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The ternary system of lead nickel niobate Pb(Ni, ;Nb,,;)O5 (PNN), lead zinc niobate
Pb(Zn,5Nb,,5)O; (PZN), and lead zirconate titanate Pb(Zr,,,Ti,,,)O5 (PZT) was
investigated to determine the influence of different solid state processing conditions on
dielectric and ferroelectric properties. The ceramic materials were characterized using
x-ray diffraction, dielectric measurements, and hysteresis measurements. To stabilize
the perovskite phase, the columbite route was utilized with a double crucible technique
and excess PbO. The phase-pure perovskite phase of PNN-PZN-PZT ceramics was
obtained over a wide compositional range. It was observed that for the ternary system
0.5PNN—(0.5 — x)PZN—xPZT, the change in the transition temperature (7,,) is
approximately linear with respect to the PZT content in the range x = 0 to 0.5. With
an increase in x, T, shifts up to high temperatures. Examination of the remanent
polarization (P,) revealed a significant increase with increasing x. In addition, the
relative permittivity (e€,) increased as a function of x. The highest permittivities

(e, = 22,000) and the highest remanent polarization (P, = 25 wC/cm?) were recorded
for the binary composition 0.5Pb(Ni,;Nb,,;)05;—0.5Pb(Zr,,,Ti;,5)Os.

. INTRODUCTION

Lead-based complex perovskites, such as Pb(Zn, 5Nb,,;)O5
(PZN) and Pb(Ni,,;Nb,,;)O5; (PNN), having the general
formula Pb(B'B")O5 have received significant attention
since the 1970s because of their peculiar dielectric and
piezoelectric behavior. These materials have been ap-
plied in many areas such as electrostrictive actuators,
transducers, and multilayer ceramic capacitors.'™®

Lead zinc niobate, PZN, was first synthesized in the
1960s.” Its permittivity versus temperature curve dis-
played a broad peak around 140 °C (7,,) with a strong
frequency dependence. Extremely high relative permit-
tivities have been measured in the vicinity of the peak
with a €, ~ 60,000 reported for single crystals.**'"
Nanometer-level chemical heterogeneity in the form of
short range order of Zn** and Nb>* at B-sites was pro-
posed to account for the observed diffuse phase transi-
tion.'>'* The crystal structure of PZN is rhombohedral
(3m) at room temperature and transforms to cubic
(Pm3m) at high temperatures.

Unfortunately, phase-pure perovskite PZN polycrys-
talline ceramics have not been synthesized by conven-
tional solid-reaction methods because of a steric and an
electrostatic interaction between high polarization of the
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Pb?* cation and the Zn?* cation, which favors the for-
mation of the pyrochlore phase instead of the perovskite
phase.'* Moreover, the low tolerance factor and small
electronegativity difference” makes the perovskite phase
unstable, requiring the addition of normal ferroelectric
compounds such as BaTiO,'” and PbTiO,'® to stabilize
the perovskite phase. Recently, Fan et al.'”'® mixed
Pb(Zr, 47 Tiy53)O05 with PZN by a conventional solid-
state reaction method and successfully stabilized perov-
skite PZN. A morphotropic phase boundary (MPB)
between the PZN-rich rhombohedral phase and the PZT-rich
tetragonal phase was reported at PZN:PZT47/53 = 1:1.
At this composition, a high electromechanical coupling
factor of k, = 0.67 was measured.

Lead nickel niobate (PNN) exhibits a diffuse phase
transition around —120 °C with a much lower peak per-
mittivity of about 4000."® The crystal structure of PNN at
room temperature is cubic (Pm3m) with a lattice param-
eter of 4.03 A.'" Phase-pure perovskite PNN can be
prepared via the columbite method.>*® Luff et al.*'
investigated solid solutions in the PNN-PbTiO;—PbZrO,
system and identified the composition of 0.5PNN-
0.35PT-0.15PZ with optimal piezoelectric properties.
Detailed reaction kinetics during solid state processing of
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PNN-PZT was recently investigated by Babushkin and
several pyrochlore phases have been detected.”” The
piezoelectric PNN-PZT ceramics have found wide ap-
plications and are now commercially available.

The investigation of the ferroelectric properties of the
PNN-PZN-PZT ternary system is of interest for a num-
ber of reasons. Both PNN and PZN have distinct transi-
tion temperatures, and the transition temperature for the
solid solution of PNN-PZN should lie in the ambient
temperature range. This implies that the ultrahigh per-
mittivity values can be realized at room temperature. As
demonstrated in the binary PZN-PZT and PNN-PZT
systems, the addition of PZT imparts superior piezoelec-
tric properties to the solid solutions. Therefore, there is
great potential for excellent dielectric and piezoelectric
properties within the ternary system PNN-PZN-PZT.

Information in the literature on the PNN-PZN-PZT
ternary system is extremely limited. Lee et al.* tried to
fabricate phase-pure perovskite PNN-PZN-PZT ceram-
ics with a Zr/Ti ratio in PZT of 1.0. In their study, pow-
ders of PZT, PZN, and PNN were prepared separately
and then mixed and calcined again to form perov-
skite PNN-PZN-PZT. The highest amount of perovskite
phase in their work was found to be 92%. The Curie
temperature was found to vary from 50 to 250 °C, de-
pending on the mol fraction of PZT. The best piezoelec-
tric properties at room temperature, k,= 0.63, were found
in the composition 0.5PNN-0.3PZN-0.2PZT.

The presence of pyrochlore phase is extremely detri-
mental to the dielectric and piezoelectric properties in
most perovskite ceramics. The process of prereacting the
B-site cations to form a columbite phase B'B",0, prior
to the addition of PbO has been successfully applied to
many systems to suppress pyrochlore phase forma-
tion.>?>?*2> However, this technique has been largely
unsuccessful for PZN and fabrication of phase-pure
PZN-containing solid solutions remains a challenging is-
sue. In this work, a processing route different from that
used previously by Lee e al. ** was used to successfully
prepare phase-pure perovskite PNN-PZN-PZT ceram-
ics. The use of the double crucible technique, using ex-
cess PbO, and maintaining a fast heating rate were all
found to be essential factors in perovskite phase devel-
opment. Dielectric and ferroelectric properties of single-
phase perovskite ceramics are reported in the present
article and piezoelectric characterization is underway and
will be published in a separate paper.

Il. EXPERIMENTAL

In this method, the columbite precursors ZnNb,Og and
NiNb,O, were prepared from the reaction between ZnO
(99.9%) and Nb,O5 (99.9%) at 975 °C for 4 h and be-
tween NiO (99.9%) and Nb,O5 (99.9%) for 4 h at 1100 °C,
respectively.***> The wolframite phase ZrTiO, was

formed by reacting ZrO, (99.9%) with Ti0,(99.9%) at
1400 °C for 4 h.?® The powders of ZnNb,O, NiNb,O,
and ZrTiO, were mixed in the required stoichiometric
amounts with PbO (99.9%) with an excess of 2 mol% of
PbO added. The compositions synthesized in this study
were x = 0, 0.1, 0.3, and 0.5 in the ternary system
0.5PNN—(0.5 — x)PZN-xPZT. The milling process was
carried out for 24 h in isopropyl alcohol. After drying at
120 °C, the powders were calcined at 900-950 °C for
4 h in a double crucible configuration with a heating rate
of 20 °C/min. After grinding and sieving, 5 wt.% of
polyvinyl alcohol binder was added. Disks with a diam-
eter of 1.5 cm were prepared by cold uniaxial pressing at
a pressure of 150 MPa. Binder burnout occurred by slow
heating to 500 °C and holding for 2 h. To investigate the
sintering behavior, the disks were sintered in a sealed
alumina crucible at temperatures ranging from 950 to
1250 °C using a heating rate of 5 °C/min and a dwell
time of 2 h. To prevent PbO volatilization from the disks,
a PbO atmosphere was maintained by placing PbZrO,
powders in the crucible. Phase formation and crystal
structure of the calcined powders and sintered discs were
examined by x-ray diffraction (XRD). Data collection
was performed in the 26 range of 20-60° using step
scanning with a step size of 0.02° and counting time of
2 s/step. The relative amounts of perovskite and pyro-
chlore phase were determined by measuring the primary
x-ray peak intensities of the perovskite and pyrochlore
phase. The percentage of perovskite phase was estimated
by the following equation:

I

perov

>><100,

(M
where I.oy> Lpyror @0d Ipyg refer to the intensity of the
(110) perovskite peak, and the intensity of the (220) py-
rochlore and PbO peaks, respectively. The pellets were
polished and electroded via gold sputtering, over which a
layer of air-dried silver paint was applied. The relative
permittivity (€.) and dissipation factor (tan 3) of the pel-
lets sample were measured at various temperatures rang-
ing from —100 to 180 °C with a heating and cooling rate
of 3 °C/min over the frequency range between 100 Hz
and 100 kHz using an LCR meter (HP 4284A, Tokyo,
Japan) in conjunction with a Delta Design 9023 (San
Diego, CA) temperature chamber. The remanent polari-
zation P, was determined from a P-E hysteresis loop
measurements using a Sawyer—Tower circuit at tempera-
tures between —66 and 60 °C.

lll. RESULTS AND DISCUSSION
A. Perovskite phase development

% perovskite phase = (
Iperov + Ipyro + IPbO

The perovskite and pyrochlore phase formation at dif-
ferent calcination temperatures in 0.5SPNN—(0.5 — x)
PZN—xPZT powders with x = 0.1 to 0.5 were studied

J. Mater. Res., Vol. 18, No. 12, Dec 2003 2883



N. Vittayakorn et al.: Perovskite phase formation and ferroelectric properties of the PNN-PZN-PZT ternary system

and analyzed by XRD. XRD patterns from this system
are given in Fig. 1. The cubic pyrochlore-type structure
of Pb, g3(Nb, 5,71, 20)O¢ 30> Was identified in the x =
0.0, 0.1, and 0.3 compositions at the 900 °C calcination
temperature. The pyrochlore formation reaction from
PbO and the columbite precursors is an extremely fast
process, which is completed within 2—-3 min at tempera-
tures as low as 750 °C.*® With increased calcination tem-
peratures the amount of perovskite phase increased
sharply. In our work, it was observed that the primary
phase in all of the compositions at 950 °C was well-
crystallized perovskite. Within the detection limits of the
XRD technique, the samples were essentially 100%
perovskite and free of pyrochlore. The heat treatment
and percent perovskite phase for all the compositions are
listed in Table 1. The first two rows listed are for the
calcined powders, and the remaining data are derived
from sintered samples using powders calcined at 950 °C.

In this study, the combination of using a double cru-
cible, excess PbO (2 mol%), and a fast heating/cooling
rate (20 °C/min) were shown to be effective in reduc-
ing the total amount of pyrochlore phase during calcina-
tion at 950 °C. The 2 mol% excess PbO was chosen
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FIG. 1. Powder XRD patterns of a stoichiometric composition of
0.5PNN-(0.5 — x)PZN—xPZT ceramics: (a) calcined at 900 °C for
4 h with 20 °C/min heating rate, (b) calcined at 950 °C for 2 h with 20
°C/min heating rate; pyrochlore phase indicated with (*).
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because there were observations reported that composi-
tions with excess PbO additions greater than 2.8 mol%
resulted in degraded electrical properties. This was at-
tributed to the presence of an excess PbO layer at the
grain boundary.**-*°

XRD patterns from a set of samples prepared at
various sintering temperatures are given in Fig. 2. In
this study, for the x = 0 composition single-phase
perovskite was obtained for sintering temperatures below
1150 °C. Above 1150 °C, the cubic pyrochlore phase
Pb, ¢3(Nb, 5,Zn, 50)O¢ 30>’ formed and the percentage of
pyrochlore phase increased as the sintering temperature
increased, as shown in Table 1. This behavior also ap-
peared in the x = 0.1 composition at sintering tempera-
tures above 1200 °C. The behavior is believed to be
due to the volatilization of PbO at high temperatures.
Nevertheless, the XRD patterns for the x = 0.3 and
0.5 compositions do not show the formation of the

TABLE 1. Perovskite phase development during calcinations and sin-
tering process of 0.5SPNN—(0.5 — x)PZN—xPZT system. (The first two
rows indicate the data in calcined powders and the rest of the rows are
data from sintering of powders calcined at 950 °C.)

Perovskite phase (%)

Temperature

(°C) x =00 x = 0.1 x =103 x =05
900" 91.53 92.67 92.5 100
950" 100 100 100 100
1000 100 100
1050 100 100 100

1100 100 100 100
1150 100 100 100 100
1200 84.468 100 100 100
1225 76.249 76.79 100 100
1250 100 100
1275 100 100
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FIG. 2. XRD patterns of 0.5PNN—(0.5 — x)PZN—xPZT ceramics at the
optimum sintering conditions.
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pyrochlore phase. It is interesting to note that the inten-
sity of (100) perovskite peak decreased at high tempera-
tures for the 0.1 < x < 0.5 composition.

In the PNN-PZN-PZT system, the A-site is occupied
by Pb** (1.630 A) ions, and the Ni**, Nb>*, Zn**, Zr**,
and Ti** ions occupy the B site of the ABO; perovskite
crystal structure. The average ionic radius of B-site
ions in the composition 0.5Pb(Ni,,;Nb,,3)05—(0.5 = x)
Pb(Zn, ;Nb,,;)O3—xPb(Zr, ,Ti,,,)O5 can be calculated
from the following equation:

rstite = 05 |_1/3rN124r =i 2/3rNb5+J + (05 - )C)

[1/3an2+ + 2/3rNb5+J +x ll/err4+ + Veri4+J (,2)

where the ionic radii of Ni**, Nb>*, Zn?*, Zr**, and Ti**
are 0.830, 0.780, 0.880, 0.860 and 0.745 A, respectively.>!
A simple description of the geometric packing within
perovskite structure can be characterized by tolerance
factor ¢, which is defined by the following equation:>*'3-2

N (ra +10) 3)
\/E(VB + 7o) ,

where 74, g, and rq are the ionic radii of the A, B and
O ions, respectively. The calculated average B-site ionic
radii and tolerance factor of the PNN-PZN-PZT system
is presented in Table II using 1.260 A for the radius of
0?".%! The effective size of the B-site ion decreases with
an increasing mol faction of PZT primarily due to the
smaller ionic radii of Ti**. This results in a slight in-
crease in the tolerance factor as it approaches 1.0. How-
ever, the lattice parameter is found to increase as the mol
faction of PZT increases, and the symmetry changes
from pseudocubic to rhombohedral.

The crystal symmetry of PNN at room temperature
was determined to be pseudo-cubic perovskite with a cell
parameter ¢ = 4.0308 A. The PZN composition at room
temperature was determined to be the rhombohedral
space group R3m. According to the PbZrO;—PbTiO,
phase diagram, at room temperature Pb(Zr,,,Ti,,,)O5 is
within the tetragonal phase field near the MPB region.>?
In this work, the crystal structure and lattice parameters
of the PNN-PZN-PZT compositions were determined
through room temperature diffraction experiments. The
indexing procedure of the perovskite phase in the

x = 0.0 and x = 0.1 samples was performed based on
cubic symmetry. For the x = 0.3 and 0.5 samples, how-
ever, no splitting of 002 and 200 peak was observed with
increased PZT concentration, as shown in Fig. 2. How-
ever, the superposition was clearly observed for the (220)
peak as shown in Fig. 3. This result indicates that the
crystal structure was rhombohedral. In addition, from
the data listed in Table II, it is evident that the lattice
parameter a increased with increasing concentration of
PZT due to the increase in B-site radius.

B. Dielectric properties

The permittivity at 1 kHz as a function of temperature
for 0.5PNN—-(0.5 — x)PZN—xPZT ceramics under differ-
ent sintering conditions is shown in Fig. 4. The sintering
temperature was found to have a significant effect on the
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FIG. 3. XRD patterns of the (220) peak of 0.5SPNN—(0.5 — x)PZN-
xPZT ceramics: (a) x = 0, (b) x = 0.1, (¢) x = 0.3, (d) x = 0.5.

TABLE II. Comparison of the calculated average B-site ionic radii, the crystal structure, and lattice parameters derived from XRD data.

Composition Average B-site Tolerance Lattice parameter, Distortion
0.5PNN—(0.5 — x)PZN-xPZT jonic radii (A) factor, ¢ a (A) Crystal structure angle, o
x=0.0 0.8050 0.9896 4.049 Cubic 90.0
x = 0.1 0.8039 0.9901 4.054 Cubic 90.0
x=03 0.8018 0.9912 4.057 Rhombohedral 89.88
x=05 0.7996 0.9922 4.060 Rhombohedral 89.89
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permittivity. All compositions exhibited an increase in
the permittivity with increased sintering temperatures.
However, at the highest sintering temperature the per-
mittivity decreased due to the formation of a pyrochlore
phase. The x = 0 composition showed an increase in
permittivity up to a maximum of 10,000 at a sintering
temperature of 1150 °C. At higher sintering temperatures
there is both a decrease in permittivity and a shift in the
temperature at which the permittivity is maximum (7,

from —20 to =50 °C. This shift in T}, is likely to be the
result of a change in the stoichiometry of the perovskite
phase due to the effects of Zn volatilization and the for-
mation of the pyrochlore phase Pb, ¢3(Nb, 5,Zng 59)Og 30
This shifted the overall perovskite composition closer
to PNN, with a lower 7, of =120 °C. In addition, the
decrease in permittivity that was observed was the re-
sult of the low permittivity of Pb, g3(Nb, 5,Zng 59)Og 39
(e, ~ 100).
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FIG. 4. Relative permittivity and dissipation factor at 1kHz for 0.5SPNN—(0.5 — x)PZN —xPZT: (a) x = 0, (b) x = 0.1, (¢) x = 0.3, (d) x = 0.5.
Dielectric data for different sintering temperatures is shown.
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FIG. 5. Relative permittivity and dissipation factor of 0.5PNN—(0.5 — x)PZN—xPZT ceramics prepared at the optimum sintering conditions.
(a) x = 0, ceramics sintered at 1150 °C for 2 h; (b) x = 0.1, ceramics sintered at 1200 °C for 2 h; (c) x = 0.3, ceramics sintered at 1200 °C for
2 h; (d) x = 0.5, ceramics sintered at 1250 °C for 2 h.
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The x = 0.1 composition exhibited a maximum per-
mittivity of approximately 12,000 witha 7, ~ 0 °C at a
sintering temperature of 1200 °C. Higher sintering tem-
peratures resulted in a decrease in the permittivity. Like-
wise the x = 0.3 composition exhibited a maximum
permittivity of 17,000 at 7, = 70 °C at a sintering
temperature of 1200 °C. Consistent with the other
compositions, increased sintering temperatures resulted
in a decrease in permittivity and a shift in 7,,,. Finally, the
highest permittivities in this study were recorded for
the x = 0.5 composition at a sintering temperature of
1250 °C with €., = 22,000 at T, ~ 120 °C. This is
significantly larger than the previous value reported in
the literature.>

In this work, the dielectric experiments showed that
the optimum sintering conditions for 0.5PNN—(0.5 — x)
PZN—-xPZT were for 2 h at 1150, 1200, 1200, and
1250 °C, forthe x = 0, x = 0.1, x = 0.3, and x = 0.5
compositions, respectively. Ceramics sintered under
these conditions were used in the determination of the
crystal structure and lattice parameters, which had been
shown in Figs. 2 and 3, and Table II. The following
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FIG. 6. T,,, calculated T,, and maximum relative permittivity as a

function of composition x at 1 kHz.

characterization of the dielectric and ferroelectric prop-
erties of each composition was also carried out in sample
sintered at their optimum conditions.

Figure 5 shows the dielectric properties for each com-
position at the optimum sintering conditions. All of
compositions showed a broadening of the permittivity
maxima and the T,, increased with increasing meas-
urement frequency, as expected. Experimental results
indicate that all of compositions show a diffuse phase
transition with the strong frequency dispersion, which is
characteristic of relaxor ferroelectrics.'”"'*>* From this
result, it is clear from the sharpness of the permittivity
peak that the compositions gradually approached normal
ferroelectric behavior as the mol fraction of PZT increased.
As x approached 0, the behavior was strongly relaxor in
nature. This may be a function of the degree of B-site cation
ordering or the influence of the macro-domains.

In general, the sintering temperature of this system
increased with increased mol percent of PZT. Both the
maximum permittivity, €. and 7T, increased quasi-
linearly as the molar fraction of PZT increased. The T,
of the constituent compounds PNN, PZN, and PZT are
—120, 140, and 390 °C, respectively,lo’lg’33 which can
be used to calculate an empirical estimate of 7, via the
equation:

T, =05 X (=120 °C) + (0.5 = x) X (140 °C)
+x X (390 °C) . 4)

The variation of the measured T, the calculated T,,,
and the measured €, ., with composition x is shown in
Fig. 6. It is evident that Eq. (4) gives a reasonable indi-
cation of the transition temperature 7,,. A summary of
the dielectric properties for each of the compositions is
shown in Table III. As Table III illustrates, the PNN—
PZN-PZT ceramics in this study resulted in significantly
higher permittivities than in previous studies. Through
controlling PbO loss and preventing pyrochlore phase
formation, single-phase perovskite ceramics can be proc-
essed with excellent electrical properties.

TABLE III. Comparisons of dielectric properties of ceramics in the 0.5PNN—(0.5 — x) PZN—xPZT system at the optimum sintering conditions.

Composition
0.5SPNN—(0.5 — x)PZN—xPZT

Percent T,

m

perovskite °0)

Relative permittivity
(at 25°C) at 1 kHz

Relative permittivity
(at T,,,) at 1 kHz

Dielectric loss
(at 25°C) at 1 kHz

Lee et al.® x =00 85 55 4000 6000

x = 0.1 87 80 4700 8000

x =03 92 140 5500 13000

x =05 78 225 2500 7000
Vierheilig et al.®” x =00 100 -10 6077 6980 0.010
This work x =00 100 -20 8500 9700 0.011

x = 0.1 100 0 11500 13000 0.032

x =103 100 70 9000 18000 0.050

x =05 100 125 4000 22000 0.048
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C. Ferroelectric properties

Polarization hysteresis measurements at room tem-
perature were performed using a modified Sawyer—
Tower circuit. The hysteresis loops as a function of x are
shown in Fig 7. The x = 0 and x = 0.1 compositions
exhibited slim loops characteristic of relaxor ferroelec-
trics. The saturation polarization P,, remanent polari-
zation P, and coercive field E. were increased with
increased mol percent of PZT as illustrated in Table IV.
The loop area values were calculated by integrating the
polarization with respect to the electric field. The maxi-
mum remanent polarization was observed for the x =
0.5 composition. The values of P, P,, and E_ for the
x = 0.5 composition are 31.9 wC/cm?, 25.2 n.C/em?, and
4.0 kV/cm, respectively.

were found to exhibit an increase with decreased tem-
perature. This is due to the influence of the metastable
macro-domain structure and the immobilizations of the
domain walls.'>-¢

The x = 0.3 and 0.5 compositions exhibited square
loop behavior at —66 °C. However, as the tempera-
ture increased the square loops transformed to slim loops
and the remanent polarization and coercive filed values
decreased significantly. The x = 0 and x 0.1
compositions exhibited slim loop behavior near room
temperature. All of compositions displayed a clear tran-
sition from square-loop behavior to slim-loop behavior in

TABLE 1V. Polarization hysteresis data as a function of x in the
0.5PNN—(0.5 — x)PZN—PZT system.

. . . . " P, P, E. Loop area
Thesg hysteres1§ data are consistent with the dielectric Composition (WClem?) (WClem?) (KV/em) (mClem’)
results in illustrating the gradual trend from relaxor to
normal ferroelectric as the mol fraction of PZT is in- x=00 22.5 0.9 0.008 49.88
creased.'>° The hysteresis loops for the compositions i _ 8'; ig'? 51;'2 (1).2;(1) 2;?12
x = Oand x = 0.3 at various temperatures are shown in =05 319 259 4004 628.47
Fig. 8. The coercive field values for each composition
40 40 7
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FIG. 7. Room-temperature polarization versus electric field hysteresis loops for 0.5PNN—(0.5 — x)PZN—xPZT ceramics at the optimum sintering

conditions.
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(0.5 — x)PZN—xPZT ceramics at optimum sintering conditions, com-
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the vicinity of T,,. In addition, the hysteresis loops
showed that the remanent polarization is nonzero at 7,
but decays to zero at temperatures above T,,,.

IV. CONCLUSIONS

In this work, it was shown that by controlling PbO loss
and preventing pyrochlore formation high permittivity
ceramics in the PNN-PZN—-PZT system can be processed
through high-temperature calcination. This can be ac-
complished by utilizing a double crucible during calci-
nation, adding excess PbO (2mol%), and maintaining a
fast heating/cooling rate (20 °C/min). The dielectric
properties and the 7., of 0.5PNN-(0.5 — x)PZN—xPZT
was found to increase with increasing PZT concentration.
Furthermore, the transition from the normal ferroelectric
to the relaxor ferroelectric state was clearly observed as
the mol fraction of PZT decreased. The optimum dielec-
tric properties were observed for the x = 0.5 composi-
tion with a permittivity of 22,000 and P, P, and E_
values of 31.9 uC/cmz, 25.2MC/cm2, and 4.0 kV/cm,
respectively.
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Abstract

Ceramics solid solutions within the binary systenxBb(Zn,3sNby/3)O0s—(1 — x)Pb(Zn,Ti1/2)Os with x = 0.1-0.5 were synthesized via
the mixed oxide method and the columbite method. Phase development of calcined powders and the crystal structure of sintered ceramic
were analyzed by X-ray diffraction. Ferroelectric properties were measured to elucidate the phase transformation and identify the impact o
the processing conditions. It is shown that there was no significant differef@aross the composition range. However, the coercive field
E. was shown to exhibit a strong compositional dependence. Compared with ceramics prepared by the columbite method, ceramics prepare
by the mixed oxide method showed a lower remanent polariz&jcend a higher coercive fielH;. In addition, both X-ray diffraction
and ferroelectric measurements indicated a phase transformation from a tetragonal to a pseudo-cubic rhombohedral phase when the fracti
of Pb(Zn,3Nby/3)O0; (PZN) was increased. The morphotropic phase boundary (MPB) is located betwee®.2 and 0.3 according to
observations made on ceramics prepared with the columbite method. However, this transformation was obscured in the ceramics prepare

with the mixed oxide method. It is proposed that compositional heterogeneities were responsible for these experimental investigations.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Phase transition; Ferroelectric properties; Ceramics

1. Introduction

Ferroelectric materials are widely used for various de-
vices, including multilayer capacitors, sensors, and ac-
tuators. By the 1950s, the piezoelectric solid solution
Pb(zrn_,Ti,)O3 (PZT) was found to host exceptionally
high dielectric and piezoelectric properties for compositions
close to the morphotropic phase boundary (MPB). This
MPB is located around PbTgZPbZrQ; ~1:1 and separates
the Ti-rich tetragonal phase from the Zr-rich rhombohedral
phase[1]. Most commercial PZT ceramics are thus de-
signed in the vicinity of the MPB with various dopings in
order to achieve high properties.

* Corresponding author. Tel41-515-294-3801;
fax: +1-515-294-5444.
E-mail address: naratip@iastate.edu (N. Vittayakorn).

0921-5107/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.mseb.2004.01.006

Pb(Zn3Nby,3)03 (PZN) is an important relaxor ferro-
electric material with the rhombohedral structure at room
temperature. A diffuse phase transition from the paraelec-
tric state to a ferroelectric polar state occurs at 4@0
[2]. Extensive research has been carried on PZN single
crystals because of their excellent dielectric, electrostric-
tive, and optical propertieR2,3]. Although single crystals
of PZN can routinely be grown by the flux method]
it is known that perovskite PZN ceramics cannot be syn-
thesized by the conventional mixed-oxide method without
doping. This is because PZN has a low tolerance factor
and small electronegativity difference between the cations
and the pyrochlore phase appears to be more thermody-
namically stable than the perovskite phdS¢ Attempts
to synthesize perovskite PZN ceramics invariably results
in the formation of pyrochlore phase with inferior dielec-
tric and piezoelectric properties. The columbite method,
as suggested by Schwartz and Shrfg]t for the prepa-
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ration of perovskite Pb(MgsNby,3)O3 (PMN) ceramic,
is not effective in suppressing pyrochlore phase forma-
tion in PZN ceramicg5]. Hot isostatic pressing was re-

259

(99.9%) with TiG (99.9%) at 1400C for 4 h. The precur-
sors ZnNbOg, ZrTiO4 were then subsequently mixed with
PbO (99.9%) (with 2mol% excess Pb)1] and milled,

ported to be able to produce phase-pure perovskite PZNdried, and calcined under the same conditions as the pow-

ceramics[7]. However, relatively poor piezoelectric prop-

der prepared by conventional method. The calcined pow-

erties were measured in the as-pressed ceramic. Variouslers of both methods were cold isostatically pressed into

chemical additives, such as Ba(ZsiNb,3)O3, BaTiCs,
and SrTiQ have thus been explored in an attempt to
stabilize the perovskite PZN ceramic and retain the ex-
cellent piezoelectric properties. Halliyal et gB] pre-
pared BaTiQ-stabilized PZN ceramics using BagdbO,
ZnO, NbOs, and TiG as the starting materials. Villle-
gas et al.[9] incorporated BaTi@ and Pb(Zs4Tioe)O03
into PZN to produce the ternary system with the per-
ovskite structure from ZnNi®Ds powder. However, a
trade-off was made with these additives which yielded re-
duced dielectric constants and piezoelectric coefficients.
Therefore, there is significant interest in finding a method
to stabilize the perovskite phase in PZN without sacri-
ficing the excellent dielectric and piezoelectric proper-
ties.

Since both PZT and PZN have perovskite structure and
are known to have excellent dielectric and piezoelectric
properties, it is suggested to alloy PZN with PZT to stabi-
lize and optimize the PZN ceramics. Recent work by Fan
and Kim[10] has shown promise in producing phase-pure
perovskite PZN-PZT ceramics with the conventional
mixed-oxide method. The present work aims to provide a

comprehensive study on the process-property relationships

in the binary system of PZN-PZT with a wide composition
range. Both the conventional mixed-oxide method and the

columbite precursor method have been used in synthesizing

the PZN-PZT ceramics. The conventional method utilized
a one-step reaction with all of starting materials whereas
the columbite method was used an initial step of preparing
columbite precursor (ZnNiDg) and wolframite precursor
(ZrTiOg4) followed by a reaction with PbO to form the
PZN-PZT ceramics. Finally, a comparison of the important
ferroelectric properties was made to identify the optimum
processing conditions.

2. Experimental procedure

For the conventional method, regent grade oxides of PbO,

Zn0, ZrQ,, TiO2 and NipOs were mixed in the required
stoichiometric ratios for the general compositidtZN—(1—
x)PZT wherex = 0.1, 0.2, 0.3, 0.4, and 0.5. After ball
milling for 24h and drying at 120C, the mixture was
calcined at temperatures between 750 and°@5for 4 h

in a double crucible configuratiofi1]. A heating rate of
20°C/min was selected for all of the compositions in this
system[11]. For the columbite method, the columbite pre-
cursor ZnNbOg was prepared from the reaction between
ZnO (99.9%) and NfOs (99.9%) at 975C for 4h. The
wolframite precursor ZrTi@Q was formed by reacting ZrD

pellets at a pressure of 150 MPa. Five sintering conditions
were selected to be used with both methods ranging 1175,
1200, 1225, 1250, and 1276 dwell 2h. To prevent PbO
volatilization from the pellets, a PbO atmosphere was con-
trolled with a bed of PbZr@powder placed in the vicinity

of the pellets. The calcined powder and sintered pellets were
checked for perovskite phase formation by X-ray diffrac-
tion (XRD). Data collection was performed in thé eange

of 20°—60° with a step scan with a step size of 020&nd
counting time of 2 s per step. For profile fitting, a step scan

Columbite method

% Perovskite & ZrTiO,
Y Pyrochlore § ZnNb,O,

~
=
<
N—" o
> 750°C
B~
2]
5
= 800°C
b
850°C
900°C

30 40 50 60
26/Degree

(a)

Conventional method

* Perovskite phase
lIJ Perovskite phase

B pvo

Intensity(a.u.)

20 30 50

40
(b) 26/Degree
Fig. 1. XRD patterns for 0.3PZN-0.7PZT ceramics calcined at varies
temperature for 4h. (a) Columbite method; (b) conventional method.
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with step size of 0.004was used with a counting time of 3. Results and discussion
5s per step and peak deconvolution was done with JADE
v.6. 3.1. Perovskite phase formation and the MPB
The relative amounts of perovskite and pyrochlore phases
were approximated by calculating the ratio of the major  Powder XRD patterns of the calcined 0.3PZN-0.7PZT
XRD peak intensities of the perovskite and pyrochlore phase powders at different cal cination temperatures for both meth-

via the following equation: ods are shown in Fig. 1(a) and (b). The XRD results show
I that the pyrochlore phase Pb1 gg(Zng.3Nb1 25)Os 305 (JCPDS

Perovskite intensity6) = ( perov ) % 100 No. 25-0446) was dominant at calcination temperatures be-
Iperov+ Ipyro + IPbo low 750°C for all of the columbite-derived powders. The

wherelperow lpyro, andlpporefer to the intensity of the (110)  Precursor phases PO, ZrTiOs, ZnNb;Op were also detected

perovskite peak, (222) pyrochlore peak, and the intensity BY XRD & below 800°C. No evidence of the precursor
of the highest lead oxide peak, respectively. phase ZrOg, TiO2, Nb,Os or ZnO was detected by XRD for

To investigate the influence of post-sintering heat treat- conventional preparation. Moreover, the pyrochlore phase
ments, specimens from both methods which had been sin-Was only observed in the conventional method-derived pow-
tered at 1175C were annealed at 125G for a dwell time  dersfor compositions with a high concentration of lead zinc
of 6 h in a closed AlO3 crucible with PbO-rich atmosphere. niobate. It is assumed that the columbite phase ZnNb,Os
The specimens were polished and electroded via gold sput-
tering, over which a layer of air-dry silver paint was applied
to enhance the electrical contact. The ferroelectric polariza-
tion versus electric fieldR—E) measurements was made us-
ing an RT66A standard ferroelectric test system.

T
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Fig. 2. Percentage of perovskite phase as a function of calcination tem-
perature for XPZN—(1 — x)PZT ceramics: (a) columbite method; (b) con- Fig. 3. XRD patterns for xPZN—1 — x)PZT ceramics sintered at 1200°C
ventional method. for 2h: (a) columbite method; (b) conventional method.
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Fig. 4. Close examination of the (002) peaks shown in Fig. 2. (a) Columbite method; (b) conventional method.

decomposed via reaction with PbO at low temperatures to
form the pyrochlore phase Pb;.sg(Zng.3Nb 25)Os 305. For
the conventional method, Pb,Nb, O, pyrochlore phases were
found at calcination temperatures below 800°C for x > 0.3.
In the work by Chen et. a. [12] it was reported that in

FT(ZOO)

the lead-niobium pyrochlore system the cubic PbsNbsO13,
pyrochlore phase (JCPDS No. 25-443) forms first around
580°C. At higher temperatures, it transforms to PboNb,O7,
(JCPDS No. 40-828) and finaly to PbgNbyOg (JCPDS
No. 30-712) with increased calcination temperatures. At

FT(ooz) ( FT(QOO)

FR(ZOO)

43.5 44.0 44.5 45.0
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43.0 455
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Fig. 5. Individual X-ray diffraction (002) pesk for the tetragonal (Fro02), Fr200)) and rhombohedral(Fr200)) phase for difference methods, (a)
0.2PZN-0.8PZT prepared by columbite method, (b) 0.3PZN-0.7PZT prepared by columbite method, (c) 0.2PZN-0.8PZT prepared by conventional
method, (d) 0.3PZN-0.7PZT prepared by conventional method.
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800°C, the pyrochlore phase began to decrease and disap-
peared completely at 850°C for powder prepared by con-
ventional method and at 900°C for the columbite method.
The optimum calcination temperature for the formation
of phase pure perovskite was found to be about 850°C
for the conventional method and 900°C for the columbite
method.

The perovskite phase formation for both processing meth-
ods at various calcination temperaturesis shown in Fig. 2(a)
and (b), respectively. All the compositions from both meth-
ods in the present work showed pyrochlore-free XRD scans
at calcination temperatures at above 900°C. These experi-
ments indicate that for both methods as the concentration of
the PZN phase increased the calcination temperature must
be increased in order to obtain phase-pure perovskite. Most
processing procedures for PZN-based ceramics make use of
calcination temperatures in excess of 900°C. The experi-
ments in this study suggest that the conventional method
helps to stabilize the perovskite phase compared with the
columbite method. Moreover the perovskite formation tem-
perature for the conventional method was significantly lower
than that of the columbite method. The differencein the for-
mation temperatures was presumably due to a different re-
action path to the formation of the perovskite phase for the
two methods.

Fig. 3 shows the XRD patterns of xPZN—1 — x)PZT
ceramics sintered at 1200°C for 2h to illustrate the
change in crystal structure as a function of composition
for both processing methods. The results indicate that,
for the same composition, different processing methods
may develop a perovskite structure with different sym-
metries. Fig. 4 shows the evolution of the (200) peak as
a function of composition and processing method. The
PbZrOs—PbTiO3 phase diagram predicts that at room tem-
perature Pb(Zry,2Ti1/2)O3 falls within the tetragonal phase
field near the MPB. The XRD patterns with low PZN
concentration show strong (200) peak splitting which is
indicative of the tetragona phase. As the PZN concen-
tration increased, for both processing methods the (200)
transformed to a single peak which suggests rhombohedral
symmetry.

Fig. 5(a—d) show the XRD patterns for both processing
methods in the vicinity of the MPB at x = 0.2 and 0.3 over
the range 26 = 43-45.5. The data shows the appearance of
atriplet peak due to the superposition of the tetragonal and
rhombohedral (2 00) peaks. The columbite prepared samples
show a relatively sharp transition between the tetragonal
phase at x = 0.2 to the rhombohedral phase at x = 0.3.
In the conventional prepared samples, while the x = 0.2
samples shows the presence of the tetragonal phase there
is a strong co-existence of both phases for the x = 0.3
pattern.

While Fan and Kim report a phase boundary in the same
PZN-PZT system at the composition x = 0.5, [13] there
are no prior reports of the phase boundary observed in this
work between x = 0.2 and 0.3.

40 1
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Fig. 6. Room temperature P-E hysteresis as a function of sintering
temperature for 0.2PZN—0.8PZT: (a) columbite method; (b) conventional
method.

3.2. Effect of sintering temperature and post-sinter
annealing

The effect of sintering temperature on the properties was
assessed by the polarization—field (P-E) measurements.
Fig. 6 shows the results for the composition of x = 0.2 for
both methods at different sintering temperatures. Ceramics
from both methods showed norma ferroelectric behavior
with arectangular loop. The remanent polarization, Py, was
observed to increase with increasing sintering temperature.
Thisis probably due to the smaller grain size at low sinter-
ing temperature. This may result in a smaller domain size,
and furthermore domain wall motion in smaller grains is
subject to stricter constraints [1]. Strong internal stresses
are expected in fine-grained specimens and polarization
switching is thus greatly suppressed. This was accompa-
nied by the decrease in the coercive field with increasing
sintering temperature [14].

For compositions with x > 0.3, the P, decreased at high
sintering temperatures. For the composition of x = 0.1,
rectangular hysteresis loops were not observed even at a
sintering temperature of 1250°C, as shown in Fig. 7. It
has been reported that post-sinter annealing is effective
in improving the dielectric and ferroelectric properties of
lead-based ceramics [15]. Specimens for each composition
sintered at the lowest temperature (1175 °C) were annealed
a 1250°C for 6h. Indeed, significant improvements of
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Fig. 7. Effect of post-sinter annealing on the P-E hysteresis for 0.1PZN-0.9PZT ceramics. (@) sintered at 1250°C, (O) sintered at 1175°C and annealed

at 1250°C for 6h: (a) columbite method, (b) conventional method.

the ferroelectric properties were demonstrated (see Fig. 7
for the 0.1PZN-0.9PZT). The results on other composi-
tions are listed Table 1. Very limited improvements were
observed for the x = 0.5 composition because the higher
PZN content required lower sintering temperatures, thus
limiting the efficacy of the annealing step. It has been sug-
gested that PZT ceramics should be sintered at temperatures
above 1200°C [8,9,16] and PZN-based ceramics should

Table 1

be sintered below this temperature [17] to achieve the best
combination of density and properties. This explains the
results in our present study where increasing molar frac-
tion of PZN directly led to a lower sintering temperature.
Therefore, post-sinter heat treatment is not necessary for
ceramics with high PZN content.

Based on these ferroel ectric measurements, the optimum
sintering conditions for compositions of x = 0.3, 0.4, and

Post-sinter annealing effects on the remanent polarization P, and saturation polarization Ps in XPZN—1 — x)PZT ceramics sintered at 1175°C for 2h

and annealed at 1250°C for 6h

X XPZN—(1 — x)PZT

Columbite method

Conventional method

P Ps P Ps
Sintered Annealed Sintered Anneded Sintered Annealed Sintered Anneded
0.1 7.6 371 15.8 42.9 9.4 34 19.0 39.2
0.2 14.6 36.1 20.6 389 13.8 315 21.4 35.0
0.3 31.9 304 37.2 335 23.8 20.0 27.9 23.2
0.4 32.3 30.6 35.8 345 305 23.2 35.0 28.7
0.5 35.6 36.4 40.4 42.1 29.4 29.5 34.5 34.9
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Fig. 8. Effect of composition (x) on the P-E hysteresis loops for xPZN—(1 — x)PZT processed at the optimum processing conditions: (a) columbite

method; (b) conventional method.

0.5 s 1200°C for 2h. The sintering process was not com-
pleted at these sintering conditions for compositions of x =
0.1 and 0.2 and therefore post-sinter annealing at 1250°C
for 6h is necessary for improvement of ferroelectric prop-
erties. Further characterization techniques and comparisons,
which are described in the following section, were made
on these as-sintered specimens (for x = 0.3, 0.4, 0.5) and
annealed specimens (for x = 0.1, 0.2) because they were
found to have the optimum ferroelectric properties.

3.3. Effect of processing method on the phase
transformation

The P-E ferroelectric property measurements for the
specimens processed at optimum conditions are summarized
in Fig. 8. It is shown that there is no significant difference
in Py across the composition range. However, the coercive
field E; is well dispersed over the compositions. This is

further illustrated in Fig. 9. Compared to the conventional
method, columbite method produces a dlightly higher re-
manent polarization P, as well as a lower coercive field
Ec. Both methods show a considerable decrease in E¢ with
increasing molar fraction of PZN. However, the variation
in ceramics prepared by conventional method is gradual
and continuous, while an abrupt change in E; occursin ce-
ramics processed by the columbite method, as indicated in
Fig. 9(b). Combined with the XRD examination described
in Section 3.1, the change in E; clearly indicates a phase
transformation over that compositional range. Therefore,
an MPB separating the tetragonal phase (PZT-rich) from
the pseudo-cubic rhombohedral phase (PZN-rich) exists
between x = 0.2 and 0.3. Also consistent with the XRD
data, the phase transformation in ceramics prepared by the
conventional method is smeared out due probably to the
chemical heterogeneities. These results lead to the conclu-
sion that the columbite method produces ceramics with bet-
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ter ferroelectric properties even though this method seems
initially be prone to form pyrochlore phase. These results
underscore the important role that B-site ordering plays
in determining the thermodynamic stability and electrical
properties of perovskite ferroelectrics.

4. Conclusion

A comparison between the conventional method and the
columbite method was made in the preparation of ceram-
ics within the solid solution of xPZN—(1 — x)PZT over a
wide range in composition (x = 0.1-0.5). The optimum pro-
cessing conditions for excellent ferroelectric propertieswere
identified. Based on the X-ray structural analysis and ferro-
electric property measurements, the following conclusions
can be drawn:

1. Compared to the columbite method, the conventional
method requires lower calcination temperature to elim-
inate the pyrochlore phase formation. Increasing in the
molar fraction of PZN requiresincreased calcination tem-
peratures in order to achieve phase-pure perovskite. At
900°C, al the compositions for both methods can be
converted to single-phase perovskite.

2. In ceramics sintered from columbite method pre-
pared powders, a sharp transition from tetragonal to
pseudo-cubic rhombohedral phase was evidenced by the
XRD anaysis. Thus, an MPB exists between x = 0.2
and 0.3. However, such a phase transformation is diffuse
in ceramics prepared by the conventional method.

3. The results from XRD analysis are consistent with the
ferroelectric property measurements. An abrupt change
in coercive field, Ec, was observed in ceramics prepared
by the columbite method at the same composition range
of x = 0.2-0.3. In contrast, gradual change was found in
ceramics prepared by the conventional method.

4. Lower sintering temperatures were required for compo-
sitions with an increasing molar fraction of PZN. For the
x = 0.1 and 0.2 compositions, sintering at 1250°C for
2h was observed to produce inferior ferroelectric prop-
erties and post-sinter annealing was required to achieve
excellent ferroelectric properties.

5. For both methods, no considerable variation of the rema-
nent polarization with compositions was observed. How-
ever, the coercive field was observed to decrease with
increasing amount of PZN. The columbite method was
found to produce ceramics with better ferroelectric prop-
erties with higher remanent polarization and lower coer-
cive field.
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The solid solution between the normal ferroelectri€¢&bp,Ti;;,) O3 (PZT) and relaxor ferroelectric
Ph(NiysNb,5) 03 (PNN) was synthesized by the columbite method. The phase structure and
dielectric properties 0kPZT-(1-x)PNN wherex=0.4—0.9 and the Zr/Ti composition was fixed
close to the morphotropic phase bounddiyPB) were investigated. With these data, the
ferroelectric phase diagram between PZT and PNN has been established. The relaxor ferroelectric
nature of PNN gradually transformed towards a normal ferroelectric state towards the composition
0.7PZT-0.3PNN, in which the permittivity was characterized by a sharp peak and the disappearance
of dispersive behavior. X-ray diffraction analysis demonstrated the coexistence of both the
rhombohedral and tetragonal phases at the composition 0.8PZT-0.2PNN, a new morphotropic phase
boundary within this system. Examination of the dielectric spectra indicates that PZT-PNN exhibits
an extremely high relative permittivity near the MPB composition. The permittivity shows a
shoulder at the rhombohedral to tetragonal phase transition tempefatr@95 °C, and then a
maximum permittivity(36 000 at 10 kHy at the transition temperatuig,,, =277 °C at the MPB
composition. The maximum transition temperature of this system was 326 °C at the composition
x=0.9 with the relative permittivity of 32 000 at 10 kHz. @004 American Institute of Physics

[DOI: 10.1063/1.1796511

I. INTRODUCTION PZN-PZT binary system in which the Zr/Ti composition was
close to the MPB. This study indicated that the composition
The relaxor ferroelectric. lead nickel niobate g 5PZN-0.5PZT showed the optimal piezoelectric properties.
[PE(NiysNby/3)03, PNN] has been studied by numerous re- poreover, these properties could be improved by thermal
searchers since its discovery by Smolenskii and Agrayeatments. In 1974 Luft al'® investigated solid solution in
novskaya in.195éAt room temperature, s@ngle cry_stal PNN e PHNi;,sNb,5) O5-PbZrOs-PbTiO; ternary system and
has the cubic prototype symmetRm3m with a lattice pa-  ohserved excellent piezoelectric properties at the composi-
rameter(a)=4.03 AZ Nanometer-level chemical heterogene- ;. 0.5PINi;;5Nb,5)O5-0.35PbTiQ-0.156PbzrQ. There

L . : .
'ttﬁ/ '%thi form of short rran?e ordenn? fOf F\R]ang.f';lﬁ, onh have been numerous papers published dealing with piezo-
N ..S"% was proposed to account for th€ dilluSe pnaseq .y ang processing issues within this compositional
transition? The complex perovskite shows a broad maX|mumfamily 16-19 Thase compositions have found wide applica-

of the dielectric permittivity near 120 °C WitvelaiiiGai tions and are now commercially available. However, there is

mittivity near 4000 at 1 kHZ. L o .
In-the last decade, nordial ferroelectric lead ZirconateIlmlted information in the literature on the PNN-PZT system

titanate[PK(Zr, ,Ti,)Os, PZT] has become one of the most yvith Zr/Ti c!ose to the MPB. Detaileq reaction kinetics us-
important commercially produced piezoelectric matefidls. N9 conventional solid state processing of(RtsNb,/5)O; -
Excellent piezoelectric properties have been observed i dzg%48T'0-52)o3 was recently investigated by Babushkin
compositions close to_the morphotropic phase boundar§t al-"" A sequence of pyrochlore phases were detected at
(MPB Zr:Ti ~52:48.57 Recently, many piezoelectric ce- dlfferent_ temperatures, but ther.e is no |nformat|on pertaining
ramic materials have been developed from binary system the dielectric and ferroelectric properties.

containing a combination of relaxor and normal ferroelectric ~ Since PNN is a relaxor ferroelectrics with a broad di-
materialé which yield high dielectric permittivitiege.g.,  electric peak neaf.~-120 °C and PZTZr/Ti=50/50 is
Pb(Mgl,ng2,3)03-PbTiQ,9 Pb(Zn1,3Nb2/3)O3-PbTiQ,lO'll a normal ferroelectric with a sharp maximum permittivity at
PB(Mgy/sNb,/2) O5-P(Zr, Ti)O3, 12 excellent  piezoelectric  Tc~390 °C, the curie temperature in PNN-PZT system can

coefficients (e.g., PI6Zn,sNb,/5) O5-PbTiO; ! be engineered over a wide range of temperature by control-
Pb(ZnysNb,,5) O3-Ph(Zr, Ti) 05,12 ling the amount of PZT in the system. The aim of this work
Ph(Scy,Nb; ) O5-PbTiOs**® and high pyroelectric coeffi- was to investigate the quasibinary solid solutiGRZT
cients(e.g., PINi;3Nby/5) O5-PbTiOy-PbhZroy). X (Zr/Ti=50/50-(1-x)PNN, with x=0.4—0.9. Figure 1 sche-

Fan and Kint® investigated the solid solution within the matically shows the pseudoternary composition range which

0021-8979/2004/96(9)/5103/7/$22.00 5103 © 2004 American Institute of Physics
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FIG. 1. Compositions studied in the @b ;,5Nb,3)O5-PbZrO,-PbTiO; ter- FIG. 2. XRD patterns at room temperature {6tZT-1-x)PNN ceramics.
nary system.

N ) L3 slowly heating to 500 °C and holding for 2 h. Sintering oc-
was studied in this work compared with other studfe€ ™ curred between 1100-1250 °C with a dwell time of 4 h. To
Although pure PtNiysNb,/5)O5-PbZrO,-PbTiO; ternary ce- — mitigate the effects of lead loss during sintering, the pellets
ramics can be fabricated by conventional metkﬂ(‘}dm-e were sintered in a closed alumina crucible containing
B-site precursor method is a better method for enhancing thepzro, powder.
dielectric properties and ferroelectric properties. This process  The perovskite phase was examined by x-ray diffraction
involves prereacting thB-site cations to form the columbite (xRD). Data collection was performed in thef@range of
phase NiNBOg and the wolframite phase ZrTiOWith this  20°_70° using step scanning with a step size of 0.02° and
method it is possible to obtain a homogeneous perovskitgounting time of 2 s/step.
solid solution without the other constituent perovskite phases = after surface grinding, the samples were electroded us-
such as PbZrg PbTiO;, PZT, PNN, and the formation of jng sputtered gold and air-dried silver paint. The relative per-
the parasitic pyrochlore phases is prevented. Finally, the nanittivity (s,) and dissipation factoftan) were measured
ture of the relaxor-normal ferroelectric phase transition wagsing an automated measurement system. This system con-
studied through a combination of dielectric measurements;jsted of an LCR meteHP-4284A, Hewlett-Packard Indn

and x-ray diffraction. connection with a Delta Design 9023 temperature chamber
and a sample holdéNorwegian Electroceramiggapable of
Il. EXPERIMENT high temperature measurement. The capacitance and dissipa-

The powders okPZT{1-x)PNN were synthesized us- tion factors of sample were measured at 100 Hz, 1 kHz,
ing the columbite precursor method. Reagent-grade oxid&0 kHz, oand 100 kHz and temperature varied between
powders of PbO, ZrQ TiO,, NiO, and NBO, were used as 25-450 °C. A heating rate of 3C/min was used during
raw materials. The columbite structufiNb,Og) and wol- ~Measurements. _ _ .
framite structure(ZrTiO,) were synthesized first. Stoichio- Samples were prepared for optical analysis by polishing

metric amounts of the precursoréNiO, Nb,Og) and with SiC_paper thrgugh 1_20(_) grit. Raman spect_ra were mea-
(2r0,, TiO,) were mixed and milled in ethy! alcohol for 6 h sured using a Renishaw inVia Reflex Raman microscope and

using a vibratory mill. The mixture was dried at 60 °C for 488 nm radiation from a laser excitation source. The laser

12 h. The precursors NiNB and ZrTiO, were calcined at - had an output power of 25 mW and a focused spot size of

975 °C and 1400 °C, respectively, for 4 h in a closed alu200-300um through a 5x microscope objective. Raman

mina crucible. The calcined NiNB, and ZrTiO, powders spectra were measured using a static acquisition centered at
- _l . . .

were mixed with PbO in a stoichiometric ratio to form the 220 ¢cmM™and 15 accumulations with 2 sec exposure times.

compositionxPZT-1-x)PNN, wherex=0.4—0.9(shown in

Fig. 1. In all compositions, 2 mol % excess PbO was added|l. RESULTS AND DISCUSSION

to compensate for lead volatilization during calcination and " :

. . - - . A. Crystal structure and phase transition studies

sintering. After remilling and drying, the mixtures were cal-

cined at 950 °C for 4 h in a double alumina crucible con-  Perovskite phase formation, crystal structure, and lattice

figuration with a heating rate of 10C/min. parameter were determined by XRD at room temperature as
The calcined powders were milled for 3 h for reduceda function ofx. Figure 2 shows XRD patterns of ceramics in

particle size. After grinding and sieving, the calcined powderthe xPZT-(1-x)PNN system with a well crystallized perov-

was mixed with 5wt % polgvinyl alcohol binder and skite structure for all compositions. The pyrochlore phase

uniaxially pressed into a pellet. Binder burnout occurred bywas not observed for any composition in this system. The
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FIG. 3. XRD patterns of th€200) and (220) peaks ofxPZT-(1-x)PNN XPZT-(1-x)PNN ceramicsx=0.4—-0.9. Measurement frequencies include
ceramicsx=0.4—0.6. 100 Hz, 1 kHz, 10 kHz, and 100 kHz.

crystal symmetry for pure PNN at room temperature is cubic
Pm3m with a lattice parametera=4.031 A. Below
Thax=-120 °C, the symmetry changes to rhombohedral
The crystal structure of FBry;,Tiq;») O3 at room temperature

At the x=0.8 composition, the unambiguous splitting of
(111) peak indicates the coexistence of the rhombohedral and
tetragonal phase. Thus there is a transformation from the

is tetragoRlal. Thardfore, |with increasingthe crystafbsym: rhombohedral phase to the tetragonal phase across the com-

; sitional rangex=0.7-0.9. Thex=0.7 composition is
metr_y should Cha_nge due to the_ effects6f-the increased PZ\?\‘/(i)thin the rhombohedral-rich side of the MPB and the com-
fraction afd) thelgerEasq Me. Figure 3 sNOWS ZRD pegk ositionx=0.9 is on the tetragonal-rich side of the MPB. It is
profiles of the(200) and (220) peaks a=0.4, 0.5, and 0.6. " ' g ‘

The XRD data shows that the splitting ¢#00) peak is not :2:222?”;;2 nlgtvs-;h?rt1r:;?raynntwgif)li:llti?]igavﬁ;slc?/vvi?rr}?nd ttrf:: ex
observed. At thex=0.4 composition, only a singlé220) A P

. N . | MPB region of PZT* Pb(Mgy,sNb,2)O5-PbTiO;? and the
peak is seen, indicating that the major phase in this COMPO- 1 hombic phase of I?Enl,ngz,3303-PbTi03.26 Given

sition had cubic symmetry. However, splitting was VelYine similariies of PNN-PZT to the Pilg, INb,/2) O

clearly observed for th€220) peak in compositiong=0.5 _PbTIO, system/it is possible that a low symmetry mono-

and 0.6, indicating that the crystal transformed into rhombo—CliniC or) orthafhombie-phase may be stabilized within the

hedral symmetrypseudocubic With a further increase in . Y o
PZT content tax> 0.6, the(111) and(200) diffraction peaks MPBrsgiehs ofxP 21 -X)PpYf x=0.7-0.9.

begin to split as shown in Fig. 4. Splitting of tlk200) peak
becomes more pronouncedasipproaches 0.9 indicating a
stabilization of the tetragonal phase at high PZT concentra- The characteristic temperature and frequency depen-
tions. dence of the relative permittivity foxPZT-(1-Xx)PNN, X
=0.4-0.9, is shown in Fig. 5. A clear transition T, (de-
fined as the temperature at whighis maximum at 10 kHyg

is observed withT,,,, increasing withx. At compositionsx
=0.4, 0.5, and 0.6, the sample displays a pronounced relaxor
ferroelectric behavior, characterized by diffuse permittivity
R+T(R-Rich) =07 peaks and a shift of the maximum permittivity to higher

J\‘ temperatures with increasing frequency. An increase in the
Jt magnitude of the maximum permittivity is also observed

B. Dielectric properties

(200)

over this region. The nature of the homogeneously polarized
states is believed to be controlled by the concentration of
R+T(MPB) 08 P7T
A smooth transition from relaxor to normal ferroelectric
behavior is observed with increasing mole percent of PZT
from x=0.7 to 0.9. This transition is characterized by the
enhancement of the first-order nature of the phase transfor-
x=0.9 mation and the diminishment of the relaxor behauwice.,
350 375 400 425 450 475 the permittivity dispersionover the broad temperature range
in the vicinity of T,  From these data, the relaxor-normal
26/degrees transformation is very clearly observed with increased PZT
FIG. 4. XRD patterns of the111) and (200) peaks ofxPZT{1-x)PNN  concentration above=0.7. Furthermore, the relative permit-
ceramicsx=0.7-0.9. tivity and T,,,ax increased with increased mole percent of PZT

Intensity(a.u.)

R+T(T-Rich)

=
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30000 time. Forx=0.7 and 0.8 compositions, it is evident that two
< Increase + 100Hz phase transitions are observed. Over the temperature range
£ 25000 1 frequency :éd;}zlz 190 to 200 °C, a rhombohedral to tetragonal phase transi-
*E‘ 20000 - . tion is observed for both compositioisdicated in the fig-

‘B ure by Trpo-etra- Another transition between the ferroelectric
g 15000 - tetragonal to paraelectric cubic phase occurs in the tempera-
g ture ranges 225 °C and 277 °C for0.7 andx=0.8, respec-
© 10000 - tively. Although the transition from ferroelectric rhombohe-
E dral to tetragonal phase is obscured in the composixion
% 5000 - =0.7 it is more clearly evident in the composition
22 x=0.8. Similar phenomena has been observed in single
0 , . . crystal  PBZn,sNb,2)O05-PbTiO,™  Ph(Ing,Nb, )05
0 100 200 300 -PbTi0,,%" and PI§Mg; ,5Nb,,5)O5-PbTi0,.°

Temperature(°C) In addition, the transformation from the relaxor ferro-

40000 '

—_ . 100 Hz electric state to the normal ferroelectric state can be observed
\03: Tfinish NR e 1KkHz in the compositiorx=0.7-0.9 as shown in Figs. 5(§, and
2 30000 v 6(c). The permittivity sharply increased near the temperature
= ' indicated asT, nr IN Figs. Gb) and Gc). The subscript
E “start NR” denotes the initial transition from a normal ferro-
g 20000 1 electric state to a pure relaxor ferroelectric state. Relaxor
e behavior was observed at temperatures abiyg, nr- The
2 subscript “finish NR” denotes the completion of the transfor-
E 10000 4 mation. Forx=0.7 at temperatures below 212 °C, the rela-
& tive permittivity did not show any significant dispersion until
0 . . ' : 218 °C. Above this temperature, the relative permittivity
0 100 200 300 400 shows a strong frequency dependence. This indicates that at
Temperature (°C) 212 °C 0.7PZT-0.3PNN started to transform a normal ferro-

40000 electric state to relaxor ferroelectric state; finishing the trans-
= Tfinish NR formation at 218 °C. The differential betwedn ng and
}’ Thinish N WaAS approximately 6 °C, 5°C, and 4 °C far
= 30000 . =0.7, 0.8, and 0.9 respectively. This behavior can be ex-
:g Tstart NR : plained by decreasing relaxor stability with increasing
g 20000 | : At the compositiorx=0.9, a broad permittivity was ob-

g, H served with a slight frequency dispersion closeTig,,. A

o TRho-Tetra first-order transition response was observed at temperatures

S 10000 - slightly belowT,,.« This phenomenon indicates that the po-

o) lar moments are static, since the polar moments are relatively

= large. The crystal structure and dielectric properties for all
0 4

- compositions are listed in Table I.
0 100 200 300 400 500 The maximum permittivitye, max and Tpyac @S a function
Temperature (°C) of the mole fraction of PZ{x) are represented in Fig. 7.
FIG. 6. Temperature dependence of the relative permittivity for The_zre IS & gO_Od linear r_elatlonShlp betwekg, andx, mdl?
XPZT4{1-x)PNN ceramicsA:x=0.5, B:x=0.7, andC:x=0.8. cating that this system is a well behaved complete solid so-
lution. TheT,, . Of the constituent compounds PNN and PZT
are =120 °C and 390 °C, respectively, which can be used to

considerably up to a maximum permittivity a=0.8. The  calculate an empirical estimate ®f,,, via the equation,
sharp permittivity peak exhibits a maximum value of 36 000

at 10 kHz for this composition. Figure 6 shows a comparison
of the permittivity as a function of temperature for the com-  Tmax=X(390 °Q +(1-x)(-120 °Q (1)

positionsx=0.5, 0.7, and 0.8 taken over the measurement  Tna variation of the measurefd, ,, the calculated,,
frequencies of 100 Hz—100 kHz. and the measures, . as a function of composition is

For x=0.5, Tpa increases from 125.6°C at shown in Fig. 7. The highest, ., of 36 000 at 277 °C at
100 Hz to 130.8 °C at 100 kHAT=5.2 °Q. The relative 10 kHz was observed for the composition at the MPB
permittivity at room temperature was 2830 at 100 Hz andp.g8PZT-0.2PNN. It is evident from the data that EL.gives
increased to 24 200 at 1 kHz B, and the maximum value a reasonable approximation of the transition temperature
of the relative permittivity decreased with increasing fre-T, .. This result suggests that the transition temperature of
quency. The dielectric dispersion beldly,,, indicates typi- xPZT-(1-x)PNN system can be varied over a wide range
cal relaxor ferroelectric behavior arising from the responsesrom -120 to 390 °C by controlling the amount of PZT in
of polar microdomains within the spectrum of the relaxationthe system.

Downloaded 28 Oct 2004 to 129.186.196.144. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 9, 1 November 2004 Vittayakorn et al. 5107

TABLE |. Ferroelectric properties ofPZT-(1-x)PNN ceramicgC, cubic; R, rhombohedral; T, tetragopal

Relative Relative
Composition Crystal Tn(°C) permittivity permittivity tand at tand at
X structure  at 10 kHz at 25°C at Tax 25°C T 8,
x=0.4 C 75.4 7500 17 500 0.062 0.036 295
x=0.5 R 128.9 2500 22000 0.042 0.024 24.4
x=0.6 R 169.7 1600 27 000 0.042 0.018 22.4
x=0.7 R-rich 2255 1060 31200 0.029 0.025 14.0
x=0.8 R+T 277.4 835 36 000 0.011 0.047 10.2
x=0.9 T-rich 326.7 950 32 000 0.005 0.182 8.6

It is well known that the permittivity of a first-order value can be determined from the slopeegfic’ versus(T
normal ferroelectric can be described by the Curie-WeissT,)?, which should be linear.

law: The 6, values of compositions in thePZT-(1-x)PNN
1 T-06 system are represented in Fig. 8. Both the diffuseness param-
S_r = c (2) eteréd, andy decreased with an increase in the mole fraction

. . . . of PZT. As illustrated in Fig. 9, a near linear relationship was
whered is the Curie-Weiss temperature aBds Curie con-  opserved over the wide compositional range, which is con-

stant. A second-order relaxor ferroelectric can be des;cribegistent with a perfect solid solution. The diffuseness of the
by a simple quadratic law. This arises from the fact that the '

total number of relaxors contributing to the permittivity re- R{ase transition in the=.4 compositip§ can be a.ttrlbuted
sponse in the vicinity of the permittivity peak is temperatureto the relaxor nature _Of,PNN' As the PZT content increased,
dependent, and the temperature distribution of this number 1€ relaxor characteristic ofZT-(1-x)PNN was observed
given by a Gaussian function about a mean valyevith a to decrease. This is because the substitutiotZof,Ti,)**
standard deviatiod. The relative permittivity can be derived for the B-site complex iongNiyNb,/5)** increases the size

via the following expressiof®° of the local polar domains by strengthening the off-center
N [T=T.(F)]" displacement and enhancing the interactions between mi-
’(fmT) = +# 1l<y=<2), (3)  cropolar domains. As was observed in(FIg,sNb,5)O5
& y y

-PbTiG; crystalsg,0 this leads to the formation of macropolar
where ¢/, is the maximum value of the permittivity &  domains which break the symmetry of the pseudocubic state.
=T(f). The value ofy is the expression of the degree of

dielectric relaxation in the relaxor ferroelectric material.

When y=1 Eq. (3) expresses Curie-Weiss behavior, while — ? 2

. A\ . : . — [x=04 4 =
for y=2 this equation is identical to the quadratic relation- 7 = 0.5
. . . . w o~ 0
ship. Many relaxor ferroelectric materials can be fit to 8. L <
with y=2 at temperatures aboVg,,. The parameted, can % B <.
. = <
be used to measure the degree of diffuseness of the phasi |, |,,» 5 .
.. . . . . = = =3 g
transition in mixed relaxor-normal ferroelectric materials. = : (@) = =+ -« (b)
The valuesy and 6, are both material constants depending 0s ) 15 20 25 U 4 s 05 e 15 20
on the composition and structure of the material. The . LoeioT" T (K) o Log|o(T-Ti) (K)
= ¥ =06 = [x=07
40000 ® . @ )
o BT (CCO=(x)(390°C)+(1x)(-120°C) A ~ é 2 b
~ . Lasooo T =" EE
o 3004 / A 2 & . EDIN/E
= e 3 " A
g . . S = OIS (d)
< o .7 E 6 )
s 250 /A/ L 30000 & 2 - 0 1 2 3 05 00 05 10 15 20 25
. L I-T,) (K
&' ol o E : e (@  LogjoT-Ty) (K)
8 //‘ L 25000 = {x=08 x=0.9
é 150 A% '% < 3
(‘2 — o &E .1
S 1004 —0— This study 20000 Qqa) = 5 =
3 - A~ Calculated I g .
= —eo— Relative permittivity S -3 ./ -
50— — ———————— 1 15000 . (e) 3 ()
04 0.5 0.6 0.7 08 0.9 05 00 05 10 15 20 23 s 00 0s 0 15 20
Composition x in xPZT—(1-x)PNN ceramic Log((7-Tpy) (K) Logo(T-Ty) (K)

FIG. 7. Thaye CalculatedT ., and maximure, as a function of composition  FIG. 8. Log (en/e)—1] vS LOgo( T~ Tmay for XxPZT-(1-x)PNN ceramics,
X at 10 kHz. x=0.4-0.9.
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C. Raman spectroscopy
of Pb (Zry,Tiyj2)O3-Pb(Niy3Nb53) O3 350 . ‘\‘———Cﬁ
Figure 10 shows the Raman spectra of cerarR&T
-(1-x)PNN withx=0.4 to 0.9. The individual spectral data ——A—— 4 a -
was analyzed using Bruker Opticsus software. A multi- 250 L i
peak pattern was fit to the data using Lorentz-Gauss peak * » =
shape parameters and Levenberg-Marquardt refinement tech- A e
niques. The resulting peak locations for eakRZT-(1 . . . " - —=
-X)PNN sample is shown in Fig. 11. Each peak represents a 1500 5 0'5 0'7 0'9

Raman active vibration mode frequency for the given com-
position. Peak location and intensity will vary depending on
the type of bonds present in the material. There is a distin
difference in pattern when going from=0.4—-0.5. The dis-
appearance of modes at 440 and 560%cend the appear-

x inx PZT-(1-x )PNN

CIEIG. 11. Wave number as a function of compositienfor ceramic
XPZT-(1-x)PNN with x=0.4 to 0.9.

FIG. 10. Raman spectra of ceramieZT-1-x)PNN with x=0.4 to 0.9.

xPZT-(1-x)PNN

Intensity (a.u.)

150 300 450 600 750 900
Raman Shift {cm™)

ance of modes at 675 and 890 ¢mare indicative of a
change in phase. The same is indicateckfo.7—-0.8, where

a weak mode at 350 crhfirst appears ak=0.7 and gains
intensity forx=0.8—0.9. There is yet another change in mode
pattern when going from=0.8—-0.9, where modes appear at
250, 670, and 834 cm. These modes represent the splitting
of a single mode fox=0.8.

D. Phase diagram of Pb (Zry,,Tiy2)O3-Pb(Niy;5Nb,5)O04

Based on the results of x-ray diffraction, dielectric spec-
troscopy, and Raman spectroscopy, the phase diagram for the
XPZT{1-x)PNN binary system have been established as
shown in Fig. 12. The transition temperature increases ap-
proximately linearly with x, from T,,=75°C for x
=0.4 to 340 °C forx=0.9. The phase diagram consists of
four distinct crystallographic phases in this system; high
temperature paraelectric cul{iem3m), pseudocubic relaxor,
rhombohedral relaxdiR3m), and normal ferroelectric tetrag-
onal (P4mm). At low concentrations of PZX<0.4 the sym-
metry can be defined as pseudocubic. The pseudocubic sym-
metry transforms into rhombohedral at the composition near
x=0.5. The ferroelectric rhombohedral and tetragonal phases
are separated by an MPB region which is located near the
compositionx=0.8 below 277 °C. Within this region, both
the rhombohedral and tetragonal phases coexist. In most per-
ovskite systems, the width of the MPB is limited though
there may be low symmetry phases pre$&rt In this work,
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400 Pseudo-cubic ! tween relaxor to normal ferroelectricity was typified by a
—~ 350_'| XPZT-(/-x)PNN | Rel F quasilinear relationship between the diffuseness paramgter
o&), . (Relaxor) ( PC). and PZT mole fractiorx.
© 3001 ;
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Abstract— Ceramic solid solutions within the ternary system of
Pb(Zn;;3Nb/3)O; - Pb(Niy3Nb,3)O0;3 - Pb(Zry;Tiy )O3 (PZN-PNN-
PZT) were synthesized via two methods: the mixed oxide method
and the columbite method. Phase development of the calcined
powders and the crystal structure of sintered ceramics were
analyzed by x-ray diffraction. The ferroelectric properties of the
ceramics were characterized by a combination of dielectric and
hysteresis measurements. It was observed that for the binary
systems PZN-PZT and PNN-PZT, the change in the transition
temperature (T,) is nearly linear with respect to the PZT
content. Ferroelectric properties were analyzed to elucidate the
nature of the phase transformation and identify the impact of the
processing conditions. With these data, ferroelectric phase
diagrams were derived showing the transition between the
pseudo-cubic relaxor behavior of PZN and PNN to the tetragonal
normal ferroelectric behavior of PZT. This transition was also
correlated to changes in the diffuseness parameter 3, When
comparing ceramics prepared by the columbite method and the
mixed oxide route, ceramics prepared by the mixed oxide method
showed a lower remanent polarization P, and a higher coercive
field E. Additionally, ceramics prepared by the columbite
method displayed sharp transitions in ferroelectric properties
across the MPB composition, whereas these transitions were
obscured in ceramics prepared by the mixed oxide method. It is
proposed that the different reaction paths influenced the degree
of compositional heterogeneity in these complex perovskite solid
solutions, which was clearly reflected in the nature of the phase
transition.

Keywords: morpotropic phase boundary, columbite method,
perovskite, phase transition

I. INTRODUCTION

Ferroelectric materials based on Pb-perovskites have found
use in countless applications including piezoelectric sensors
and actuators, capacitors, pyroelectric and electro-optic
devices, and ferroelectric memories [1,2]. In many instances,
compositions near a morphotropic phase boundary (MPB)
between ferroelectric phases of different symmetry have
advantageous diclectric and piezoelectric  performance

0-7803-8410-5/04/$20.00 (c)2004 | EEE.

Naratip Vittayakorn, Gobwute Rujijanagul, and
Tawee Tunkasiri

Department of Physics, Faculty of Science
Chiang Mai University
Chiang Mai, 50200 Thailand

characteristics [1,3]. There have been a number of MPB’s
identified in Pb-based systems including the most widely
exploited system PbZrO;-PbTiO; (PZT) [3]. Other MPB
systems include Pb(Mg;3Nb,y;3)O03-PbTiO; (PMN-PT) [4],
Pb(Zn;5Nby;3)05-PbTiO; (PZN-PT) [5], Pb(Sci;,Nby;,)0s-
PbTiO; (PSN-PT) [6], and many others.

This work will focus on perovskite solid solutions in two
quasi-binary systems within the overall ternary system
Pb(Zr,,Ti1)0s- Pb(Zn;;3Nby3)0;- Pb(Niy;3Nby;3)Os:
speciﬁcally Pb(Zn1/3Nb2/3)03—Pb(Zr1/2Ti1/2)03 (PZN-PZT) and
Pb(Ni1/3Nb2/3)03-Pb(Zr1/2Ti1/2)03 (PNN-PZT) Polycrystalline
ceramics based on Pb-perovskites are typically synthesized
through high temperature solid state processes. A number of
processing methods have been proposed to ensure phase pure
perovskite. In this work, two common processing methods will
be contrasted with the aim of understanding the influence of
processing conditions on the phase equilibria and ferroelectric
properties. The conventional mixed oxide method involves
simply reacting all of the binary oxides (e.g. PbO, TiO,, ZrO,,
etc.) in a single calcination step to form the desired perovskite
phase. In the columbite method, first proposed by Swartz and
Shrout [7], the B-site oxides are first pre-reacted to form
intermediate phases such as ZnNb,Og, ZrTiO4, NiNb,Os, etc.
These intermediate phases are then reacted with PbO to form
the desired perovskite phase.

Given that the PZN-PNN-PZT phases are all perovskite
solid solutions, it is likely that the different reaction paths may
lead to distinct differences in the homogeneity of the B-cation
distributions. In this study, a combination of x-ray diffraction
(XRD), dielectric measurements, and Raman spectroscopy will
be employed to probe the influence of the different processing
methods on such parameters as the perovskite phase
distributions, remanent polarization (P,), coercive field (Ec),
diffuseness parameter (,), and others. With this information, it
will be possible to optimize the processing conditions for solid
solutions near MPBs.
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II. EXPERIMENTAL

The columbite precursors ZnNb,Og and NiNb,Og were
prepared from the reaction between ZnO (99.9%) and Nb,Os
(99.9% ) at 975°C for 4h and between NiO (99.9%) and Nb,Os
(99.9% ) for 4h at 1100°C, respectively. The wolframite phase
ZrTiO, was formed by reacting ZrO, (99.9%) with
Ti04(99.9%) at 1400°C for 4h. The powders of ZnNb,Og,
NiNb,O¢, and ZrTiO; were mixed in the required
stoichiometric amounts with PbO (99.9%) with an excess of 2
mol% of PbO added. The milling process was carried out for
24 hours in isopropyl alcohol. The powders were calcined at
900°C-950°C for 4 h in a double crucible configuration with a
heating rate of 20°C/min. After grinding and sieving, 5 wt% of
polyvinyl alcohol (PVA) binder was added. Discs with a
diameter of 12.5 mm were prepared by cold uniaxial pressing
at a pressure of 150MPa. Binder burnout occurred by slow
heating to 500°C and holding for 2h. The discs were sintered in
a sealed alumina crucible at temperatures ranging from 950°C-
1250°C using a heating rate of 5°C/min and a dwell time of 2 h.
To prevent PbO volatilization from the discs, a PbO
atmosphere was maintained by placing a bed of PbZrO;
powder in the crucible.

Phase formation and crystal structure of the calcined
powders and sintered discs were examined by x-ray diffraction
(XRD). The pellets were polished and electroded via gold
sputtering, over which a layer of air-dried silver paint was
applied. The relative permittivity (¢") and dissipation factor (tan
) of the pellets sample were measured at various temperatures
over the frequency range between 100 and 100KHz using an
LCR meter (HP 4284A). The remanent polarization P, was
determined from a P-E hysteresis loop measurements using a
Sawyer-Tower circuit at temperatures between -66°C and 60°C.

III.  RESULTS

Single phase perovskite was obtained for the pseudo-binary
systems over the composition ranges (/-x)PZN-xPZT at 0.5 <x
<0.9 and for (7-x)PNN-xPZT at 0.4 <x <0.9. For the 0.6PZN-
0.4PZT composition a small amount of pyrochlore phase was
noted. The results of the XRD, dielectric, and Raman
measurements and the influence that can be attributed to
processing conditions are summarized for each pseudo-binary
system in the following sections.

A. PZN-PZT System

In the PZN-PZT system, phase pure perovskite was
obtained at lower calcination temperatures using the
conventional method compared to the columbite method. As
shown in Fig. 1, the columbite method required calcination
temperatures as much as 150°C higher for some PZN-PZT
compositions. This effect was especially prevalent at high
mole fractions of PZT. In analyzing the phase evolution at low
temperatures, a high volume fraction of a pyrochlore phase was
observed in the XRD data for the columbite derived powders.
In the conventionally prepared powders the perovskite phase
was the dominant phase even at 750°C. This suggests that cach
processing route followed a different reaction path in
eventually forming the perovskite phase.
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Figure 1. Calcination temperature at which phase pure perovskite is obtained

for both the conventional and columbite methods.

The symmetry of the resultant perovskite phases obtained
through XRD allows a pseudo-binary phase diagram to be
derived (Fig. 2). Compositions close to PZT are tetragonal at
room temperature, with a transition to rhombohedral symmetry
for compositions at x < 0.7. Inspection of the XRD patterns of
compositions close to the MPB at x = (.7 revealed that the
processing method had an influence on the phase distribution
(Fig. 3). In columbite derived powders, only the thombohedral
perovskite phase was observed. However, in conventionally
prepared powders a mixture of the rhombohedral and
tetragonal phases were observed. This is strong evidence that
the conventional method produces non-uniform mixing of the
B-site cations as compared to the columbite method.
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Figure 2. PZN-PZT phase diagram obtained through room temperature XRD
and dielectric measurements.

Further evidence is seen in the dielectric data presented in
Fig. 4. For compositions near the MPB at x = 0.7, a phase
transition was clearly seen in the columbite derived ceramics at
284°C.  As indicated in the phase diagram (Fig. 2), this
corresponds to a transition from rhombohedral to tetragonal
symmetry. The conventionally prepared ceramics at x = 0.7
did not show any anomalies within that temperature range.

Comparisons of the dielectric data for PZN-PZT ceramics
prepared by the two methods are presented in Table I. These
data show that ceramics prepared via the columbite method
exhibit a significantly higher room temperature permittivity,
higher permittivity at T,,,x, and a higher remanent polarization
(P,) determined from hysteresis measurements.
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Figure 3. XRD patterns for the (002) peak for conventional and columbite

prepared ceramics. Deconvolution of the data shows that relative proportions
of the rhombohedral and tetragonal phases.
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Figure 4. Relative permittivity versus temperature for a 0.3PZN-0.7PZT
ceramic at measurement frequencies of 0.1, 1, 10, and 100 KHz.

It is important to note that there were no significant
differences in the density or grain size when comparing the two
processing methods. All samples in this study were of high
density (Prheorctical > 96%) with grain sizes close to 5 pm.
Therefore, it is possible to exclude the influence of density or
grain size effects from these results.

In Fig. 5, the coercive field (Ec) as a function of x exhibits
very different trends comparing the conventional and columbite
prepared ceramics. The columbite ceramics exhibited a sharp
transition in Ec at the MPB, whereas the conventionally
prepared ceramic displayed a gradual transition.
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TABLE L PZN-PZT DIELECTRIC DATA

K at 25°C K at Ty P,

X Conv. Col. Conv. Col. Conv. Col.
0.4 1,230 1,440 11,400 13,200

0.5 1,220 1,430 20,800 | 21,200 29.5 36.4
0.6 1,230 1,440 17,000 | 20,800 23.2 30.6
0.7 980 1,580 14,300 15,700 20.0 30.4
0.8 1,230 1,550 25,000 | 25,800 315 36.1
0.9 810 1,590 13,300 | 21,200 34.0 37.1

Taking all of these results into account, PZN-PZT ceramics

prepared by the columbite method exhibited more clearly

defined phase transitions and MPBs compared to
conventionally processed ceramics. Rhombohedral distortions
in perovskites are linked to the geometric tolerance factor (7).
In the PZN-PZT system, the magnitude of ¢ is determined by
the average B-cation radius. In the conventionally prepared
ceramics, the coexistence of the tetragonal and rhombohedral

phases near the MPB are indicative of a significant degree of

variation in the composition of the B-site. Regions which were
rich in smaller cations would favor tetragonal distortions,
whereas regions rich in larger cations would favor
rhombohedral distortions. The formation of columbite oxides

prior to perovskite formation assures intimate mixing of the B-

site cations. This ultimately leads to a more homogeneous
distribution of B-site cations.

'\ 15
g 14
2
3 7 .
.8 Conventional
= 12—
5
2
o 11—
: . 2
S 10 Columb‘lte ‘ ‘ = ‘ ‘
0.4 0.5 0.6 0.7 0.8 0.9
x (PZT)
Figure 5. Coercive field as a function of composition x for columbite and

conventionally prepared ceramics.

B.  PNN-PZT System

In the PNN-PZT system, the columbite method was utilized
to prepare phase-pure perovskite ceramics. Based on room
temperature XRD and measurements of the relative
permittivity versus temperature a phase diagram for PNN-PZT
was derived (Fig. 6). At x = 0.8, an MPB region separates a
tetragonal normal ferroelectric phase field from a
rhombohedral relaxor ferroelectric phase field. XRD data
within the MPB region featured splitting of both (200) and
(111) peaks. This is indicative of the coexistence of both
rhombohedral and tetragonal phases. Alternatively, as has been
demonstrated in PZT the multiple peak splitting could be
indicative of another lower symmetry phase (e.g. monoclinic)

8].
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Figure 6. PNN-PZT phase diagram obtained through room temperature XRD
and dielectric measurements.

Table II summarizes the results of the dielectric
measurements on the PNN-PZT ceramics. As expected, the
relative permittivity peaked at the MPB composition (x = 0.8)
at a value of 36,000. A general transition from normal
ferroelectric to relaxor ferroelectric behavior was observed as
the mole fraction of PNN increased. Fig. 7 illustrates the
relative permittivity versus temperature for 0.4 <x <0.9. The
transition from normal ferroelectric behavior to relaxor
ferroelectric behavior was clearly observed from the dispersion
in the vicinity of Tyux.
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Figure 7. Relative permittivity versus temperature for (7-x)PNN-xPZT
ceramics.

TABLE IL PNN-PZT DIELECTRIC DATA
x Tmax (°C) K at tandat | Kat Ty, 3,
25°C 25°C
0.4 75.4 7,500 0.062 17,500 29.5
0.5 128.9 2,500 0.042 22,000 24.4
0.6 169.7 1,600 0.042 27,000 22.4
0.7 225.5 1,060 0.029 31,200 14.0
0.8 2774 835 0.011 36,000 10.2
0.9 326.7 950 0.005 32,000 8.6

The parameter 8, can be used to quantify the diffuseness of
the ferroelectric transition through the equation [9]:
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K

max

K(fT)

7
T-T f
[ max( )]

2

where Y= 1 for Curie-Weiss behavior and Y= 2 for pure relaxor
character. As shown in Table II, the 8, parameter increased
linearly with increased PNN content.

)

IV. CONCLUSIONS

In this work, the ferroelectric phases within the pseudo-
binary systems PZN-PZT and PNN-PZT were characterized.
For the PZN-PZT compositions, MPBs were noted at x = 0.75
and x ~ 0.45. It was observed pre-reacting the B-site cations
via the columbite method had significant effects on the
perovskite phase stability and dielectric properties. These
effects were most pronounced in the vicinity of the MPB,
located near x = 0.75. It is likely that the columbite method
produced a more homogeneous distribution of the B-site
cations compared to the mixed oxide prepared ceramics. These
compositional variations could be inferred from the observation
of multiple phases near the MPB and poorly defined phase
transitions.

In the PNN-PZT compositions, two MPBs were noted at x
~ 0.8 and x = 0.45. Even with columbite prepared ceramics,
rhombohedral and tetragonal phases were found to coexist at
the MPB at x = 0.8. It is interesting to note that in PNN the
transition from the tetragonal PZT phase to the relaxor
rhombohedral phase is more gradual than in PZN. This is
likely due to the much closer B-cation radii match between
Zro5Tigs (0.803 A) and Ni;sNbys (0.797 A), as compared to
Zl’ll/3Nb2/3 (0813 A)
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