceramics and PT/SiC composites with (b) 0.1 wt%, (¢) 1wt% and (d) 5 wt% of SiC content.

generally observed in PT/SiC composites. Interestingly, all samples
remained unbroken. On the other hand, with increasing SiC con-
tent, the grain boundary in the fracture surface became obscure as
shown in Fig. 4c(ii) and d(ii), and the fracture changed from inter-
granular to transgranular surface. This kind of characteristic was
also found for the PZT/SiC composites earlier reported by Chen et
al. [33]. Furthermore, it should be noted that the average grain size
of both PT nanocomposites is <1.5 wm, which is less than the crit-
ical value of 3 wm [9,28] and gives rise to a volumetric percentage
enough to buffer the anisotropic stress caused by the phase transi-
tion [3,28]. Thereduced grain size of the composites is considered to
be responsible for the improvement of their mechanical properties
[5,6,18].

The influence of SiC content upon the dielectric-temperature
characteristics of PT/SiC nanocomposite ceramics at various high
frequencies over the temperature range of 25-550°C is illustrated
in Fig. 5, owing to the fact that the most desirable dielectric proper-
ties of PT ceramics for use in electronic devices are at high frequency
range (MHz-GHz) and not much work has been reported on the
electrical properties at frequency higher than 100 kHz. Thus, the
high frequency range available from the dielectric equipment test-
ing of 1-5MHz has been performed in this study. The dielectric
constant (&;) and dielectric loss (tan §) values at room temperature
and a ferroelectric-paraelectric phase transition temperature (T¢)
are also listed in Table 2. Generally, they all behave as typical normal
ferroelectric materials [1-3]. Moreover, it can be seen that except
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1wt% and (d) 5 wt¥% of SiC content.

at 0.1 wt% SiC, increasing the SiC content caused a reduction in the
dielectric constant (and increase in dielectric loss for PT/SiC com-
posites with SiC> 0.1 wt%). Similar trend in dielectric values at T¢
was also observed. The reduction in &; and also the increase in tan §
with the content of SiC additive could be attributed mainly to an
increase in porosity, as can be seen in Fig. 4. It can be said that the

SiC nanofibers did not so much react with PT matrix. Other reason
which is possible is that the presence of more non-ferroelectric SiC
phase. The SiC fiber seems to be acting in the same way as porosity
because the SiC is nonpiezoelectric material. Domain wall motion
clamping due to the reduced grain size [34] is also considered to
be another possible reason responsible for the low dielectric con-
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Table 2

Dielectric properties of PT/SiC composites measured at 1 MHz

SiC nanofiber (wt%) Tc (°C) £250C tan §ysoc £r,max tan dmax
0.0 482 243 0.02 7680 1.07

0.1 485 149 0.32 9337 0.76

1.0 482 268 0.08 5493 1.18

5.0 475 128 0.02 1470 0.95

stant of SiC/PT composites. The results on dielectric measurement
were also in agreement with a previous report in the perovskite-
based PZT/SiC and BaTiO3/SiC systems [13,14,33]. In those cases, the
domain clamping due to oxygen vacancies and reduction in grain
size was thought to cause the decrease in dielectric constant. In this
work, the grain size of these composites was rather small therefore
domain clamping due to grain size was probably one of the main
factors. Furthermore, this work demonstrated that the dielectric
properties of PT/SiC nanocomposite ceramics are also influenced
by microstructural features and arrangement especially the micro-
cracks and final density. It is seen that with the increase of SiC
content, the peak of T¢ kept a clear shape and shifted towards lower
temperatures (Table 2 and Fig. 6). The shift of the phase transfor-
mation temperature in these PT/SiC composites might be due to
a relaxation of transformation-induced internal stress by the SiC
fiber dispersed in the PT matrix. Similar effect was also found in
the MgO/BaTiO3 nanocomposites where T¢ of the BaTiO3 disper-
soids shifted to lower temperatures upon the incorporation of Mg
ion [35].
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Fig. 6. Variation with temperature of (a) dielectric constant and (b) dielectric loss
at 1 MHz of PT/SiC composites as a function of SiC content.

The results obtained in this work suggest that these composites
exhibit complex microstructures which are inherently heteroge-
neous. The heterogeneity is a result of variation in grain size, fiber
length and orientation, variation in chemical homogeneity; and the
presence and distribution of additional phases and pores. These
factors have an important effect on the dielectric properties of the
materials. Although improving mechanical properties of PT-based
ceramics is worthwhile, the problem of dielectric properties trade-
off especially a deterioration of dielectric constant still remains
unsolved. Further work on the PT ceramics reinforced with the
piezoelectric nanomaterials, e.g. PZT, BaTiO3 or ZnO nanofibers
should be very helpful for gaining better understanding of these
piezoceramic nanocomposite systems.

4. Conclusions

The influence of SiC nanofiber addition on phase formation,
microstructure and dielectric properties of perovskite PT ceramics
fabricated by a simple, inexpensive solid-state reaction method has
been examined and reported for the first time. If small amount of
0.1 wt% SiC nanofibers was added into perovskite PT matrix, dense
PT/SiC composites with good mechanical and dielectric properties
could be successfully produced by a simple mixed oxide and con-
ventional sintering method. Addition of SiC nanofibers was found to
inhibit densification and suppress grain growth, in agreement with
results from other ferroelectric nanocomposite systems. The dielec-
tric properties were also influenced by SiC addition in analogous
with the porosity.
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The influences of Zr/Ti ratio on electrical properties of the 0.8Pb(Zr,Ti;_x)03-0.2Pb(Co4/3Nb,/3)05 ceram-
ics prepared by a mixed-oxide method (with x = 0.46, 0.48, 0.50, 0.52, and 0.54) have been investigated in
order to identify the morphotropic phase boundary composition in this system. With XRD analysis, the
crystal structure of dense specimens appeared to change gradually from tetragonal to rhombohedral with
increasing Zr content. The dielectric properties measurements showed a maximum dielectric constant at

PACS: x =0.50, while the transition temperature decreased with increasing Zr content in the system. Moreover,
gggg:g all ceramics showed diffused phase transition behaviors with a minimum diffusivity at x = 0.50. In addi-
77.22.Ch tion, the Polarization-Electric field (P-E) hysteresis loops of the ceramic systems also changed signifi-
77.80.Bh cantly with the Zr content. Interestingly, the loop squareness parameter reached maximum around
x =0.50. Other ferroelectric hysteresis parameters showed noticeable change at x = 0.50. These results
Keywords: clearly showed the significance of Zr/Ti ratio in controlling the electrical properties of the PZT-PCN cera-
PZT-PCN mic systems.
MPB © 2008 Elsevier B.V. All rights reserved.
Zr[Ti ratio

Dielectric properties
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1. Introduction

Lead-based perovskite-type solid solutions consisting of relaxor
and normal ferroelectrics have attracted great interest at the
compositions close to the morphotropic phase boundary (MPB) be-
cause of their excellent dielectric, piezoelectric, and electrostrictive
properties, which are useful in actuating and sensing applications
[1]. Lead zirconate titanate, Pb(Zr,Ti;_5)Os or PZT ceramics have
been investigated from both fundamental and applied viewpoints
[1,2]. The MPB of PZT is located at a PbTiO3:PbZrO; of 0.52:0.48
and separates the Ti-rich tetragonal phase from the Zr-rich rhom-
bohedral phase [3]. Furthermore, the MPB composition has a high
Tc of 390 °C, which allows piezoelectric devices to be operated at
relatively high temperatures. Most commercial PZT ceramics are
designed in the vicinity of the MPB with various doping methods
in order to achieve high properties [2,4—7]. Recently, many piezo-
electric ceramic materials have been developed from binary
systems containing a combination of relaxor and normal ferroelec-

* Corresponding author. Tel.: +66 53 941921x443; fax: +66 53 943445.
E-mail address: Prasatkhetragarn@yahoo.com (A. Prasatkhetragarn).
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tric materials [2] that yield high dielectric permittivities (e.g.,
Pb(Zﬁ/zTil/2)03—Pb(Ni1/3Nb2/3)03 (PZT—pNN) [4], and Pb(Zrl/z
Tiq/2)03-Pb(Mg;3Nby3)03 (PZT-PMN) [5]), excellent piezoelectric
coefficients (e.g., Pb(Zry2Ti1/2)03-Pb(Zny;3Nby3)05 (PZT-PZN)
[6]), and high pyroelectric coefficients (e.g., Pb(Ni;;3Nby3)03-
PbTiO3-PbZrO; (PNN-PT-PZ) [7]).

Lead cobalt niobate, Pb(Co;,3Nby/3)03 or PCN, which exhibits a
perovskite structure and a Curie temperature of ~—30°C, is a
relaxor ferroelectric material with a high dielectric constant [8,9].
On the basis of the above mentioned approach, solid solutions of
PZT and PCN are expected to synergistically combine the proper-
ties of both the normal ferroelectric PZT and relaxor ferroelectric
PCN, which could exhibit electrical properties that are better than
those of the single-phase PZT and PCN [8-11]. Our previous inves-
tigation on (1 — x)PZT-(x)PCN ceramic systems has already shown
excellent electrical properties with the MPB at x = 0.2. Previously,
the influences of Zr/Ti ratio on electrical properties have been
extensively investigated in PZT [12-15], PZT-PZN [16], PZT-PMMN
[17], and PZT-SiO, [18]. However, there have been no systematic
studies on the relationship between Zr/Ti ratio, physical and elec-
trical properties of ceramics within specific morphotropic phase
boundary compositions of PZT and PCN.
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Therefore, the overall purpose of this study is to determine
the influence of Zr/Ti ratio on phase formation, microstructure,
dielectric and ferroelectric properties of 0.8Pb(Zr,Ti;_,)03-0.2Pb
(Coq/3Nby/3)05 where x =0.46, 0.48, 0.50, 0.52, and 0.54) ceramic
systems.

2. Experimental procedure

The specimens studied were fabricated according to the
formula: 0.8Pb(Zr,Ti;_,)03-0.2Pb(Co4,3Nby/3)03, where x =0.46,
0.48, 0.50, 0.52, and 0.54. Raw materials of PbO, ZrO,, TiO,, CoO,
and Nb,Os with >99% purity were used to prepare samples. The
columbite CoNb,Og precursor was weighed and introduced into
the batch calculations. The CoNb,0Og powder was prepared at calci-
nation temperature of 1100 °C for 2 h [8]. In the present work, the
0.8Pb(Zr,Ti;_x)03-0.2Pb(Co4/3Nby/3)03 samples were prepared
from PbO, ZrO,, TiO,, and CoNb,Og powders using the solid-state
reaction of these raw materials. The powders were mixed by a
vibratory-milling technique in ethanol for 6 h. After drying, the
product was calcined in an alumina crucible at a temperature of
950 °C [19]. The calcined powders were uniaxially cold-pressed
at 5000 psi into disc-shaped pellets with a diameter of 12.7 mm
and a thickness of 1 mm, with 3 wt% poly vinyl alcohol (PVA)
added as a binder. Following binder burnout at 500 °C, the pellets
were sintered at 1200°C for 2 h at a heating/cooling rate of
5°C/min [19].

The phase structure of the powders was analyzed via X-ray dif-
fraction (XRD; Bruker-AXS D8). The microstructures of the sintered
samples were examined using scanning electron microscopy (SEM;
JEOL JSM-840A). The dielectric properties of the samples were
measured using an automated measurement system. An Agilent
4284A LCR meter was used to measure the dielectric properties
over a wide temperature range using a NorECS ProboStat high tem-
perature measurement cell. The room temperature ferroelectric
properties were examined using a simple Sawyer-Tower circuit
at fixed measuring frequency of 50 Hz.

3. Results and discussion

Perovskite phase formation and crystal structure were deter-
mined by XRD at room temperature. The XRD patterns of
0.8Pb(Zr,Ti; _x)03-0.2Pb(Coq/3Nby3)03, where x = 0.46, 0.48, 0.50,
0.52 and 0.54 are correlated with JCPDS file number 70-4057, as
shown in Fig. 1, showing a perovskite structure for all composi-
tions. The pyrochlore phase is not observed in this system. In the
XRD patterns, the crystal structure of the specimens appears to
change gradually from tetragonal to rhombohedral with increasing
Zr content, as presented in Fig. 1(a). There also appears an MPB be-
tween tetragonal and rhombohedral phases around Zr/Ti = 50/50.
As shown in Fig. 1(b), XRD peak profiles of the (200) and (002)
peaks at x=0.46 and 0.48 indicate the tetragonal phase. At the
x =0.50 composition, (020) peak is observed, indicating the coex-
istence of the tetragonal and rhombohedral phases, as shown in
Fig. 1(c). The (020) peak in compositions x =0.52 and 0.54 has
indicated that the crystal has transformed into rhombohedral
phase. Previously, a similar behavior was also observed with
increasing Zr content in PZT, PZT-PZN, PZT-PMMN, and PZT-SiO,
based ceramics [13-18].

Effects of Zr/Ti ratio on the microstructure of the
0.8Pb(Zr,Ti;_x)03-0.2Pb(Coy/3Nby3)03 ceramics are displayed in
Fig. 2. The grain size of the ceramics varies considerably from
1.00 to 11.31 pum, as listed in Table 1. However, the average grain
size only slightly increases with increasing Zr content. Since the
grain size of PZT-based materials strongly depends on the compo-
sition ratio, nucleation energy, and growth energy, the composi-
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Fig. 1. XRD patterns of 0.8Pb(Zr,Ti;_,)03-0.2Pb(Co;;3Nb,/3)03 ceramics; (a) with
x=0.46, 0.48, 0.50, 0.52 and 0.54, (b) the (200) and (002) peaks profile at various
Zr|Ti ratios and (c) coexistence of tetragonal/rhombohedral phases at x=0.50
composition.

tions with lower Zr content need higher growth energy. This
trend is similar to those reported in the literature [14,20]. Since
the microstructure of all compositions does not differ significantly,
it should not play an important role in controlling electrical prop-
erties of this ceramic system.

Temperature dependences of the dielectric constant (¢;) and
dielectric loss tangent (tand) of the 0.8Pb(ZrxTi;_x)03-0.2Pb(Coy3
Nby/3)0; ceramics are displayed in Fig. 3. At room temperature
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Fig. 2. SEM micrographs of 0.8Pb(Zr,Ti;_,)03-0.2Pb(Co,;3Nb,/3)03 with increasing Zr content: (a) x = 0.46, (b) x = 0.48, (c) x = 0.50, (d) x=0.52, and (e) x = 0.54.

Table 1

Physical properties of 0.8Pb(Zr,Ti;_x)03-0.2Pb(Co;/3Nb,/3)03 ceramics

Zr|Ti Density Grain size range Average grain size
ratio (g/cm?) (um) (um)

46/54 7.93 £ 0.05 1.21-10.99 434

48/52 7.94 +0.05 1.19-10.21 4.36

50/50 7.95 + 0.05 1.41-11.12 4.54

52/48 7.91 +0.05 1.38-11.31 4.66

54/46 7.93 £0.05 1.00-9.20 4.72

(RT), with increasing Zr content, the dielectric constant and tané
tend to increase because the transition temperature of the ceram-
ics shifts towards RT; hence, the value of the dielectric properties
measured at RT increases, as listed in Table 2. Many previous
works on PZT-PZN, PZT-PNN, and PZT-PMN have reported a sim-
ilar behavior [4-6]. The maximum dielectric constant (&max) at
1 kHz is also listed in Table 2. The gg.x increases at Zr=0.46,

70000

~ 60000 -

50000 -

40000 -
30000 -

20000 -

Relative Permittivity(€
g
]

260 280 300 320 340 360
Temperature (°C)

Fig. 3. Temperature dependences of dielectric properties of 0.8Pb(ZryTi;_y)O3-
0.2Pb(Co4/3Nby/3)03 ceramics, where x = 0.46, 0.48, 0.50, 0.52, and 0.54.
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Table 2
Dielectric properties of 0.8Pb(Zr,Ti;_x)03-0.2Pb(Co4/3Nb,/3)05 ceramics

Zr[Ti ratio Dielectric properties (at 1 kHz)

Tligresz ERT tané Brresz tané Y o
46/54 321 835 0.0437 38,580 0.9232 1.71 15.98
48/52 318 875 0.0467 38,630 0.8548 1.65 15.64
50/50 310 929 0.0484 66,590 0.7797 1.52 15.41
52/48 304 951 0.0547 38,150 0.7302 1.86 16.75
54/46 301 979 0.0657 47,200 0.6215 1.89 16.82

0.48 and 0.50 and then decreases at Zr = 0.52 and 0.54, whereas
tané tends to decrease with increasing Zr content, clearly indicat-
ing the maximum dielectric constant at MPB composition of
Zr[Ti=50/50. In addition, a clear transition in Ty.x (defined as
the temperature at which ¢, is maximum at 1 kHz) is observed. It
is noticed that an increase in Zr mole fraction leads to a decrease
in Thax most likely due to crystal structure of the materials was
changed from tetragonal to rhombohedral, as shown in XRD
patterns in Fig. 1. This result suggests that the transition tempera-
ture of 0.8PZT-0.2PCN system can be varied over a range from 301
to 321°C by controlling the Zr/Ti ratio in the system. Similar
behavior is also reported in previous works [13-18].

To further understand the dielectric behavior of the PZT-PCN
system, the permittivity of a first-order normal ferroelectric can
be described by the Curie-Weiss law and a second-order relaxor
ferroelectric can be described by a simple quadratic law [21]. This
arises from the fact that the total number of relaxor contributing to
the permittivity response in the vicinity of the permittivity peak is
temperature dependent, and the temperature distribution of this
number is given by a Gaussian function about a mean value Ty with
a standard deviation . The relative permittivity can be derived via
using the following equation:

&m . (T=Tu())
e(f.,T)*H 26°

where &, is the maximum value of the permittivity at T = Ty,(f). The
value of 7y is the expression of the degree of dielectric relaxation,
while ¢ is used to measure the degree of diffuseness of the phase
transition. In a material with a “pure” diffuse phase transition, y
is expected to be 2 [10]. As listed in Table 2, the values of y vary
with Zr/Ti ratio between 1.52 and 1.89, which confirms that diffuse
phase transition occurs in the PZT-PCN system. It is important to
note that in perovskite ferroelectrics it has been established that y
and § can be affected by Zr/Ti ratio and structure of the materials.
The values of y and J§ decrease with increasing Zr from 0.46 to
0.50 mol%, and then increase when Zr content increases further,
as tabulated in Table 2. It is interesting to observe that the phase
transition is least diffused at MPB, possibly due to a sharp increase
of dielectric permittivity at MPB. A similar behavior has also been
observed in PZT-PZN systems [16].

The Polarization-Electric field (P-E) hysteresis loops of
0.8Pb(Zr,Ti;_x)03-0.2Pb(Coq/3Nb2/3)03 ceramics measured at
15 kV/cm are presented in Fig. 4. To assess effect of Zr/Ti ratio on

(1)

Table 3
Ferroelectric properties of 0.8Pb(Zr,Ti;_)03-0.2Pb(Coq/3Nb,/3)03 ceramics
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Fig. 4. P-E loops of 0.8Pb(Zr,Ti;_x)03-0.2Pb(Coy/3Nb,/3)03 ceramics, where x = 0.46,
0.48, 0.50, 0.52, and 0.54.

ferroelectric characteristics of 0.8PZT-0.2PCN ceramics, the ferro-
electric parameters have been extracted from the experimental
data, as summarized in Table 3. The remnant polarization (P;)
and coercive field (E.) increase with increasing Zr content. How-
ever, the decrease in the remnant polarization at x=0.54 could
be caused by Zr-rich rhombohedral phase in this composition
[22]. The ferroelectric parameters have been normalized in forms
of P./Pmax and E¢/Enax values, where Py, is the polarization value
at the maximum applied field (Eax). These normalized values
are also listed in Table 3. It can be seen that P,/P,.x increases with
increasing Zr content and reaches the maximum values at
Zr/Ti=50/50 composition and then decreases, while E./Eqyax
increases with increasing Zr content. Furthermore, the ferroelectric
characteristics can be assessed with the hysteresis loop squareness
(Rsq) [19], which can be calculated from the empirical expression
Rsq = (Pt/Ps) + (P1.1£./Ps), where Ps is the saturated polarization ob-
tained at some finite field strength below the dielectric breakdown
and P 4, is the polarization at the field equal to 1.1E.. For the ideal
square loop, Ryq is equal to 2.00 [23]. As listed in Table 3, the loop
squareness parameter Ryq increases from 0.90 in Zr/Ti = 54/46 to
reach the maximum value of 1.49 in Zr/Ti=50/50 and then de-
crease to 1.45 in Zr/Ti=46/54. As is well known, the values of
the dielectric and ferroelectric properties of a solid solution with
MPB usually maximize approximately at the MPB composition. It
is seen that the highest Ryq at Zr/Ti of 50/50 indicates the MPB of
this system. This behavior has also been found in previous investi-
gation [14]. This observation could be due to easy polarization
rotation in the MPB region with coexistence of the tetragonal
and rhombohedral phase [14]. Fig. 5 summarizes the dielectric
and ferroelectric properties of 0.8Pb(Zr,Ti;_x)03-0.2Pb(Coy/3Nby/3)03
with various Zr/Ti ratios. Clearly, substantial changes of the electri-
cal properties are observed at Zr/Ti ratio of 50/50, which confirm
the MPB of this ceramic system at Zr/Ti =50/50. An anomaly of
electrical properties at the MPB has also been observed in solid
solutions of PZT-PNN, PZT-PZN, and PZT-PMN [4-7,24].

Zr/Ti ratio Ferroelectric properties
P, (uC/cm?) P; (uC/cm?) E. (kV/cm) P./Prax Ec/Emax Loop squareness (Rsq)
46/54 1.00 1.25 5.23 0.33 0.35 0.90
48/52 2.09 2.48 6.78 0.46 0.45 1.00
50/50 12.91 13.71 8.89 0.93 0.60 1.49
52/48 26.16 27.75 9.50 0.93 0.65 1.47
54/46 21.34 22.91 9.65 0.92 0.66 1.45
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and normalized é&n,ax, J, and y with various Zr/Ti ratio.

4. Conclusions

In this study, ceramics in the 0.8Pb(ZrTi;_x)O3-0.2Pb(Coq3
Nb,/3)05 system, x =0.46, 0.48, 0.50, 0.52, and 0.54, are success-
fully prepared by a solid-state mixed-oxide technique. The XRD
analysis indicates that the tetragonal and rhombohedral phases
coexist around Zr/Ti = 50/50. The surface micrographs show that
average grain size slightly increases with increasing Zr content.
At 1 kHz, the maximum dielectric constant (&max) of 65,600 is ob-
served at Zr/Ti = 50/50. However, the diffusivity () and diffuseness
parameter (4) reach minimum at Zr/Ti = 50/50. Moreover, the fer-
roelectric parameters; remnant polarization (P;) and coercive field
(E.), increase with increasing Zr content, while the highest loop
squareness (Rsq) of 1.49 is observed at the MPB composition. Most
importantly, a combination of XRD analysis, dielectric and ferro-
electric measurements shows that the MPB between the tetragonal
and rhombohedral phases exists around Zr/Ti ratio of 50/50. Final-

ly, this study shows that the Zr/Ti ratio could be used to tailor elec-
trical properties in PZT-PCN ceramics.
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Abstract Ceramics in the solid solution of (1 — x)Pb
(Zn oW 1,2)O3—xPb(Zr( 5Tip5)O5 system, with x = 0.80,
0.85, 0.90, and 0.95, were synthesized with the solid-state
reaction technique. The perovskite phase formation in the
sintered ceramics was analyzed with X-ray diffraction. It
shows that the rhombohedral and the tetragonal phases
coexist in the ceramic with x = 0.90, indicating the mor-
photropic phase boundary (MPB) within this pseudo-binary
system. Dielectric and ferroelectric properties measure-
ments indicate that the transition temperature decreases
while the remanent polarization increases with the addition
of Pb(Zn;,,W,5)O3. In the composition of x = 0.85 which
is close to the MPB in the rhombohedral side, a high pie-
zoelectric property with d;; = 222 pC/N was observed.

Introduction

Lead-containing perovskite ferroelectrics are of great
importance to engineering technologies due to their unique
dielectric and piezoelectric properties [1]. Lead zirconate
titanate, Pb(Zr,_,Ti )O3, is the most studied system for
piezoelectric applications in transducers and actuators [1-4].
The best piezoelectric properties are found in compositions
close to the morphotropic phase boundary (MPB), roughly
Pb(Zry5Tip5)03 [1]. To further enhance their piezoelectric
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properties, other complex compounds have been incorpo-
rated into the Pb(Zrg 5Tio 5)O3, such as Pb(Ni;;3Nb,3)3 [5],
Pb(Zn;/3Nb,/3)05 [6], Pb(Mg,,3Nby/3)O5 [7], and Pb(Mg
W12)05 [8].

Lead zinc tungstate, Pb(Zn;,W,,)O3, is a complex
perovskite compound with Zn>" and W®" ordered on the
B-site of the ABO; perovskite lattice [9]. When cooling
through the Curie temperature of 130 °C, it transforms from
the cubic to a tetragonal structure. However, whether
the tetragonal phase is ferroelectric or antiferroelectric
is still unknown [9]. It should be noted that perovskite
Pb(Zn,,W;,5)O5 can only be synthesized under high pres-
sure [10]. The conventional solid-state reaction method
invariably leads to the mixture of Pb,WOs and ZnO
[11]. To the authors’ knowledge, the complex perovskite
Pb(Zn,,W )O3 has not been reported in literature to be
incorporated into Pb(Zr;_,Tiy)O3 for solid solutions. In
addition to identifying the MPB and investigating the
dielectric, piezoelectric, and ferroelectric properties in the
(1 — )C)Pb(ZIl1/2W1/2)03—XPb(ZI'0'5Ti0_5)O3 solid solution
system, the present study aims to determine the solubility
limit of Pb(Zn;,»,W,,)O3 in Pb(Zr( 5Tiy5)O3 and to explore
if long range cation order can be developed in
Pb(Zry 5Tip5)O3-based solid solutions [8].

Experimental

Ceramics in the (1 — x)Pb(Zn]/2W1/2)03—be(Zr0,5Ti0_5)O3
pseudo-binary system with x = 0.80, 0.85, 0.90, and 0.95
were prepared with a two-step reaction method. First,
powders of ZnWO, and ZrTiO, were synthesized. The
ZnWO, precursor was formed by reacting ZnO (99.9%)
with WOj3 (99.9%) at 1000 °C for 4 h while the ZrTiO4
precursor was formed by reacting ZrO, (99%) with TiO,
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(99.9%) at 1400 °C for 4 h. Appropriate amount of ZnWO,
and ZrTiO4 were then mixed with PbO (99.9%, with
2 mol% excess) and milled, dried, and calcined at 900 °C
for 4 h. The green compact of ceramics was formed by
uniaxially pressing powders containing 2 wt% polyvinyl
alcohol binder. Sintering was carried out at temperatures
between 1100 and 1175 °C. To prevent PbO loss from the
pellets, a PbO atmosphere was provided with a bed of
PbZrO; powder placed in the vicinity of the pellets.

The density of the ceramics was measured by the
Archimedes method, and the grain size was examined by
scanning electron microscopy (SEM). The X-ray diffraction
was used to verify the phase purity and determine the crystal
structure. The ceramic pellets were polished and then
electroded with gold for dielectric measurements. The
samples were heated from room temperature at 2 °C/min for
the measurement. For the piezoelectric measurement, sam-
ples were poled under 30 kV/cm for 10 min at 120 °C. The
piezoelectric coefficient dz3 was measured using a d33 meter
24 h after poling. The polarization hysteresis measurement
was carried out with a standardized ferroelectric test system
at room temperature with a frequency of about 4 Hz.

Results and discussion

The measured density of the sintered ceramic pellets in the
pseudo-binary system (1 — x)Pb(Zn;,,W,2)O3—xPb(Zrg 5
Tig5)O;5 is listed in Table 1. The relative density for all
the pellets was found to be above 90%. The addition of
Pb(Zn,,,W,,,)O3 seems to enhance the sinterability of the
solid solution ceramics. SEM micrographs of the fracture
surfaces of the ceramic pellets are shown in Fig. 1. It can be
seen that grains are uniform with clear grain boundaries. The
average grain size determined from these micrographs is also
listed in Table 1. Obviously, incorporating up to 10 mol% of
Pb(Zn;,,W,,5)O3 into Pb(Zry sTiy 5)O3 significantly increa-
ses the grain size. However, beyond 10 mol%, it appears to
show the opposite effect.

X-ray diffraction patterns of the (1 — x)Pb(Zn;,W,»)
O3—xPb(Zry 5Tig 5)O3 solid solution ceramics are presented
in Fig. 2. Within the detection limit of the diffractometer,

Table 1 Characteristics of the sintered (1 — x)Pb(Zn;,W;,2)O3—
xPb(Zr 5Tip5)O5 ceramics

X Relative density (%) Grain size (um)
0.80 95 11.5
0.85 92 28.5
0.90 91 41.8
0.95 90 20.8

sintered ceramics are phase pure with the perovskite
structure with x down to 0.80. Further increase in
Pb(Zn,,W,,2)O5 content invariably leads to the formation
of second phases. Therefore, the solubility limit of
Pb(Zn1/2W],2)O3 in Pb(zro_sTioj)Og, is 20 mol%. Further-
more, the X-ray diffraction data in the range of 15-20° for
20 (not shown in Fig. 2) did not display any diffraction
intensity peak, suggesting the absence of long range cation
order in these sintered ceramics [8].

Close examination indicates significant changes in the
pseudo-cubic (200). peak when composition varies, as
marked with the dashed box in Fig. 2. For the composition of
x = 0.95, the X-ray diffraction pattern shows an obvious
(200). peak splitting which is indicative of the tetragonal
symmetry of the perovskite structure. As the Pb(Zn,W )
O3 content increases in the solid solution, the (200). peak
transforms to a single peak which suggests a rhombohedral
distortion of the perovskite structure. The results show that a
morphotropic phase boundary (MPB), separating the rhom-
bohedral from the tetragonal phase, exists at x = 0.90 in the
pseudo—binary (1 — x)Pb(Zn1/2W1/2)03—be(Zr0A5Ti0.5)O3
solid solution system. It is interesting to notice that the phase
evolution sequence in the present Pb(Zn;,W;,)03—
Pb(Zr 5Tip 5)O5 system is very similar to that in the Pb(Ni, 3
Nby/3)03-Pb(Zr 5Tig5)O3 [5] and the Pb(Zn;;3Nby/3)03—
Pb(Zr( 5Tip 5)03 systems [6].

The temperature dependence of dielectric constant &,
and loss tangent tan ¢ measured at 1 kHz for the ceramics
are plotted in Fig. 3. It is shown that with increasing
Pb(Zn1,2W1/2)03 content in the (1 - x)Pb(Zn1/2W1,2)O3—
xPb(Zry5Tig5)O3 solid solution, the paraelectric—ferro-
electric transition temperature 7T, decreases continuously.
Overall, all the ceramics show very high dielectric per-
mittivity. The dielectric constant at T,,, denoted as &,
hereafter, shows the highest value of 38410 in the com-
position of x = 0.90. This composition, as revealed by the
X-ray diffraction patterns shown in Fig. 2, is the MPB
composition. Therefore, the results from the dielectric
measurement are in support of the x-ray diffraction data.
The values of Ty, and &, for the ceramic series are listed in
Table 2 for clarity.

It is also noticed from Fig. 3 that the paraelectric—fer-
roelectric transition peak becomes broadened slightly with
increasing Pb(Zn;»W;,,)O3 content. In addition, a new
dielectric anomaly emerges around 260 °C in the compo-
sition of x = 0.80. Detailed comparison of the dielectric
constant under different measuring frequencies between
compositions of x = 0.80 and 0.95 is shown in Fig. 4. A
weak frequency dependence is seen in the dielectric
constant.

The broadened dielectric peak suggests that the dielec-
tric constant ¢, at temperatures above Ty, should follow a
general expression [5, 12]:

@ Springer
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Fig. 1 SEM micrographs
revealing the fracture surfaces
of (1 — x)Pb(Zn;2W1/2)O03—
xPb(Zr( 5Tig 5)O3 ceramics.
ax =0.80,bx=0.85,
cx=090,dx=0.95

(110)

(211)

Intensity (a.u.)

20 30 40 50 60 70
20 (degree)

Fig. 2 X-ray diffraction spectra for the sintered (1 — x)Pb(Zn,W,,)
O5-xPb(Zr( 5Tip 5)O5 ceramics. The intensity peaks are index with the
pseudo-cubic perovskite structure. The (200), peak in the dashed box
reveals the change of distortion

€m

[T — Ty
— =1 4+
& 26*

where 7y is a parameter indicating the degree of dielectric
relaxation while the parameter 6 can be used to evaluate
the degree of the diffuseness of the phase transition. When
y =1, Eq. 1 becomes the Curie-Weiss law, while for
y = 2 this equation becomes the quadratic relationship
describing the classic relaxor ferroelectric Pb(Mg,3Nby/3)
O3 [13]. According to Eq. 1, the values of In [(ey/e) — 1]
are plotted against In (7" — T,) in Fig. 5 for all the sintered

()
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Fig. 3 Dielectric constant ¢, and loss tangent tan ¢ as a function of
temperature measured at 1 kHz during heating in the (1 — x)Pb(Zn,,»
W1/2)03—be(Zr0_5Ti0_5)03 ceramics

Table 2 Dielectric and piezoelectric properties of the (1 — x)Pb(Zn;,,
W1/2)03—be(Zr0'5Ti0A5)03 ceramics

X &m Tm (OC) Y g d33 (PC/N)
0.80 24930 287 1.55 8.07 142
0.85 28730 297 1.55 7.50 222
0.90 38410 306 1.53 7.39 188
0.95 33480 331 1.43 6.13 136

ceramics, using the data obtained at 1 kHz. Remarkably
good linearity within the measurement temperature range
above Ty, is evident. Using the intercept and the slope of
the fitted lines in Fig. 5, y and § for each composition are
determined and listed in Table 2. It is found that with
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Fig. 4 Dielectric constant ¢, as a function of temperature measured
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Fig. 5 The In [(en/e;) — 1] vs. In (T — T,) plot for the (1 — x)Pb
(Zn,W1/2)03—xPb(Zr( 5Tig 5)O3 ceramics

increasing amount of Pb(Zn;»W;,,)O3 in the (1 — x)Pb
(Zn1poW1,2)03—xPb(Zry 5Tip5)O3 solid solution, both the
relaxation parameter y and the diffuseness parameter
increases. This is indicative of an increasing degree of
disorder of the electrical dipole moments in the solid
solution ceramics.

The piezoelectric property of the poled ceramics was
measured at room temperature with a quasi-static d;; meter
and is also listed in Table 2. The highest ds3 value (222 pC/
N) is found in the ceramic of 0.15Pb(Zn;,W,,»)O3—
0.85Pb(Zry5Tig5)03, a composition close to the MPB in
the rhombohedral side. Optimizing processing conditions is
expected to further increase the piezoelectric property.

P (uC/cm?)

20 30

-30 -20 -10

o
—
o

E (kV/cm)

Fig. 6 Polarization versus electric field hysteresis loops measured at
room temperature at 4 Hz in the (1 — x)Pb(Zn;,W;,,)05—
xPb(Zrg 5Tig 5)O5 ceramics

Finally, the ferroelectric properties of the sintered
ceramics were evaluated with the electrical polarization
versus field hysteresis loop measurements. As shown in
Fig. 6, all samples exhibit a profound hysteretic behavior.
In the ceramic of 0.05Pb(Zn;,»W;,2)03—0.95Pb(Zrg 5
Tip.5)O3, a non-saturated hysteresis loop is observed at a
peak electric field of 30 kV/cm. However, saturated loops
are seen in ceramics with a higher content of Pb(Zn;,
Wi,,)05. In addition, the remanent polarization P, is
observed to increase dramatically with increasing Pb(Zn,,,
Wi12)O3 content. In the ceramic with composition of
x = 0.80, P, reached 33.6 uC/cm2. The shape of the fer-
roelectric hysteresis loop can be quantitatively assessed
with the so-called squareness parameter R, defined pre-
viously in literature [14]:

()< () >

where P is the saturation polarization, E, is the coercive
field, Py g, is the polarization at the field of 1.1E.. For a
perfect square loop, Ry is equal to 2.00. With the data
presented in Fig. 6, the loop squareness parameter Ry, is
calculated. The result is listed in Table 3, together with
the remanent polarization P, and the coercive field E..
Incorporating Pb(Zn;,W,,)O; obviously enhances the
ferroelectric properties significantly.

sq»

Conclusions
Phase pure perovskite ceramics in the (1 — x)Pb(Zn,W )

O3-xPb(Zry5sTip5)O3 system can be prepared with
the solid-state reaction method with up to 20 mol% of
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Table 3 Ferroelectric properties of the (1 — x)Pb(Zn;/,W;,5)O3—
xPb(Zr 5Tig5)O5 ceramics

x P, (uC/cm?) E. (kV/cm) Ry

0.80 33.6 10.1 1.24
0.85 28.4 8.2 1.36
0.90 19.2 7.8 1.20
0.95 8.4 114 0.66

Pb(Zn,,W,,2)0;3. In the composition range for a stable
perovskite structure, the MPB composition is identified at
x = 0.90. This MPB separates the tetragonal phase from the
rhombohedral phase. At the MPB composition, a remark-
ably high dielectric constant ¢&,, of 38410 is observed at the
ferroelectric transition temperature 7,,. In the ceramic of
O.15Pb(Zn1/2W1/2)03—0.85Pb(Zr0,5Ti0,5)O3, a composition
in the rhombohedral side of MPB, the best piezoelectric
property (dsz3 = 222 pC/N) is detected. Furthermore, the
addition of Pb(Zn1,2W1,2)03 in Pb(ZI‘O.5Ti0'5)O3 dramati-
cally enhances the ferroelectric properties, manifested
by the large increase in the remanent polarization and
the hysteresis loop squareness parameter. Therefore, the
(1 — x)Pb(Zn1,,W1,5)O3—xPb(Zr 5Tip5)O5 solid solution
offers a new material system for various device applications.
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The influences of compressive stress and aging on dielectric properties of undoped and Fe-doped sodium
bismuth titanate (NBT) ceramics were investigated. The dielectric properties were decreased significantly
with the compressive stress applied parallel to the electric field direction, while the changes were
reversed with the stress applied perpendicularly. In addition, lower changes of the dielectric properties
with stress were observed in Fe-NBT ceramics, likely caused by an enhanced relaxor characteristic with
the acceptor doping, which also reduced the aging rate in the ceramics. Finally, the aging behavior
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in both ceramics was found to decrease with frequency, a result of the pinning of the polarization
components. These observations clearly confirmed the role of the acceptor dopant in enhancing the
relaxor ferroelectric characteristics in the NBT-based ceramics.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Sodium bismuth titanate, Nags5Big5TiO3 (NBT), and NBT-based
ceramics are currently considered as a potential lead-free ferro-
electric material to replace the widely used lead-based perovskite
materials because of lead-free control atmosphere and lack of lead
pollution [1-10]. While several previous investigations have sug-
gested that the NBT exhibits strong ferroelectric properties with
a large remnant polarization, P, = 38 uC/cm?, and a phase tran-
sition point from ferroelectric to antiferroelectric should occur
above 200°C, many experiments do not confirm this hypothe-
sis [1,2,4,10]. At present researchers accept that rather coexistence
of rhombohedral and tetragonal phases takes place above 200 °C,
not antiferroelectric [11]. In addition, this material system has been
investigated in terms of variation in their dielectric and piezoelec-
tric properties due to processing conditions, various dopants, and
the formation of solid solution with other compounds [2,4-7,9,10].

Piezoelectric and ferroelectric ceramics are widely used in de-
vices such as actuators and transducers. However, when they are
used in devices, these ceramics are often subjected to self-induced
or under environmental stresses. A prior knowledge of the effects

* Corresponding author at: School of Physics, Institute of Science, Suranaree Uni-
versity of Technology, Nakhon Ratchasima 30000, Thailand.
E-mail address: rattikornyimnirun@yahoo.com (R. Yimnirun).

0375-9601/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.physleta.2009.02.065

of stresses on the material properties is crucial for proper design
of a device and for suitable selection of materials for a specific
application. Therefore, it is very important to obtain experimental
data, as well as to better understand how these materials behave
under stress [12-15]. Recently, the compressive stress dependence
of dielectric properties has been studied in lead-based ferroelectric
materials [16-23]. Interestingly, there have been many previous re-
ports on the electrical properties of NBT-based ceramics [4-9], but
there has been no systematic study on the influence of an applied
stress on the dielectric properties of the NBT ceramics. Earlier in-
vestigations have already revealed significance of stress-induced
ferroelectric phase transition, and domain structure and birefrin-
gence in NBT single crystals and NBT-based ceramics [24-31]. In
addition to practical implication of stress influence, aging, usually
regarded as an unwanted effect [32-35], has also been a subject of
interest in lead-free materials, as it has been reported that aging
of piezoelectric properties of lead-free materials is dramatic, hence
limiting their potential uses in many applications [36-42]. Though
aging behavior has been investigated extensively in lead-based ma-
terials [33,43-47], the aging behavior of the dielectric properties of
NBT-based ceramics has yet to be reported.

Therefore, this study is aimed to examine the dielectric prop-
erties of the NagsBipsTiO3 ceramics as a function of compressive
stress applied parallel and perpendicular to an electric field direc-
tion. Aging behavior of the dielectric properties of the ceramics
is also investigated. This study is also extended to Fe-doped NBT
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Fig. 1. Relative changes of dielectric constant (&;) and relative changes of dielectric loss tangent (tan §) (inset) for NBT and Fe-NBT ceramics with compressive stress applied
parallel (a) and perpendicular (b) to an electric field direction (measured at 25°C and 10 kHz). Solid lines indicate changes during loading, and dotted lines indicate changes

during unloading. Opposite trends are observed in the two stress directions.

ceramics since it is well established that lower-valence doping en-
tails aging and previous investigations already showed significantly
different responses to stress in undoped and doped (both lower-
valence and higher-valence) lead-based materials [18,19,22,23].
Therefore, it is of very interest to also conduct the same experi-
ments in the Fe-doped NBT ceramics.

2. Experimental

In this study, NagsBip5TiO3 (NBT hereafter) and Fe-doped
Nag5Big5TiO3 (Fe-NBT hereafter) powders were prepared from
binary oxides and carbonate, i.e. Bi;O3 (>98%, Fluka), NayCOs3
(99.5%, Carlo Erba), TiO; (>99%, Riedel-de Haén) and Fe,03 (99.9%,
Fluka) with the nominal composition NagsBig5Ti1_xFexO3_g.sx,
where x = 0.0 and 0.015. The powder mixtures were ball milled in
ethanol using zirconia milling media for 24 h, calcined at 800°C
for 2 h. The calcined powders were re-ground using agate mortar
and pestle, sieved, pressed into pellets and sintered at temperature
of 1050°C for 2 h. Detailed preparation process is given else-
where [48]. The sintered specimens were then cut as rectangular

bars (typical dimensions 6 x 2 x 2 mm?) and lapped to obtain par-
allel faces. After coating with silver paint as electrode, the effects
of the compressive stress on the dielectric properties of the aged
ceramics (the specimens were left at 25°C for 4 weeks to achieve
a fully aged state) were investigated with the compressometer.
The compressive stress was applied both parallel and perpendic-
ular to an electric field direction [49,50]. The low-field dielectric
properties were measured by LCR-meter (Instrek LCR-821) with
applied voltage of 1 V. The room temperature (25°C) dielectric
constant and dielectric loss tangent were determined at frequency
10 kHz. For aging study, the samples were heated to 550°C and
kept for 30 min to remove the aging effect and ensure them to
start from unaged states. Then, they were immediately cooled to
room temperature. The aging effect was characterized by measur-
ing the changes in the dielectric properties with aging time.

3. Results and discussion

By X-ray diffraction method, both NBT and Fe-NBT ceramics
were single phase with a rhombohedral structure. SEM micro-
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Table 1
Room temperature stress-free dielectric properties and fitting parameters of Eq. (1) to the data in Fig. 3.
Ceramic Stress-free (10 kHz) Ko Kq T (second)
&r tané 1 kHz 10 kHz 100 kHz 1 kHz 10 kHz 100 kHz 1 kHz 10 kHz 100 kHz
NBT 595 0.0269 616.4 576.4 533.5 374 29.4 20.2 8530 19062 20762
Fe-NBT 640 0.0224 679.2 635.5 588.9 28.5 26.4 19.6 8817 22890 29469
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Fig. 2. Dielectric constant and dielectric loss tangent (inset) aging at 25°C and 10 kHz for NBT and Fe-NBT ceramics. The solid lines are the fitting of the data with Eq. (1).

Apparently, dielectric constant of NBT ages more quickly than that of Fe-NBT.

graphs revealed dense and well developed grain morphology with
almost no porosity and the measured density of about 92-95% of
the theoretical value [48]. For the Fe-doped NBT, the defect equa-
tion could be written as the following: Fe;03 = 2Fe/Ti + 30’(‘) + Vg
It has to be noted that the defect reaction only assumed ionic
defect compensation. In addition, it was assumed that Fe ions pref-
erentially substituted Ti sites. The latter assumption was based on
the fact that the ionic radius of Fe ion (rgj =0.69 A) was much
closer to the ionic radius of Ti ion (r}li+ =0.61 A) than those of
Bi ion (r3t ~1.38 A) and Na ion (ry, = 1.39 A). Therefore, one
could expect defect complexes 2Fe; — V&, which should facilitate
the aging effect associated with acceptor doping on B site based on
the symmetry-conforming principle of point defects, as reported in
previous investigations [40,41,51].

The room temperature dielectric properties at 10 kHz of NBT
and Fe-NBT ceramics as a function of compressive stress applied
parallel and perpendicular to the electric field direction are de-
picted in Fig. 1(a) and (b), respectively. For better comparison, the
dielectric properties of each ceramic under stress are normalized
to the stress-free values, which are listed in Table 1. Clearly, there
are observable changes of both the dielectric constant and the di-
electric loss tangent with stress, in both cases of the compressive
stress being applied either parallel or perpendicular to the elec-
tric field direction. For the case of stress parallel to the electric
field direction, the dielectric constant and dielectric loss of both
NBT and Fe-NBT ceramics are seen to significantly decrease with
stress (10-15% for dielectric constant and 35-45% for dielectric loss
at maximum stress), as displayed in Fig. 1(a). The cause of the de-
crease in the dielectric properties is likely from the clamping of
the domain walls under the compressive stress, which results in a
decrease of domain wall mobility and significantly reduced dielec-
tric constant and dielectric loss [16-20]. In addition, a significant
decrease in the dielectric properties after a full cycle of stress ap-

plication is attributed to the stress induced decrease in switchable
parts of domains at high stress [18-23]. The results obtained in this
study are in parts similar to those for BT, PZT, PMN-PZT, PIN-PT,
and PMN-PT systems in earlier investigations [16,17,19,23,49,50].
More interestingly, slightly lower changes of the dielectric prop-
erties with stress are observed in Fe-NBT ceramics. The cause for
this observation is possibly due to an enhanced relaxor character-
istic in Fe-doped NBT ceramics, as previously reported in La-doped
and Mn-doped PMN-PT ceramics [44,45], implying that the dop-
ing Fe ions (and their associated defect complexes) break the polar
regions to smaller size and reduce the crystal anisotropy in these
regions, hence lesser contribution from the domains and domain
walls [44,45]. This is consistent with other experimental results,
i.e. the aging rate is also reduced in Fe-NBT ceramics, which will
be discussed later.

For the case of stress applied perpendicular to the electric field
direction, as depicted in Fig. 1(b), the changes of the dielectric
properties with the stress are significantly different from the par-
allel stress case. Both the dielectric constant and dielectric loss
increase (however, only 0-3%) with the applied stress. Interest-
ingly, the results observed in this current study are in parts similar
to earlier studies on commercial PZT ceramics, PIN-PT, and PMN-
PT ceramics [19,22,23,49,50]. In this case, a combination of the
de-aging and the polarization re-orientation mechanisms is be-
lieved to be a reason for the increase of the dielectric properties
with stress. During aging process, some of the domain walls be-
come pinned by impurities and structural imperfections. When
a large enough stress is applied to the aged samples, it causes
structural changes and redistribution of impurities. As a result,
the domain walls that were pinned during aging can become ac-
tive again [19,22,23]. This de-aging can increase the dielectric re-
sponses, as seen in Fig. 1(b). The perpendicular stress can also
move some of the polarizations towards the electric field direc-
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Fig. 3. Frequency dependent dielectric constant aging at 25 °C for (a) NBT and (b) Fe-NBT ceramics. The solid lines are the fitting of the data with Eq. (1). The data show that

the relaxation time t increases with frequency in both ceramics.

tion, hence an increase in the dielectric constant with the applied
stress is observed [49,50]. An unexpected larger change of the di-
electric constant obtained for Fe-NBT ceramics is believed to be a
result of more easily polarization re-orientation process in the ce-
ramics with mobile oxygen vacancies (Vg©) [19,23].

The room temperature aging of the low-field dielectric constant
and dielectric loss of NBT and Fe-NBT ceramics is shown in Fig. 2.
It is obvious that the aging observed in these ceramics is not lin-
ear with logarithmic time. The linear logarithmic time law of the
aging successfully applied in normal ferroelectrics is related to the
relaxation of the domain structure in the material towards an equi-
librium configuration [43-45]. In a relaxor ferroelectric, deviation
of the aging behavior from the linear logarithmic time behavior is
a result of the lack of the macrodomain structure [44,45]. In this
case, the time dependence may follow the stretched exponential
law [36,38,39,44,45], which can be expressed, for small signal pa-
rameters, as

K = Koo + Ky exp[—(t/7)"] (1

where K., represents the part which is not time dependent and
the second term on the right-hand side of the equation represent

the time dependent part, which becomes zero as t — oo. The time
constant (relaxation time) 7 reflects the aging rate. As is evident
from the solid curves in Fig. 2, which are fitting to Eq. (1), the
stretched exponential function (however only slightly, as to say not
purely exponential) can describe the experimental data quite well
for NBT and FE-NBT ceramics, clearly confirming their relaxor fer-
roelectric behavior [1,2,4]. It should also be noted that the value
of v fitted from in Eq. (1) varies between 0.97-1.00 in all cases.
Previous investigations on PMN-PT ceramics [44,45] also reported
a similar value when the aging was determined away from their
transition temperatures, which is also the case for this present
study. Therefore, for better comparison, the value of v was fixed
at 1.00 to obtain the fitting parameters for the data in Figs. 2
and 3, as listed in Table 1. As shown in Fig. 2, it is noticed that
the Fe-NBT ceramics show slightly weaker dielectric properties
aging (larger relaxation time t) than the NBT ceramics. The in-
creased relaxation time t in Fe-doped NBT ceramics reflects an
increase in the activation energy for the motion of the micropo-
lar domains [44,45], which is consistent with the results on the
stress-dependent dielectric properties discussed above. This clearly
suggests that, as opposed to the aging behavior in normal fer-
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roelectrics, acceptor doping does not promote aging in lead-free
relaxor ferroelectrics.

Fig. 3 shows the frequency-dependent aging behavior of the
NBT and Fe-NBT ceramics. It is observed that in both ceramics
the aging rate decreases (relaxation time 7 increases) with mea-
suring frequency, as also listed in Table 1. While Ko, and Kj
decrease with the measuring frequency, K;/K~ does not change
very much in the experimental frequency range. To explain the
frequency-dependent aging behavior in NBT and Fe-NBT ceram-
ics, it has been previously proposed that the frequency depen-
dent aging could be a result of the pinning of the polarization
components which have low relaxation time or high activation
energy by the defect field [45,52,53]. In a relaxor ferroelectric,
local micropolar domains exist with the size of the domains dis-
tributing statistically over a broad range. The energy involved in
reorienting a polar microdomain under an internal defect electric
bias field Eg4ef is proportional to vPEg4es where P is the polar-
ization and v is the volume of the micropolar domain. There-
fore, the micropolar regions with large v which have longer re-
laxation times will be pinned more effectively by Eges than the
micropolar domains of smaller size, which have shorter relaxation
time. Similar observations have been reported in acceptor-doped
PMN ceramics, PMN-PT ceramics and BT-based ceramics [36-39,
43-45].

4. Conclusions

The dielectric properties of the NBT and Fe-NBT ceramics re-
sponded to the compressive stress applied parallel and perpen-
dicular to the electric field direction in opposite manner. A com-
bination of the clamping of the domain walls, the de-aging, and
the polarization re-orientation mechanisms seemed to be the ma-
jor factors causing the changes observed. In addition, enhanced
relaxor behavior as well as reduced aging rate in Fe-NBT sam-
ples was likely the main cause of the less dependence on stress
of the dielectric properties. Finally, the aging rate in both un-
doped and acceptor-doped NBT ceramics in this study was found
to decrease with frequency, indicating the pinning effect on po-
larization components. The applied slightly stretched exponential
law was also found to explain well this aging behavior. The results
of this study suggested that the relaxor ferroelectric characteristics
in the NBT-based ceramics could be enhanced by acceptor dop-
ing.
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Ceramics in a PZT-PCN system with the formula (1 —x)Pb(Zry,5Ti; /2)O3—(x)Pb(Cos,3Nby/3)03, wherex=0.0, 0.1,
0.2,0.3,0.4,0.5, and 1.0, were prepared using a solid-state mixed-oxide technique with columbite—CoNb,0g and
wolframite—ZrTiO4 precursors. The crystal structure of the specimens studied with X-ray diffraction (XRD)
analysis showed a coexistence between tetragonal and pseudo cubic phases at composition x=0.2. The SEM
micrograph showed that the average grain size significantly decreased with increasing PCN content. A maximum
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PZ}%—PCN dielectric constant was observed at composition x =0.2, while the transition temperature strongly decreased
MPB with increasing PCN content. All ceramics also showed diffused phase transition behaviors with a minimum
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diffusivity at x = 0.2. The morphotropic phase boundary (MPB) lay at the 0.8PZT-0.2PCN composition.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Lead zirconate titanate, PbZr; _Ti,O3 or PZT ceramics have been
investigated from both fundamental and applied viewpoints [1,2]. Most
commercial PZT ceramics are designed in the vicinity of the MPB with
various doping methods in order to achieve high properties [2-7].
Recently, many piezoelectric ceramic materials have been developed
from binary systems containing a combination of relaxor and normal
ferroelectric materials [4] that yield high dielectric permittivities (e.g.,
PZT-PNN [5], and PZT-PMN |6]), excellent piezoelectric coefficients
(e.g., PZT-PZN [7]), and high pyroelectric coefficients (e.g., PNN-PT-PZ
(8.

Lead cobalt niobate, Pb(Co;,3Nby,3)03 or PCN, which exhibits a
perovskite structure and a Curie temperature of ~—30 °C, is a relaxor
ferroelectric material with a high dielectric constant [9,10]. On the basis of
the above mentioned approach, solid solutions of PZT and PCN are
expected to synergistically combine the properties of both the normal
ferroelectric PZT and relaxor ferroelectric PCN, which could exhibit
electrical properties that are better than those of the single-phase PZT and
PCN [9-12]. Therefore, the overall purpose of this study is to determine
the phase formation, microstructure, and dielectric properties of ceramics
in a (1 —X)Pb(Zrl/2Ti1/2)Og—(X)Pb(C01/3Nb2/3)03 (Where x=0.0, 0.1,
0.2,0.3,0.4,0.5,and 1.0) system prepared with the columbite-wolframite
precursors method via a vibratory-milling technique.

* Corresponding author. Tel.: +66 54 466666x1716; fax: 466 54 466664.
E-mail address: Prasatkhetragarn@yahoo.com (A. Prasatkhetragarn).

0167-577X/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet.2009.02.063

2. Experimental procedure

In the present work, (1 —x)Pb(Zr;,5Ti;,2)03-(x)Pb(Coq,3Nby,3)03
samples with compositions of x=10.0,0.1,0.2, 0.3, 0.4, 0.5, and 1.0 were
prepared from ZrTiO4 [13], CoNb,Og, and PbO powders. PZT-PCN
powders were synthesized using the solid-state reaction of these raw
materials and mixed by a vibratory-milling technique in ethanol for
6 h. After drying, the product was calcined in an alumina crucible at a
temperature of 900 °C[14]. The calcined powders were uniaxially cold-
pressed at 2.5 t into disc-shaped pellets with a diameter of 12.7 mm
and a thickness of 1 mm, with 3 wt.% poly (vinyl alcohol) (PVA) added
as a binder. Following binder burnout at 500 °C, the pellets were
sintered at 1200 °C for 2 h at a heating/cooling rate of 5 °C/min [14].

The phase structure of the powders and ceramics were analyzed
via X-ray diffraction (XRD; Bruker-AXS D8). The microstructures of
the sintered samples were examined using scanning electron
microscopy (SEM; JEOL JSM-840A). The dielectric properties of the
samples were measured using an automated measurement system. An
Agilent 4284A LCR meter was used to measure the dielectric
properties over a wide temperature range using a NorECS ProboStat
high temperature measurement cell.

3. Results and discussion

The XRD patterns of (1 —x)PZT-(x)PCN ceramics with various x
values are shown in Fig. 1. The XRD data show a range in symmetry
between the tetragonal (JCPDS file no. 70-4057) and pseudo cubic
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Fig. 1. XRD patterns of (a) (1 —x)PZT-(x)PCN ceramics (where x=0, 0.1, 0.2, 0.3, 0.4, 0.5, and 1) and (b) (002)/(200) peak profile.

Fig. 2. SEM images of (1 —x)PZT-(x)PCN ceramics with various compositions: (a) x=0, (b) x=0.1, (c) x=0.2, (d) x=0.3, (e) x=04, (f) x=0.5, and (g) x=1.
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Table 1
Physical properties and dielectric properties of (1 —x)PZT-(x)PCN ceramics.

X value Physical properties Dielectric properties (at 1 kHz)
Density (g/cm>) Grain size range (pum) Average grain size (um) Tm (°C) ERT tan Ogr Em tan 6y Y [

0.0 793 3.68-18.55 10.93 392 685 0 26670 111 1.57 15.97
0.1 793 1.84-14.54 414 358 703 0.02 51700 0.864 153 15.55
0.2 7.95 1.25-10.94 3.79 310 758 0.05 65700 2.188 149 15.28
0.3 794 0.75-9.94 3.16 270 785 0.07 47100 1.716 1.65 16.13
0.4 792 0.44-9.94 248 229 945 0.11 37900 1.653 1.72 16.66
0.5 791 0.43-8.77 212 175 1508 0.12 27000 0.613 179 16.81
1.0 7.94 0.54-6.85 3.08 —-25 3905 144 3800 0.081 1.95 17.54

(ICDD file no. 04-002-0416) perovskite types [13,15]. It is clear that the
structure of the PZT-PCN compositions gradually changes from
tetragonal to pseudo cubic with increasing PCN content. However,
the 200 peak of pseudo cubic phase is first observed at composition
x=0.2, while 200 peak of tetragonal phase is also present in this
composition, as shown in Fig. 1(b). This observation is obviously
associated with the composition showing the coexistence of two
symmetries, which in this case are the tetragonal and pseudo cubic
phases. To a first approximation, it could be said that the composition
with x=0.2 is close to the MPB of the (1 —x)PZT-(x)PCN system.
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Fig. 3. Relative permittivity (&) of (1 —x)PZT-(x)PCN ceramics at 1 kHz.
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Fig. 4. Relationship of maximum transition temperature (T,) and composition
variation (x).

The SEM images in Fig. 2 reveal that the addition of PCN resulted in
significant changes in the microstructure of the ceramics. The images
also show that the grain size of the ceramics varied considerably from
0.43 to 18.55 pum (Table 1). However, the average grain size
significantly decreased with an increase in the content of PCN.
Interestingly, the density results can be correlated to the micro-
structure because high-density 0.8PZT-0.2PCN ceramics show high
degrees of grain close packing, whereas low—density 0.5PZT-0.5PCN
ceramics contain many closed pores.

Temperature dependences of the dielectric constant (&) of the (1 —x)
PZT-(x)PCN ceramics with various x values (x=0, 0.1, 0.2, 0.3, 04, 0.5,
and 1) are shown in Fig. 3. The &y,. increases from x =0 (pure PZT) and
shows maximum value at x=0.2 and then decreases from x=0.3 to 1.0,
clearly indicating the maximum dielectric constant at MPB composition
of x=0.2. In addition, a clear transition in T, decrease with increasing
PCN mole fraction, most likely because the crystal structure of the
materials was changed from tetragonal to pseudo cubic, as confirmed
with XRD patterns in Fig. 1. This result suggests that the transition
temperature of (1—x)PZT-(x)PCN system can be varied over a range
from —25 to 392 °C by controlling the PCN content in the system, as
shown in Fig. 4.

As listed in Table 1, all ceramics also showed diffused phase
transition behaviors with a minimum diffusivity () and diffuseness
parameter (6) at x=0.2. It is clear that the addition of PCN increases
the degree of disorder in (1 —x)PZT-(x)PCN over the compositional
range (x=0, 0.1, 0.2, 0.3, 0.4, 0.5, and 1), with the highest degree of
diffuseness exhibited in the pure PCN composition. Different dielectric
behaviors could also be caused by grain size variation [6,13], as noted
in Table 1. A similar behavior has also been observed in PZT-PNN [5],
PZT-PMN [6] systems.

4. Conclusions

In this study, ceramics within the (1—x)Pb(Zry,2Ti;,2)03-(x)Pb
(Co1/3Nby,3)03 solid solution system (where x=0.0, 0.1, 0.2, 0.3, 0.4,
0.5, and 1.0) were successfully prepared using a solid-state mixed-
oxide technique. The PZT ceramic was identified by XRD analysis as a
single-phase tetragonal perovskite, while the addition of PCN resulted
in a gradual shift from tetragonal symmetry to pseudo cubic
symmetry, with a possible MPB between the two phases located
near the 0.8PZT-0.2PCN composition. The SEM micrograph showed
that the average grain size significantly decreases with increasing PCN
content. At 1 kHz, a maximum dielectric constant was observed at
composition of x=0.2, while the transition temperature strongly
decreased with increasing PCN content. All ceramics also showed
diffused phase transition behaviors with a minimum diffusivity at
x=0.2.
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Dielectric and ferroelectric properties of complex perovskite lead zirconate titanate-lead nickel
niobate ceramic system were investigated under the influence of the compressive stress. The results
showed that the dielectric properties, i.e., dielectric constant (&,) and dielectric loss (tan &), and the
ferroelectric characteristics, i.e., the area of the ferroelectric hysteresis (P-E) loops, the maximum
polarization (P,,,), and the remanent polarization (P,) changed significantly with increasing
compressive stress. These changes depended greatly on the ceramic compositions. The experimental
results on the dielectric properties could be explained by the deaging phenomenon. The
stress-induced domain wall motion suppression and non-180° ferroelectric domain switching
processes were responsible for the changes observed for the ferroelectric parameters. In addition, a
significant decrease in those parameters after a cycle of stress was observed and attributed to the
stress-induced decrease in switchable part of spontaneous polarization. This study clearly showed
that the applied stress has significant influence on the electrical properties of complex perovskite

ceramics. © 2009 American Institute of Physics. [DOI: 10.1063/1.3106659]

I. INTRODUCTION

There has recently been a great deal of interest in lead
zirconate titanate-lead nickel niobate [Pb(Zr,_,Ti,)O;-
Pb(Ni,,sNb,/3)O5 or (PZT-PNN)] ceramics because of their
high longitudinal coupling coefficients, as well as good di-
electric and excellent piezoelectric properties.l_3 PZT is a
normal ferroelectric material, which has been extensively in-
vestigated in the literatures because of its high dielectric
properties and high piezoelectric coefficient. The high piezo-
electric properties of PZT have been observed for composi-
tions near the morphotropic phase boundary (MPB), i.e., at
lead zirconate (PbZrO; or PZ):lead titanate(PbTiOz or
PT)=O.52:O.48.4_6 PNN is a relaxor ferroelectric material
originally reported by Smolenskii and Agranovskaya.7 It ex-
hibits the excellent dielectric broadening and electrostrictive
properties and shows a diffuse phase transition around
—120 °C with a peak permittivity of about 4000 at 1 kHz.?

Practically, piezoelectric and ferroelectric ceramics are
often subjected to mechanical loading either deliberately in
the design of the device itself or because the device is used to
change shapes as in many smart structure applications or the
device is used under environmental stresses.” > A prior
knowledge of how the material properties change under dif-
ferent load conditions is crucial for proper design of a device
and for suitable selection of materials for a specific
application.lz’ls It is therefore important to determine the
properties of these materials as a function of applied stress.
Previous investigations on the stress-dependence electrical

¥ Author to whom correspondence should be addressed. Electronic mail:
muangjaiunruan @yahoo.com.
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properties of many ceramic systems emphasized the impor-
tance of the matter.'"'*"'3 Recently, the uniaxial stress de-
pendence of dielectric and ferroelectric properties has been
investigated in materials such as barium titanate (BT), lead
magnesium niobate (PMN), PMN-PT, PZT-BT, and
PMN-PZT.'**! The results clearly showed that the effects of
stress on the dielectric and ferroelectric properties depended
significantly on ceramic compositions and stress levels. In-
terestingly, there has been no systematic study on the influ-
ence of an applied stress on the dielectric and ferroelectric
properties of the PZT-PNN ceramics. Therefore, it is the aim
of this study to determine the dielectric and ferroelectric
properties of the (1-x)PZT-(x)PNN ceramics as a function
of compressive stress.

Il. EXPERIMENTAL

In this study, (1-x)PZT-(x)PNN (with x=0.1-0.5) ce-
ramics were prepared using the columbite precursor method.
The columbite structure (NiNb,Og) and wolframite structure
(ZrTi0,) were synthesized first. The calcined NiNb,Og and
ZrTiO, powders were mixed with PbO in a stoichiometric
ratio to form the composition (1-x)PZT-(x)PNN, with x
=0.1-0.5. For optimization purpose, the sintering was car-
ried out at temperatures between 1100 and 1250 °C for 4 h.
Details of the processing and characterizations were pro-
vided elsewhere.”

Before studying the electrical properties, the specimens
were lapped to obtain parallel faces. After coating with silver
paint as electrode at the faces, the specimens were heated at
750 °C for 12 min to ensure the contact between the elec-
trode and surface of ceramic. To study effects of the com-

© 2009 American Institute of Physics
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FIG. 1. (Color online) Relative changes in dielectric constant (g,) with
compressive stress for (1—x)PZT-(x)PNN ceramics (measured at 25 °C and
10 kHz; solid arrows indicate loading direction).

pressive stress on the dielectric and ferroelectric properties of
the ceramics, the compressometer was constructed.'®™® The
dielectric properties were measured by LCR meter (Instrek
LCR-821). The room temperature (25 °C) capacitance and
the dielectric loss tangent were obtained at frequency of 10
kHz under compressive stress. The dielectric constant was
then calculated from a parallel-plate capacitor equation, e.g.,
g,=Cd/gyA, where C is the capacitance of the specimens, d
and A are respectively the thickness and the area of the elec-
trode, and g, is the dielectric permittivity of vacuum
(8.854 X 107'* F/m).

The ferroelectric hysteresis (P-E) loops were character-
ized by using a computer controlled modified Sawyer—Tower
circuit. The electric field was applied to a sample by a high
voltage ac amplifier (Trek, model 610D) with the input sinu-
soidal signal with a frequency of 50 Hz from a signal gen-
erator (Goodwill, model GAG-809). The ferroelectric hyster-
esis (P-E) loop was recorded at room temperature (25 °C)
for both loading and unloading conditions. The parameters
obtained from the loops were the maximum polarization
(Ppmax), the remanent polarization (P,), and the coercive field
(E.), which were defined as the points where the loops reach
the maximum polarization, cross the zero field, and cross the
zero polarization, respectively.

lll. RESULTS AND DISCUSSION
A. Dielectric properties under stress

The experimental results of the compressive stress de-
pendence of the dielectric properties during loading and un-
loading for the ceramics in PZT-PNN system are displayed in
Figs. 1 and 2. For better comparison, the dielectric properties
of each composition under stress are normalized to the
stress-free values. Clearly, there is a considerable change in
both the dielectric constant and the dielectric loss tangent
with the compressive stress. As depicted in Fig. 1, the dielec-
tric constant is seen to increase with increasing stress in all
compositions. The increase in the dielectric constant varies
from approximately 4%-14% in the near pseudocubic re-
laxor ferroelectric 0.5PZT-0.5PNN and tetragonal ferroelec-

J. Appl. Phys. 105, 084111 (2009)
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FIG. 2. (Color online) Relative changes in dielectric loss tangent (tan )
with compressive stress for (1-x)PZT-(x)PNN ceramics (measured at
25 °C and 10 kHz; solid arrows indicate loading direction).

tric 0.9PZT-0.1PNN compositions to 40%—54% in the rthom-
bohedral relaxor ferroelectric 0.6PMN-0.4PNN and 0.7PZT-
0.3PNN compositions. For the MPB 0.8PZT-0.2PNN
composition, the dielectric constant increases drastically with
the stress. The dielectric constant increases more than 80%
when the stress reaches 100 MPa and returns to 160% of its
original value when the stress is removed. On the other hand,
the dielectric loss tangent (tan ) is seen to decrease signifi-
cantly (20%-40%) with increasing stress, as displayed in
Fig. 2. The changing of the dielectric properties with increas-
ing and decreasing stress does not follow the same path. It is
also noticed that the changes in the dielectric properties with
the compressive stress obtained in this study are in parts
similar to those for systems in earlier investigations.”’w’22
To understand these experimental results, various effects
have to be considered. When a mechanical stress is applied
to a ferroelectric material, the domain structure in the mate-
rial will change to maintain the domain energy at a mini-
mum; during this process some of the domains engulf other
domains or change shape irreversibly. Under a compressive
stress, the domain structure of ferroelectric ceramics may
undergo domain switching, clamping of domain walls, and
deaging mechanisms. "> In this study, the results on the
compressive stress dependence of the dielectric properties
can easily be explained with the above statements. When the
compressive stress is applied in the direction parallel to the
polar axis (poling) direction, the stress will move some of the
polarization away from the poling direction, resulting in a
change in domain structures.'>'*** This change increases
the non-180° domain wall density. Hence the increase in the
dielectric constant with the applied stress is observed. The
deaging mechanism, which also increases the dielectric
constant,”"*2° is also expected to play a role here. There-
fore, a combination of the domain switching and the deaging
mechanisms is believed to be a reason for the increase in the
dielectric constant with increasing applied stress in the PZT-
PNN system, as shown in Fig. 1. The cause of the stress
dependence of the dielectric loss tangent is mainly due to the
clamping of the domain walls under compressive stress,
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FIG. 3. (Color online) Polarization vs electric field (P-E) hysteresis loops as
a function of compressive stress for 0.7PZT-0.3PNN ceramic (loading
cycle).

which results in a decrease in domain wall mobility. The
deaging mechanism, which also decreases the dielectric loss
tangent,ls’22 is also expected to play a role in controlling the
change in the dielectric loss tangent with the stress, as ob-
served in Fig. 2.

It should also be noted here that the applied stress could
also affect the ferroelectric phase transitions of the ceramics,
which consequently change the observed dielectric proper-
ties signiﬁcantly.ls’25 The applied compressive stress has
been found to move the Curie temperature (7) up to the
order of approximately 0.1 °C/MPa in 0.9PMN-0.1PT."” In
addition, the influence of stress on the properties of ferro-
electric materials is strongly dependent on the temperature,
especially when the temperature is higher or lower than 7.
In this study, since (1 —x)PZT-(x)PNN (with x=0.1-0.5) ce-
ramics exhibit T ranging from 130 °C (x=0.5) to 330 °C
(x=0.1),” the change in the dielectric properties with stress in
the vicinity of T and the stress-induced shift in 7 is rather
insignificant because of their high T, as compared to the
measurement temperature of 25 °C. Therefore, the stress-
related ferroelectric phase transition is not expected to have
significant effects on the changes in dielectric properties of
PZT-PNN ceramics under the applied stress observed in this
study.

B. Ferroelectric properties under stress

The polarization versus electric field (P-E) hysteresis
loops of the 0.7PZT-0.3PNN ceramic under different com-
pressive stresses are shown in Fig. 3 as a simple representa-
tive for the other compositions with similar behavior. It
should first be noticed that the area of the P-E loops de-
creases with increasing compressive stress. The changes fol-
low similar trend for all the ceramics. The P-E loop area
indicates the polarization dissipation energy of a ferroelectric
material under one full cycle of electric field application.
This amount of the energy loss is directly related to the
amount of domain participating in the switching process dur-
ing the application of electric field.'"*!” For a given compo-
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FIG. 4. (Color online) Changes in remanent polarization (P,) and maximum
polarization (P,,,,) with compressive stress for (1-x)PZT-xPNN ceramics
(loading and unloading).

sition, the decrease in the loop area with increasing the com-
pressive stress is a result of the stress-induced domain wall
suppression. 14.26

The changes in the remanent polarization (P,), maxi-
mum polarization (P,,,,), and the coercive field (E,) with the
compressive stresses are plotted in Figs. 4 and 5, respec-
tively. The changes in the maximum polarization (P,,,,) with
stress are similar to the P,. Figure 4 clearly shows that the

Relative Changes of E.

Coercive Field (kV/cm)

0 10 20 30 40 50 60 70 80 90 100 110
Stress (MPa)

FIG. 5. (Color online) Changes in coercive field (E,) with compressive
stress for (1—x)PZT-xPNN ceramics (loading and unloading).
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maximum and remanent polarizations decrease as the com-
pressive stress increases. The decrease is generally very
similar to the polarization values at 100 MPa, which are
approximately 30%—45% of the stress-free values. In addi-
tion, noticeable decreases in the polarization values of all the
ceramic are also observed after a complete cycle of the me-
chanical stress. This observation suggests a significant stress-
induced depoling in PZT-PNN ceramics, resulting in the ob-
served decrease in the polarization values under high stress
levels."?’ Since the remanent polarization decreases as the
compressive stress increases, it takes lower than usual elec-
tric field to force the polarizations to become zero; hence
lower coercive field is observed, as demonstrated in Fig. 5.

To understand, at least qualitatively, these experimental
results on ferroelectric properties of the PZT-PNN ceramics,
one can interpret the changes in terms of domain-
reorientation processes. When the compressive stress is ap-
plied in the direction parallel to the polar axis (poling) direc-
tion, the applied stress tends to keep the ferroelectric
domains aligned with their polar axes away from the stress
direction through the non-180° ferroelastic domain switching
processes.m’15 Therefore, it takes larger than usual for the
applied electric field to reorient the domains along the stress
direction, resulting in lower value of the maximum polariza-
tion (Pax), as shown in Figs. 3 and 4. When the electric field
is reduced to zero the domains tend to rotate back away from
the applied compressive stress direction, resulting in lower
than usual remanent polarization (P,),19’28’29 as depicted in
Figs. 3 and 4. Furthermore, considering the decrease in the
hysteresis loss with increasing compressive stress, it indi-
cates that more and more ferroelectric domains are con-
strained by the applied stress and cannot be reoriented by the
electric field so as to participate in the polarization reversal.
Consequently, both the maximum and remanent polarizations
become lower with increasing compressive stress."> The re-
sults of the changes in the hysteresis parameters of the ferro-
electric ceramics with increasing compressive stress are in
agreement with the previous investigations on many ferro-
electric ceramics.'"' #1830

IV. CONCLUSIONS

In this study, effects of compressive stress on the dielec-
tric properties of PZT-PNN ceramics with a formula of (1
—x)PZT-(x)PNN (x=0.1-0.5) have been investigated under
compressive stress using a compressometer in conjunction
with an automatic LCR meter and a modified Sawyer—Tower
circuit. The superimposed compression stress had pro-
nounced effects on both the dielectric constant and the di-
electric loss tangent of PZT-PNN ceramics, especially in
MPB 0.8PZT-0.2PNN composition. The area of the ferro-
electric hysteresis (P-E) loops, the maximum polarization
(Ppnax), the remanent polarization (P,), and the coercive field
(E.) decrease with increasing compressive stresses. The ob-
servations were mainly interpreted in terms of domain
switching through non-180° domain walls, deaging, and the
stress-induced domain wall suppression mechanisms. Fur-
thermore, noticeable decreases in the polarization values of

J. Appl. Phys. 105, 084111 (2009)

all the ceramic are also observed after a complete cycle of
the mechanical stress, indication of a significant stress-
induced depoling in PZT-PNN ceramics. Finally, this study
undoubtedly shows that the applied compressive stress has
significant influences on the dielectric and ferroelectric prop-
erties of the PZT-PNN ceramics.
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Abstract

Dielectric and ferroelectric properties of complex perovskite PZT-PNN ceramic system
were investigated under the influence of the compressive stress. The results showed that
the dielectric properties, i.e. dielectric constant (g;) and dielectric loss (tan ), and the
ferroelectric characteristics, i.e. the area of the ferroelectric hysteresis (P-E) loops, the
maximum polarization (Pmay), and the remanent polarization (P;) changed significantly
with increasing compressive stress. These changes depended greatly on the ceramic
compositions. The experimental results on the dielectric properties could be explained
by the de-aging phenomenon. The stress-induced domain wall motion suppression and
non-180° ferroelectric domain switching processes were responsible for the changes
observed for the ferroelectric parameters. In addition, a significant decrease in those
parameters after a cycle of stress was observed and attributed to the stress induced
decrease in switchable part of spontaneous polarization. This study clearly showed that
the applied stress has significant influence on the electrical properties of complex

perovskite ceramics.
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1 Introduction

There have recently been a great deal of interest in lead zirconate titanate-lead nickel
niobate (Pb(Zr; 4 Tix)O3-Pb(Ni;3Nb,/3)O3 or (PZT-PNN)) ceramics because of their high
longitudinal coupling coefficients, as well as good dielectric and excellent piezoelectric
properties [1-3]. Lead zirconate titanate (Pb(Zr;<Tix)Os or PZT) is a normal
ferroelectric material which has been extensively investigated in the literatures because
of their high dielectric properties and high piezoelectric coefficient. The high
piezoelectric properties of PZT have been observed for compositions near the
morphotropic phase boundary (MPB), i.e. at PbZrOs;:PbTiO; = 0.52:0.48 [4-6].
Lead nickel niobate (Pb(Ni;sNby3)O; or PNN) is a relaxor ferroelectric material
originally reported by Smolenskii and Agranovskaya [7]. It exhibits the excellent
dielectric broadening and electrostrictive properties and shows a diffuse phase transition

around -120 °C with a peak permittivity of about 4000 at 1 kHz [8].

Practically, piezoelectric and ferroelectric ceramics are often subjected to
mechanical loading, either deliberately in the design of the device itself or because the
device is used to change shapes as in many smart structure applications or the device is
used under environmental stresses [9-13]. A prior knowledge of how the material
properties change under different load conditions is crucial for proper design of a device
and for suitable selection of materials for a specific application [12,13]. It is therefore

important to determine the properties of these materials as a function of applied stress.

2



Previous investigations on the stress-dependence electrical properties of many ceramic
systems have emphasized the importance of the matter [11,14-18]. Recently, the
uniaxial stress dependence of dielectric and ferroelectric properties has been
investigated in materials such as BT, PZT, PMN, PMN-PT, PZT-BT, and PMN-PZT
[16-21]. The results clearly showed that the effects of stress on the dielectric and
ferroelectric properties depended significantly on ceramic compositions and stress
levels. Interestingly, there has been no systematic study on the influence of an applied
stress on the dielectric and ferroelectric properties of the PZT-PNN ceramics. Therefore,
it is the aim of this study to determine the dielectric and ferroelectric properties of the

(1-x)PZT-(x)PNN ceramics as a function of compressive stress.

2 Experimental

In this study, (/-x)Pb(Zr;,2Ti12)O3—(x)Pb(Ni;;3Nby3)O; (with x = 0.1-0.5) ceramics
were prepared using the columbite precursor method. The columbite structure (NiNbyOg)
and wolframite structure (ZrTiO4) were synthesized first. The calcined NiNb,Og and
ZrTiO4 powders were mixed with PbO in a stoichiometric ratio to form the composition
(1-x)Pb(Zr1,T112)O3—(x)Pb(Ni;;3Nby/3)0s, with x = 0.1-0.5. For optimization purpose,
the sintering was carried out at temperatures between 1100 and 1250 °C for 4 h. Details

of the processing and characterizations were provided elsewhere [2].

Before studying the electrical properties, the specimens were lapped to obtain
parallel faces. After coating with silver paint as electrode at the faces, the specimens
were heated at 750°C for 12 min to ensure the contact between the electrode and

surface of ceramic. To study effects of the compressive stress on the dielectric and



ferroelectric properties of the ceramics, the compressometer was constructed [16-18].
The dielectric properties were measured by LCR-meter (Instrek LCR-821). The room
temperature (25 °C) capacitance and the dielectric loss tangent were obtained at
frequency of 10 kHz under compressive stress. The dielectric constant was then
calculated from a parallel-plate capacitor equation, e.g. &, = Cd / A, where C is the
capacitance of the specimens, d and A are, respectively, the thickness and the area of
the electrode, and ¢ is the dielectric permittivity of vacuum (8.854 x 1072 F/m).

The ferroelectric hysteresis (P-E) loops were characterized by using a computer
controlled modified Sawyer-Tower circuit. The electric field was applied to a sample
by a high voltage AC amplifier (Trek, model 610D) with the input sinusoidal signal
with a frequency of 50 Hz from a signal generator (Goodwill, model GAG-809). The
ferroelectric hysteresis (P-E) loop was recorded at room temperature (25 °C) for both
loading and unloading conditions. The parameters obtained from the loops were the
maximum polarization (Ppayx), the remanent polarization (P;), and the coercive field (E.),
which were defined as the points where the loops reach the maximum polarization,

cross the zero field, and cross the zero polarization, respectively.

3 Results and Discussion

3.1 Dielectric Properties Under Stress

The experimental results of the compressive stress dependence of the dielectric
properties during loading and unloading for the ceramics in PZT-PNN system are
displayed in Figs. 1 and 2. For better comparison, the dielectric properties of each

composition under stress are normalized to the stress-free values. Clearly, there is a



considerable change of both the dielectric constant and the dielectric loss tangent with
the compressive stress. As depicted in Fig. 1, the dielectric constant is seen to increase
with increasing stress in all compositions. The increase of the dielectric constant varies
from approximately 4-14 % in the near pseudo-cubic relaxor ferroelectric 0.5PZT-
0.5PNN and tetragonal ferroelectric 0.9PZT-0.1PNN compositions to 40-54% in the
rhombohedral relaxor ferroelectric 0.6PMN-0.4PNN and 0.7PZT-0.3PNN compositions.
For the morphotropic phase boundary (MPB) 0.8PZT-0.2PNN composition, the
dielectric constant increases drastically with the stress. The dielectric constant increases
more than 80% when the stress reaches 100 MPa and returns to 160% of its original
value when the stress is removed. On the other hand, the dielectric loss tangent (tan ) is
seen to decrease significantly (20-40%) with increasing stress, as displayed in Fig. 2.
The changing of the dielectric properties with increasing and decreasing the stress do
not follow the same path. It is also noticed that the changes in the dielectric properties
with the compressive stress obtained in this study are in parts similar to those for BT,

PZT, PMN-PZT, PMN-PT and PIN-PT systems in earlier investigations [17,19,22].

To understand these experimental results, various effects have to be considered.
When a mechanical stress is applied to a ferroelectric material, the domain structure in
the material will change to maintain the domain energy at a minimum; during this
process some of the domains engulf other domains or change shape irreversibly. Under
a compressive stress, the domain structure of ferroelectric ceramics may undergo
domain switching, clamping of domain walls and de-aging mechanisms [14,15,19,23].
In this study, the results on the compressive stress dependence of the dielectric
properties can easily be explained with the above statements. When the compressive

stress is applied in the direction parallel to the polar axis (poling) direction, the stress



will move some of the polarization away from the poling direction resulting in a change
in domain structures [15,19,24,25]. This change increases the non-180° domain wall
density. Hence the increase of the dielectric constant with the applied stress is observed.
The de-aging mechanism, which also increases the dielectric constant [15,19,20,26], is
also expected to play a role here. Therefore, a combination of the domain switching and
the de-aging mechanisms is believed to be a reason for the increase of the dielectric
constant with increasing applied stress in the PZT-PNN system, as shown in Fig. 1. The
cause of the stress dependence of the dielectric loss tangent, as mainly due to the
clamping of the domain walls under compressive stress, which results in a decrease in
domain wall mobility. The de-aging mechanism, which also decrease the dielectric loss
tangent [15, 22] is also expected to play a role in controlling the change of the dielectric

loss tangent with the stress, as observed in Fig. 2.

3.2 Ferroelectric Properties Under Stress

The polarization versus electric field (P-E) hysteresis loops of the 0.7PZT-0.3PNN
ceramic under different compressive stresses are shown in Fig. 3 as a simple
representative for the other compositions with similar behavior. It should first be
noticed that the area of the P-E loops decreases with increasing compressive stress. The
changes follow similar trend for all the ceramics. The P-E loop area indicates the
polarization dissipation energy of a ferroelectric material under one full cycle of electric
field application. This amount of the energy loss is directly related to the amount of
domain participating in the switching process during the application of electric field

[14,17]. For a given composition, the decrease in the loop area with increasing the



compressive stress is a result of the stress-induced domain wall suppression [14,27].

The changes in the remanent polarization (P;), maximum polarization (Pp,y) and
the coercive field (E;) with the compressive stresses are plotted in Figs. 4 and 5,
respectively. The changes in the maximum polarization (Pp,x) with stress are similar to
the P.. Figure 4 clearly shows that the maximum and remanent polarizations decrease as
the compressive stress increases. The decrease is generally very similar with the
polarization values at 100 MPa are approximately 30-45% of the stress-free values. In
addition, noticeable decreases in the polarization values of all the ceramic are also
observed after a complete cycle of the mechanical stress. This observation suggests a
significant stress-induced de-poling in PZT-PNN ceramics resulting in the observed
decrease of the polarization values under high stress levels [19,28]. Since the remanent
polarization decreases as the compressive stress increases, it takes lower than usual
electric field to force the polarizations to become zero, hence lower coercive field is

observed, as demonstrated in Fig. 5.

To understand, at least qualitatively, these experimental results on ferroelectric
properties of the PZT-PNN ceramics, one can interpret the changes in terms of domain-
reorientation processes. When the compressive stress is applied in the direction parallel
to the polar axis (poling) direction, the applied stress tends to keep the ferroelectric
domains aligned with their polar axes away from the stress direction through the non-
180° ferroelastic domain switching processes [14,15]. Therefore, it takes larger than
usual applied electric field to reorient the domains along the stress direction, resulting in
lower value of the maximum polarization (Pyax), as shown in Fig. 3 and 4. When the
electric field is reduced to zero the domains tend to rotate back away from the applied

compressive stress direction, resulting in lower than usual remanent polarization (P;), as



depicted in Figs. 3 and 4 [19,29,30]. Furthermore, considering the decrease of the
hysteresis loss with increasing the compressive stress, it indicates that more and more
ferroelectric domains are constrained by the applied stress and cannot be re-oriented by
the electric field so as to participate in the polarization reversal. Consequently, both the
maximum and remanent polarizations become lower with increasing the compressive
stress [15]. The results of the changes of the hysteresis parameters of the ferroelectric
ceramics with increasing compressive stress are in agreement with the previous

investigations on many ferroelectric ceramics [11,14,26,31].

4 Conclusions

In this study, effects of compressive stress on the dielectric properties of PZT-PNN
ceramics with a formula (/-x)Pb(Zr,Ti;2)O3—(x)Pb(Ni;3Nby;3)O3 or (1-x)PZT-(x)PNN
(x = 0.1-0.5) have been investigated under compressive stress using a compressometer
in conjunction with an automatic LCR meter and a modified Sawyer-Tower circuit. The
superimposed compression stress had pronounced effects on both the dielectric constant
and the dielectric loss tangent of PZT-PNN ceramics, especially in morphotropic phase
boundary (MPB) 0.8PZT-0.2PNN composition. The area of the ferroelectric hysteresis
(P-E) loops, the maximum polarization (Py.x) the remanent polarization (P;) and the
coercive field (E;) decrease with increasing compressive stresses. The observations
were mainly interpreted in terms of domain switching through non-180° domain walls,
de-aging, and the stress-induced domain wall suppression mechanisms. Furthermore,
noticeable decreases in the polarization values of all the ceramic are also observed after

a complete cycle of the mechanical stress, indication of a significant stress-induced de-



poling in PZT-PNN ceramics. Finally, this study undoubtedly shows that the applied
compressive stress has significant influences on the dielectric and ferroelectric

properties of the PZT-PNN ceramics.
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Caption of Figures

Figure 1. Relative changes of dielectric constant (g;) with compressive stress for
(1-x)PZT-(x)PNN ceramics (measured at 25 °C and 10 kHz; solid arrows

indicate loading direction).

Figure 2. Relative changes of dielectric loss tangent (tan d) with compressive stress for
(1-x)PZT-(x)PNN ceramics (measured at 25 °C and 10 kHz; solid arrows

indicate loading direction).

Figure 3. Polarization vs. electric field (P-E) hysteresis loops as a function of

compressive stress for 0.7PZT-0.3PNN ceramic (loading cycle).

Figure 4. Changes in remanent polarization (P;) and maximum polarization (Pp.x) with

compressive stress for (/-x)PZT-xPNN ceramics (loading and unloading).

Figure 5. Changes in coercive field (E.) with compressive stress for (/-x)PZT-xPNN

ceramics (loading and unloading).
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Dielectric and ferroelectric properties of lead zirconate titanate-lead nickel
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Dielectric and ferroelectric properties of complex perovskite lead zirconate titanate-lead nickel
niobate ceramic system were investigated under the influence of the compressive stress. The results
showed that the dielectric properties, i.e., dielectric constant (&,) and dielectric loss (tan &), and the
ferroelectric characteristics, i.e., the area of the ferroelectric hysteresis (P-E) loops, the maximum
polarization (P,,,), and the remanent polarization (P,) changed significantly with increasing
compressive stress. These changes depended greatly on the ceramic compositions. The experimental
results on the dielectric properties could be explained by the deaging phenomenon. The
stress-induced domain wall motion suppression and non-180° ferroelectric domain switching
processes were responsible for the changes observed for the ferroelectric parameters. In addition, a
significant decrease in those parameters after a cycle of stress was observed and attributed to the
stress-induced decrease in switchable part of spontaneous polarization. This study clearly showed
that the applied stress has significant influence on the electrical properties of complex perovskite

ceramics. © 2009 American Institute of Physics. [DOI: 10.1063/1.3106659]

I. INTRODUCTION

There has recently been a great deal of interest in lead
zirconate titanate-lead nickel niobate [Pb(Zr,_,Ti,)O;-
Pb(Ni,,sNb,/3)O5 or (PZT-PNN)] ceramics because of their
high longitudinal coupling coefficients, as well as good di-
electric and excellent piezoelectric properties.l_3 PZT is a
normal ferroelectric material, which has been extensively in-
vestigated in the literatures because of its high dielectric
properties and high piezoelectric coefficient. The high piezo-
electric properties of PZT have been observed for composi-
tions near the morphotropic phase boundary (MPB), i.e., at
lead zirconate (PbZrO; or PZ):lead titanate(PbTiOz or
PT)=O.52:O.48.4_6 PNN is a relaxor ferroelectric material
originally reported by Smolenskii and Agranovskaya.7 It ex-
hibits the excellent dielectric broadening and electrostrictive
properties and shows a diffuse phase transition around
—120 °C with a peak permittivity of about 4000 at 1 kHz.?

Practically, piezoelectric and ferroelectric ceramics are
often subjected to mechanical loading either deliberately in
the design of the device itself or because the device is used to
change shapes as in many smart structure applications or the
device is used under environmental stresses.” > A prior
knowledge of how the material properties change under dif-
ferent load conditions is crucial for proper design of a device
and for suitable selection of materials for a specific
application.lz’ls It is therefore important to determine the
properties of these materials as a function of applied stress.
Previous investigations on the stress-dependence electrical
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properties of many ceramic systems emphasized the impor-
tance of the matter.'"'*"'3 Recently, the uniaxial stress de-
pendence of dielectric and ferroelectric properties has been
investigated in materials such as barium titanate (BT), lead
magnesium niobate (PMN), PMN-PT, PZT-BT, and
PMN-PZT.'**! The results clearly showed that the effects of
stress on the dielectric and ferroelectric properties depended
significantly on ceramic compositions and stress levels. In-
terestingly, there has been no systematic study on the influ-
ence of an applied stress on the dielectric and ferroelectric
properties of the PZT-PNN ceramics. Therefore, it is the aim
of this study to determine the dielectric and ferroelectric
properties of the (1-x)PZT-(x)PNN ceramics as a function
of compressive stress.

Il. EXPERIMENTAL

In this study, (1-x)PZT-(x)PNN (with x=0.1-0.5) ce-
ramics were prepared using the columbite precursor method.
The columbite structure (NiNb,Og) and wolframite structure
(ZrTi0,) were synthesized first. The calcined NiNb,Og and
ZrTiO, powders were mixed with PbO in a stoichiometric
ratio to form the composition (1-x)PZT-(x)PNN, with x
=0.1-0.5. For optimization purpose, the sintering was car-
ried out at temperatures between 1100 and 1250 °C for 4 h.
Details of the processing and characterizations were pro-
vided elsewhere.”

Before studying the electrical properties, the specimens
were lapped to obtain parallel faces. After coating with silver
paint as electrode at the faces, the specimens were heated at
750 °C for 12 min to ensure the contact between the elec-
trode and surface of ceramic. To study effects of the com-

© 2009 American Institute of Physics
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FIG. 1. (Color online) Relative changes in dielectric constant (g,) with
compressive stress for (1—x)PZT-(x)PNN ceramics (measured at 25 °C and
10 kHz; solid arrows indicate loading direction).

pressive stress on the dielectric and ferroelectric properties of
the ceramics, the compressometer was constructed.'®™® The
dielectric properties were measured by LCR meter (Instrek
LCR-821). The room temperature (25 °C) capacitance and
the dielectric loss tangent were obtained at frequency of 10
kHz under compressive stress. The dielectric constant was
then calculated from a parallel-plate capacitor equation, e.g.,
g,=Cd/gyA, where C is the capacitance of the specimens, d
and A are respectively the thickness and the area of the elec-
trode, and g, is the dielectric permittivity of vacuum
(8.854 X 107'* F/m).

The ferroelectric hysteresis (P-E) loops were character-
ized by using a computer controlled modified Sawyer—Tower
circuit. The electric field was applied to a sample by a high
voltage ac amplifier (Trek, model 610D) with the input sinu-
soidal signal with a frequency of 50 Hz from a signal gen-
erator (Goodwill, model GAG-809). The ferroelectric hyster-
esis (P-E) loop was recorded at room temperature (25 °C)
for both loading and unloading conditions. The parameters
obtained from the loops were the maximum polarization
(Ppmax), the remanent polarization (P,), and the coercive field
(E.), which were defined as the points where the loops reach
the maximum polarization, cross the zero field, and cross the
zero polarization, respectively.

lll. RESULTS AND DISCUSSION
A. Dielectric properties under stress

The experimental results of the compressive stress de-
pendence of the dielectric properties during loading and un-
loading for the ceramics in PZT-PNN system are displayed in
Figs. 1 and 2. For better comparison, the dielectric properties
of each composition under stress are normalized to the
stress-free values. Clearly, there is a considerable change in
both the dielectric constant and the dielectric loss tangent
with the compressive stress. As depicted in Fig. 1, the dielec-
tric constant is seen to increase with increasing stress in all
compositions. The increase in the dielectric constant varies
from approximately 4%-14% in the near pseudocubic re-
laxor ferroelectric 0.5PZT-0.5PNN and tetragonal ferroelec-

J. Appl. Phys. 105, 084111 (2009)
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FIG. 2. (Color online) Relative changes in dielectric loss tangent (tan )
with compressive stress for (1-x)PZT-(x)PNN ceramics (measured at
25 °C and 10 kHz; solid arrows indicate loading direction).

tric 0.9PZT-0.1PNN compositions to 40%—54% in the rthom-
bohedral relaxor ferroelectric 0.6PMN-0.4PNN and 0.7PZT-
0.3PNN compositions. For the MPB 0.8PZT-0.2PNN
composition, the dielectric constant increases drastically with
the stress. The dielectric constant increases more than 80%
when the stress reaches 100 MPa and returns to 160% of its
original value when the stress is removed. On the other hand,
the dielectric loss tangent (tan ) is seen to decrease signifi-
cantly (20%-40%) with increasing stress, as displayed in
Fig. 2. The changing of the dielectric properties with increas-
ing and decreasing stress does not follow the same path. It is
also noticed that the changes in the dielectric properties with
the compressive stress obtained in this study are in parts
similar to those for systems in earlier investigations.”’w’22
To understand these experimental results, various effects
have to be considered. When a mechanical stress is applied
to a ferroelectric material, the domain structure in the mate-
rial will change to maintain the domain energy at a mini-
mum; during this process some of the domains engulf other
domains or change shape irreversibly. Under a compressive
stress, the domain structure of ferroelectric ceramics may
undergo domain switching, clamping of domain walls, and
deaging mechanisms. "> In this study, the results on the
compressive stress dependence of the dielectric properties
can easily be explained with the above statements. When the
compressive stress is applied in the direction parallel to the
polar axis (poling) direction, the stress will move some of the
polarization away from the poling direction, resulting in a
change in domain structures.'>'*** This change increases
the non-180° domain wall density. Hence the increase in the
dielectric constant with the applied stress is observed. The
deaging mechanism, which also increases the dielectric
constant,”"*2° is also expected to play a role here. There-
fore, a combination of the domain switching and the deaging
mechanisms is believed to be a reason for the increase in the
dielectric constant with increasing applied stress in the PZT-
PNN system, as shown in Fig. 1. The cause of the stress
dependence of the dielectric loss tangent is mainly due to the
clamping of the domain walls under compressive stress,

Downloaded 23 Apr 2009 to 202.28.246.2. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



084111-3 Unruan et al.
40
—— OMPa
30 4 26 MPa
51 MPa
—— 77 MPa
20 4| —a— 102MPa

10 4

Polarization (uClcm’)
o

=10 4
-20 4 _
-30 W
-40 - - T T T T
20 -15 -0 -5 0 5 1 15 20

Electric Field (kV/cm)

FIG. 3. (Color online) Polarization vs electric field (P-E) hysteresis loops as
a function of compressive stress for 0.7PZT-0.3PNN ceramic (loading
cycle).

which results in a decrease in domain wall mobility. The
deaging mechanism, which also decreases the dielectric loss
tangent,ls’22 is also expected to play a role in controlling the
change in the dielectric loss tangent with the stress, as ob-
served in Fig. 2.

It should also be noted here that the applied stress could
also affect the ferroelectric phase transitions of the ceramics,
which consequently change the observed dielectric proper-
ties signiﬁcantly.ls’25 The applied compressive stress has
been found to move the Curie temperature (7) up to the
order of approximately 0.1 °C/MPa in 0.9PMN-0.1PT."” In
addition, the influence of stress on the properties of ferro-
electric materials is strongly dependent on the temperature,
especially when the temperature is higher or lower than 7.
In this study, since (1 —x)PZT-(x)PNN (with x=0.1-0.5) ce-
ramics exhibit T ranging from 130 °C (x=0.5) to 330 °C
(x=0.1),” the change in the dielectric properties with stress in
the vicinity of T and the stress-induced shift in 7 is rather
insignificant because of their high T, as compared to the
measurement temperature of 25 °C. Therefore, the stress-
related ferroelectric phase transition is not expected to have
significant effects on the changes in dielectric properties of
PZT-PNN ceramics under the applied stress observed in this
study.

B. Ferroelectric properties under stress

The polarization versus electric field (P-E) hysteresis
loops of the 0.7PZT-0.3PNN ceramic under different com-
pressive stresses are shown in Fig. 3 as a simple representa-
tive for the other compositions with similar behavior. It
should first be noticed that the area of the P-E loops de-
creases with increasing compressive stress. The changes fol-
low similar trend for all the ceramics. The P-E loop area
indicates the polarization dissipation energy of a ferroelectric
material under one full cycle of electric field application.
This amount of the energy loss is directly related to the
amount of domain participating in the switching process dur-
ing the application of electric field.'"*!” For a given compo-
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FIG. 4. (Color online) Changes in remanent polarization (P,) and maximum
polarization (P,,,,) with compressive stress for (1-x)PZT-xPNN ceramics
(loading and unloading).

sition, the decrease in the loop area with increasing the com-
pressive stress is a result of the stress-induced domain wall
suppression. 14.26

The changes in the remanent polarization (P,), maxi-
mum polarization (P,,,,), and the coercive field (E,) with the
compressive stresses are plotted in Figs. 4 and 5, respec-
tively. The changes in the maximum polarization (P,,,,) with
stress are similar to the P,. Figure 4 clearly shows that the

Relative Changes of E.

Coercive Field (kV/cm)

0 10 20 30 40 50 60 70 80 90 100 110
Stress (MPa)

FIG. 5. (Color online) Changes in coercive field (E,) with compressive
stress for (1—x)PZT-xPNN ceramics (loading and unloading).
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maximum and remanent polarizations decrease as the com-
pressive stress increases. The decrease is generally very
similar to the polarization values at 100 MPa, which are
approximately 30%—45% of the stress-free values. In addi-
tion, noticeable decreases in the polarization values of all the
ceramic are also observed after a complete cycle of the me-
chanical stress. This observation suggests a significant stress-
induced depoling in PZT-PNN ceramics, resulting in the ob-
served decrease in the polarization values under high stress
levels."?’ Since the remanent polarization decreases as the
compressive stress increases, it takes lower than usual elec-
tric field to force the polarizations to become zero; hence
lower coercive field is observed, as demonstrated in Fig. 5.

To understand, at least qualitatively, these experimental
results on ferroelectric properties of the PZT-PNN ceramics,
one can interpret the changes in terms of domain-
reorientation processes. When the compressive stress is ap-
plied in the direction parallel to the polar axis (poling) direc-
tion, the applied stress tends to keep the ferroelectric
domains aligned with their polar axes away from the stress
direction through the non-180° ferroelastic domain switching
processes.m’15 Therefore, it takes larger than usual for the
applied electric field to reorient the domains along the stress
direction, resulting in lower value of the maximum polariza-
tion (Pax), as shown in Figs. 3 and 4. When the electric field
is reduced to zero the domains tend to rotate back away from
the applied compressive stress direction, resulting in lower
than usual remanent polarization (P,),19’28’29 as depicted in
Figs. 3 and 4. Furthermore, considering the decrease in the
hysteresis loss with increasing compressive stress, it indi-
cates that more and more ferroelectric domains are con-
strained by the applied stress and cannot be reoriented by the
electric field so as to participate in the polarization reversal.
Consequently, both the maximum and remanent polarizations
become lower with increasing compressive stress."> The re-
sults of the changes in the hysteresis parameters of the ferro-
electric ceramics with increasing compressive stress are in
agreement with the previous investigations on many ferro-
electric ceramics.'"' #1830

IV. CONCLUSIONS

In this study, effects of compressive stress on the dielec-
tric properties of PZT-PNN ceramics with a formula of (1
—x)PZT-(x)PNN (x=0.1-0.5) have been investigated under
compressive stress using a compressometer in conjunction
with an automatic LCR meter and a modified Sawyer—Tower
circuit. The superimposed compression stress had pro-
nounced effects on both the dielectric constant and the di-
electric loss tangent of PZT-PNN ceramics, especially in
MPB 0.8PZT-0.2PNN composition. The area of the ferro-
electric hysteresis (P-E) loops, the maximum polarization
(Ppnax), the remanent polarization (P,), and the coercive field
(E.) decrease with increasing compressive stresses. The ob-
servations were mainly interpreted in terms of domain
switching through non-180° domain walls, deaging, and the
stress-induced domain wall suppression mechanisms. Fur-
thermore, noticeable decreases in the polarization values of

J. Appl. Phys. 105, 084111 (2009)

all the ceramic are also observed after a complete cycle of
the mechanical stress, indication of a significant stress-
induced depoling in PZT-PNN ceramics. Finally, this study
undoubtedly shows that the applied compressive stress has
significant influences on the dielectric and ferroelectric prop-
erties of the PZT-PNN ceramics.
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1. Introduction

Lead magnesium niobate, Pb(Mgy;3Nby/3)03 or PMN, is one
of the most widely investigated perovskite relaxor ferroelectric
materials, which has been extensively studied because of its high
dielectric constant and electrostrictive coefficient [1-4]. The excel-
lent properties make it a promising material for capacitor, actuator
and transducer applications [5-7]. As is well-known, in the prepa-
ration of PMN via the conventional solid-state reaction using PbO,
MgO and Nb,Os [8,9], significant amount of the pyrochlore-type
phases with relatively low dielectric constant are inevitably formed
with PMN and these phases significantly degrade the overall elec-
trical properties of the products. In order to avoid the formation of
pyrochlores, several methods have been introduced [10-13]. So far,
the columbite method [12,13], in which prefabricated MgNb,Og is
reacted with an appropriate proportion of PbO, has been widely
accepted as one of the promising methods for the preparation
of phase-pure PMN-based materials. To date, only a few work
[10,11] on the preparation of PMN powders by using a corun-
dum Mg4Nb,0g precursor have been reported. Moreover, effects
of Mg4Nb,0g precursor on phase formation, microstructure and
dielectric properties of PMN ceramics has not been adequately
characterized. Thus, in the present study, the PMN ceramics were
fabricated by using both MgNb,0g and Mg4Nb,0g as precursor.

* Corresponding author. Tel.: +66 81 8554973.
E-mail address: re_-nok@yahoo.com (R. Wongmaneerung).

0925-8388/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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Their dielectric properties with respect to temperature and fre-
quency were examined, compared and explained on the basis of
their final composition, densification, and microstructural devel-
opment.

2. Experimental

PMN powders were synthesized by employing two different B-site precur-
sors (i.e. columbite-route versus corundum-route) mixed oxide synthetic route,
as reported earlier [12,13]. Starting precursors were as follows: PbO (JCPDS file
no. 77-1971), MgO (periclase: JCPDS file no. 71-1176) and Nb,Os (JCPDS file no.
80-2493) (Aldrich, 99% purity). These three oxide powders exhibited an average
particle size in the range of 3.0-5.0 wm. First, two intermediate phases of magne-
sium niobate: MgNb,Og and Mg4Nb, 09 were separately prepared by the solid-state
reaction method previously reported [14-16]. The appropriate amount of PbO was
then added to the MgNb,0Og and Mg4Nb,0g, and vibro-milled in isopropanol alco-
hol for 1 h. Columbite- and corundum-route mixtures were then calcined at 900 and
950°C, respectively, for 1 h with heating/cooling rates of 30 °C/min [15].

Green pellets were pressed into disks and sintered at various temperatures
between 1100 and 1290°C. Densities of the sintered pellets were determined by
using the Archimedes principles. Room temperature X-ray diffraction (XRD; Philips
PW 1729 diffractometer) was used to identify the phases formed and optimum sin-
tering condition. The relative amounts of perovskite and pyrochlore phases were
determined from XRD patterns of the samples by measuring the major peak inten-
sities for the perovskite and pyrochlore phases. The following qualitative equation
[12] was used.

Joer (1)

%Perovskite = 100 x
Iper + Ipyr

Here, I, refers to the intensity of the perovskite (110) peak and Iy, refers to the
intensity of the pyrochlore (22 2) peak.

The microstructural development was examined by scanning electron
microscopy (SEM; JEOL JSM-840A). Average grain size of the sintered ceramics was

Please cite this article in press as: R. Wongmaneerung, et al., ]. Alloys Compd. (2008), doi:10.1016/j.jallcom.2008.10.152




G Model
JALCOM-18917; No.of Pages6

2 R. Wongmaneerung et al. / Journal of Alloys and Compounds xxx (2008) xxX—xxx

(110)

® Pby.5:Mgo.20Nby 710630

nsoc * A e
1200°C ¢ A«

1225°C & A« \ }\ . ‘ .

1250 °C ,-J )

F-— == (111)
b—-ﬁ:—-(mm
.

Intensity (a.u.)

Lz. [,-.- Lr-_ (100)

) J
s ] J\ N .
1200°c A A L
| JCPDS filk no. 81-861- Pb(Mgn b2:)0s
|
20 30 40 50 60

Fig. 1. XRD patterns of the columbite-route PMN ceramics sintered at various tem-
peratures.

estimated by using a linear intercept method [17], in which the linear intercept
length is determined by laying a series of uniformly distributed test lines on the pla-
nar section and counting the number of times the grain boundaries are intercepted.
In this work, five samples from each processing condition were used in determining
the average grain size and the standard deviation of the grain size was estimated
as +0.05 wm. For the dielectric measurement, ceramic surfaces were parallel pol-
ished and sputtered with gold. Dielectric characterization was performed with a LCR
meter (HP-4284A, Hewlett-Packard) in conjunction with an environmental chamber
(9023, Delta Design). A heating rate of 3 °C/min was used during the measurement.

3. Results and discussion

The X-ray diffraction patterns of columbite- and corundum-
route PMN ceramics sintered at various temperatures are given
in Figs. 1 and 2, respectively. As shown in Fig. 1, the strongest
reflections in the majority of the XRD patterns indicate the for-
mation of PMN phase, which could be matched with JCPDS file
no. 81-861 [18], in agreement with other works [16,19]. To a
first approximation, this phase has a pseudo-cubic perovskite-
type structure with cell parameter a=404.41 pm in space group
Pm3m (no. 221). However, some additional reflections (marked
by @), which correlate with a pyrochlore phase of composition
Pb1g3Mgp29Nb1710639 (JCPDS file no. 33-769 [20]) are found in
XRD patterns of columbite-route PMN samples sintered at low sin-
tering temperatures (1150-1250 °C). This phase has orthorhombic
structure with cell parameter a=105.9 pm in space group Fd3m
(no. 227) [21]. As shown in Fig. 2, XRD patterns of corundum-route
PMN ceramics which sintered above 1100 °C show 100% perovskite

Table 1

N 0 MgiNb0y
g
1 ~ -
- = g =
-~ | & \ = 8 g )
2 | x_ 1oocc i : A8 o A
ol A
g | a_ 1o \L A NN
=
—
- 1200°C “ | S————— ._Jk_‘_/k_‘.—. N
| A 1zs0c S N
| 'JCPDS ﬁlcr]o. 81-861: Pb(Mgw,;lTbm)O;
T T T
20 30 40 50 60

26 (Degrees)

Fig. 2. XRD patterns of the corundum-route PMN ceramics sintered at various tem-
peratures.

phase and could be matched with JCPDS file no. 81-861 [18], sim-
ilar to PMN phase occurs in columbite-route. It should be noted
that no evidence of pyrochlore phases such as Pb,Nb,07, Pb3Nb,Og
and PbsNb4O15 has been found here whereas these phases were
found in other works [22,23]. However, some additional reflections
(marked by ), which correlate with Mg4Nb,0Og phase are found
in XRD patterns of PMN sample sintered at 1100 °C. This observa-
tion indicates that Mg4Nb,Og was formed at this low temperature
at which the complete reaction between PbO and Mg4Nb,Og could
not occur. This is likely due to the poor reactivity of the solid-state
reaction method commonly found in the mixed oxide perovskite
compounds.

For the purpose of estimating the concentration of pyrochlore
phase present, Eq. (1) has been applied to the obtained diffraction
patterns, as given in Table 1. It can be noticed that pure PMN ceram-
ics can be produced at the lower optimized sintering temperature
by using corundum precursor. Moreover, the dense PMN ceramics
can be formed by using both B-site precursors. Based on the XRD
data obtained here, it may be concluded that the optimal sintering
temperature for the production of columbite- and corundum-
route PMN ceramic is 1275°C for 4h with heating/cooling rates
of 10°C/min, and 1250°C for 2h with heating/cooling rates of
10 °C/min, respectively.

The densification data of all samples are shown in Table 1. It is
observed that the density of about 93-95% and 89-92% of the the-
oretical value can be achieved for columbite- and corundum-route
PMN ceramics, respectively. Density increases as sintering temper-
ature increases. Further, increase in the sintering temperature up
to 1300°C caused to the decrease in density values. This may be
attributed to the loss of lead oxide at high sintering temperatures,

Phase and densification characteristics of columbite- and corundum-route PMN ceramics from various sintering conditions.

Preparation route Sintering temperature (°C)

Perovskite phase? (%)

Pyrochlore phase? (%) Relative density® (%)

Columbite 1150 96.76
1200 96.72
1225 96.10
1250 97.37
1275 100.00
1290 100.00
Corundum 1100 100.00
1150 100.00
1200 100.00
1250 100.00

3.24 96.48
3.28 96.85
3.90 96.11
2.63 95.24
0.00 95.37
0.00 93.64
0.00 89.32
0.00 90.83
0.00 91.76
0.00 92.14

2 The estimated precision of the perovskite and pyrichlorephase is £0.1%.
b The estimated precision of the density is +0.1%.
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Fig. 3. SEM micrographs of (a) as-sintered and (b) fracture surfaces for columbite-route PMN ceramics, (c) as-sintered and (d) fracture surfaces for corundum-route PMN

ceramics with maximum bulk density.

which is similar to the results found in other Pb-based perovskite
systems [24,25].

Microstructural development was investigated by scanning
electron microscopy. Free and fracture surface micrographs of
columbite- and corundum-route PMN ceramics with maximum
bulk density are compared in Fig. 3. In general, typical PMN
microstructure consisting of highly dense grain-packing and round
microstructural is observed in both samples and in good agreement
with previous works [26,27]. Moreover, the grain sizes are in the
range of 2-12 um and 0.8-2.3 pm for columbite- and corundum-
route PMN ceramics, respectively. In columbite-route sample, it is
seen that a few facet grain is observed on the surface. By employ-
ing the combination of SEM/EDX techniques, more information is
obtained as shown in Table 2 and Fig. 4 (a). EDX analysis of the
facet grains (marked as “(2)”) indicated the chemical composition
of Pbg(MgNb1g)03, or Pbqg3(Mgg.37Nbs 06)010, although the con-
centrationis too low for XRD detection, consistent with earlier work
[28]. It is, therefore, intriguing to note the advantage of a combi-
nation between SEM and EDX techniques, which lies in its ability
to reveal microstructural features often missed by the XRD diffrac-
tion method which requires at least 5wt% of the component [29].
It should be noted that in this sample, no unreacted MgO and PbO

Table 2
Chemical compositions of both PMN ceramics from EDX analyzer.

EDX positions Composition (at%) Possible phase
Mg (K) Nb (L) Pb (M)
(1) 16.13 33.34 50.52 Pb3(MgNb2)09
(2) 7.17 58.41 34.76 Pbs(MgNb10)0s3;
(3) 17.06 28.33 54.62 Pb3(MgNb2)09
(4) 100.00 - - MgO

liquid phase has been found on the grain boundary [22,26,30]. This
phase is mainly observed between perovskite grains (marked as
“(1)"). It should be noted here that EDX is now the most commonly
used elemental analysis available within the SEM technique. This

(a)

Counts

Energy (keV)

Mg

Counts

3 4 5 6 7 8 9 10

0]
Ly
il

Fig. 4. EDX analysis of (a) the pyrochlore phase and (b) the MgO phase from both
PMN ceramics (some spectra indexed as Au come from coated electrode).

0

Energy (keV)
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Table 3

Comparison of &;max and grain size of PMN ceramics obtained by various methods.

Sample from Lejeune and Boilot [8] Liou et al. [45] Han and Kim [46] This work This work
Processing Mixed oxide with MgCO3; Simplified columbite Mixed oxide with Mg(NOs ), Columbite Corundum
Calcination temperature/time 800/2h 1100/3 h 950/2h 900/1h 950/1h
Sintering temperature/time 900/2h 1250/2h 900/2h 1275/4h 1250/2h
Relative density 96.0% 93.6% 95.6% 95.4% 92.1%
Ermax 15400 17060 n.a. 12984 16566
Grain size (pm) n.a. 7.1 2-4 2-12 0.8-2.3

technique offers a means of rapidly evaluating the elemental con-
stituents of a sample; major constituents (10 wt% or more) can be
indicated in 10s and a 100-s accumulation is often sufficient for
identification of minor elements (on the order of 1 wt%). In addition
to rapid qualitative analysis, accurate quantitative analysis can also
be achieved with EDX technique. However, there are techniques
for microanalysis of inorganic materials. One of these techniques
is electron probe microanalyzer (EPMA). The EPMA’s usefulness is
compositional information, using characteristic X-ray lines, with
a spatial resolution on the order of 1 wm can be obtained from a
sample. The EPMA technique will be used for analysis of the PMN
samples and the results will be presented in the future. Nonethe-
less, for the purpose of comparison, the EDX results obtained in this
study are used for preliminary analysis.

For corundum-route PMN sample, the as-sintered ceramic
(Fig. 3 (c)) shows few apparent open pores at grain boundaries and
triple points; but cracks and microcracks are not observed. These
could be caused by MgO inclusions (the dark area) present at triple
points. It seems that the grain boundary movement is depressed by
the MgO phase; hence the open pores were formed. Furthermore,
the dark areas are determined by SEM/EDX to be MgO inclusions

14000
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(marked as “(4)” in the microstructure in Fig. 4 (b)) neighbouring
the parent PMN phase (marked as “(3)”) as shown in Table 2, sim-
ilar to the inclusions observed in a series of non-stoichiometric
PMN compositions as reported earlier [31]. Furthermore, there
were the MgO inclusions previously observed by Goo et al. [32]
in a stoichiometric PMN doped with excess MgO. It is believed to
be another cause for the lower density values in corundum-route
PMN ceramic compared to columbite-route. Similar finding was
also reported in SiC reinforced PZT ceramics [33]. Moreover, the
microstructure in Fig. 3 (¢) displays few small grains. EDX analysis
indicated the chemical composition of Pb(Mg;3Nby/3)03. It is evi-
dent that the coarsening of big grains over small grains is through
a process coherent with a solid-state sintering mechanism. Micro-
graphs of fracture surface (Fig. 3 (b) and (d)) show highly dense
microstructures consisting of equiaxed grains in agreement with
other researchers [26,27,34]. The PMN ceramics also have an inter-
granular fracture mechanism, indicating that the grain boundaries
are mechanically weaker than the grains [35].

In order to evaluate the dielectric properties, both columbite-
and corundum-route PMN ceramics with the maximum bulk den-
sity were measured at frequencies between 1 and 100 kHz in the

10kHz
100 kHz

Dielectric loss

0.14

— ] kHz
10 kHz
------- 100 kHz

0.12

0.10

0.08

0.06

Dielectric loss

Temperature (°C)

Fig. 5. Temperature dependence of (a) dielectric constant (&;) and (b) dielectric loss (tan §) for the columbite-route PMN ceramic, (c) dielectric constant (&,) and (d) dielectric

loss (tan §) for the corundum-route PMN ceramic.
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Table 4
Dielectric properties of PMN ceramics.
Preparation route Frequency (kHz) Tiver (CC) ATmax (°C) (1-100 kHz) Ermax tan dmax Diffusivity () Diffuseness parameter (§)
Columbite 1 —10.6 13.05 12960.7 0.12 1.98 42.03
10 —5.2 12458.9 0.14 1.97 39.58
100 2.5 11855.7 0.19 1.92 37.28
Corundum 1 -15.6 11.45 16566.5 0.07 1.79 35.64
10 —10.0 16042.0 0.08 1.76 35.28
100 —4.1 15406.5 0.11 1.73 32.73
temperature range from —50 to +50°C as shown in Fig. 5. In gen- 3.0

eral, the typical relaxor behavior [36,37] with the characteristic
dispersive frequency dependence of the dielectric maxima has been
observed in both PMN samples. The dielectric constant (&) and
dielectric loss (tan §) are compared in Fig. 5. The maximum dielec-
tric constant reached 12984 and 16566 at 1 kHz, the temperatures
for &;max are —10°Cand —15 °C for columbite- and corundum-route
samples, respectively, which are close to previously published val-
ues [26,38,39]. It can be noticed that the presence of MgO phase
may slightly shift the temperature of & max. Characteristics of var-
ious PMN obtained by different methods in this work and those
reported in other works are compared in Table 3. By comparison to
columbite-route PMN ceramic, & max of corundum-route ceramic is
slightly higher. It should be noted that the presence of MgO resulted
in an enhancement of the dielectric constant of PMN ceramics. This
was originally attributed to the elimination of the pyrochlore phase
[39], in agreement with the XRD results. Moreover, it should be
noted that an increase of dielectric constant could be a combination
of various effects; i.e. (i) phase present, (ii) density/porosity of the
sample and (iii) grain size. Here it is observed that smaller grain size
leads to an enhanced the dielectric constant. There are two other
interesting features in this study. Firstly, the sample containing a
small amount of MgO phase shows a high dielectric constant with
similar results reported by Wang and Schulze [38]. The second fea-
ture is seen in Table 1, e.g. while the density of corundum-route
PMN sample is low compared to columbite-route sample, the sam-
ple still exhibits all the characteristics of a relaxor materials.

Unlike the normal ferroelectrics, the dielectric behavior of PMN
ceramics cannot be described by the Curie-Weiss law equation.
Their behaviors tally well with the law 1/& o (T — Ty )2. The dielectric
constant can be written in the form [40]:

1 1 (T-Tw)
e tm 2em82 (2)
Here y is the expression of the degree of dielectric relaxation in the
relaxor ferroelectric materials and & is diffuseness parameter and
gives an estimation of the relaxor characteristic of the transition.
Fig. 6 shows dependencies of the (gm/e)—1 versus (T —Tny)?,
with determined values of the two diffuseness parameters (y and
8). The diffuseness exponent for columbite-route sintered PMN
ceramic is y =1.98 (Table 4), which is higher than reported value
of 1.64 [41] but is very close to 2.0 [42]. Moreover, the diffuse-
ness exponent tends to decrease while the frequency increases. By
comparison, the diffuseness exponent for corundum-route sintered
PMN ceramic is much smaller than those observed in columbite-
route sample. It may be caused by the presence of MgO. The
MgO inclusions might affect the low-frequency contributions to
the dielectric constant. This interaction would be modeled by &
in Eq. (2) as shown in Table 4 and would suggest that the MgO
phase could slightly decrease the diffuseness of the phase transi-
tion, in agreement with previous report [38]. Furthermore, for a
perovskite ferroelectric, it can be established that the diffuseness
could be caused by grain size dependence [43,44]. Therefore, this
effect can partly be the cause of the increase of diffuseness exponent
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------- Corundum-route
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o

0.51

0.0 1 T T r
-2000 0 2000 4000 6000
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Fig. 6. Dependence of (&rmax/er)—1 With (T — Tmax)? for (a) columbite- and (b)
corundum-route PMN ceramics.

in columbite-route PMN ceramic. Finally, it should be noted that the
dielectric constant is increased with decreasing grain size. The fac-
tor leading to this result is probably the variation in the stress to
which the grains are subjected as they cool through the Curie point.
Moreover, the columbite-route PMN ceramic containing a small
amount of pyrochlore phase (Pb;g3Mgg29Nb17106.39) shows a low
dielectric constant. This observation is clearly a result of the para-
electric pyrochlore phase with a low dielectric constant at room
temperature of 130; hence reducing the dielectric properties of the
columbite-route PMN ceramic sample.

4. Conclusion

Results indicate that using different magnesium niobate precur-
sors to produce PMN ceramics greatly influences phase formation,
microstructure and dielectric properties of the resulting products.
It has been concluded that the single-phase perovskite PMN ceram-
ics can be successfully formed by employing either columbite- or
corundum-route precursor method under optimized sintering tem-
peratures. Between the two B-site precursor methods, it is seen
that lower optimized sintering temperature for the production of
pure PMN ceramics can be obtained by using corundum-route,
whereas the large obtainable grain size was found in the columbite-
route PMN ceramics. Moreover, the presence of MgO phase in the
microstructures of corundum-route PMN ceramics may lead to the
pyrochlore elimination and results in enhancement of the dielectric
properties.
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