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Abstract

Electrical response and energy storage behaviour of PZN-PT, PMN-PT, PZN-PMN-PT (PZN-PbZn,;;Nb,,;0;, PMN-
PbMg, sNb, ;05 and PT-PbTiO;) solid solutions were investigated. SEM micrographs of the sample showed grains of unequal
sizes distributed throughout the sample. The average grain size observed was about 0.77 pm for PZN-PT, 0.93 for PMN-PT
and 1.82 for PZN-PMN-PT solid solutions. All the solid solutions exhibited good dielectric relaxation behaviour up to
500 °C in the frequency range of 1-2 MHz. The solid solutions showed improved ferroelectric properties (P,~17.4 pC cm™2,
E.~3.65kV em™!, P ~20.1 uC cm™ for PZN-PT) and crossover from nonergodic to ergodic relaxor phase with respect to
temperature. The optimum piezoelectric coefficients, the piezoelectric voltage coefficients of the solid solutions were also
studied. P-E loop analysis confirmed high energy storage density (W) of 0.25 J cm™ at 50 kV cm™! for PZN-PMN-PT which

substantiates its wide use in capacitor applications.

1 Introduction

In recent years, lead-containing complex perovskite solid solu-
tions have been explored and utilized widely owing to excep-
tional characteristics that meet the demands for innovations in
a multitude of industrial applications [1, 2]. Lead-based fer-
roelectric solid solutions have been intensively studied over the
past decades owing to their advanced applications in sensors,
large strain actuators, microelectronics, capacitors, ultrasonic
motors, non-volatile memories, high-frequency transducers
and energy harvesters [3-5]. The lead-based piezoelectric
solid solutions exhibit excellent ferroelectric and piezoelectric
properties and have been potentially used in applications such
as perovskite relaxor and electronic device market worldwide
[6-9]. However, the energy storage density of these solid solu-
tions materials is much lower than that of polymers due to their
low dielectric breakdown strengths, which in turn limits their
applications for energy storage applications [10—-12]. Among
the family of lead-based relaxor ferroelectric solid solution,
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PZN-PT, PMN-PT, PZN-PMN-PT are the most important
representatives of relaxor-based perovskite frameworks, which
are exhibiting excellent piezoelectric performance close to the
morphotropic phase boundary (MPB) [13—15]. Large piezo-
electric coefficients are achieved by incorporation of substitu-
ent or additives in compositions near the morphotropic phase
boundaries. Lead-based relaxor ferroelectric solid solutions
have perovskite structure (ABO;) and form a solid solution
with other alkaline or alkaline-earth cations, with altered
properties suitable for various applications [16]. The physi-
cal properties of the lead-based solid solutions are achieved
by suppressing or promoting oxygen or cation vacancies, as
presence of these vacancies in perovskite structure is a very
important parameter to control its physical properties. Often
the inclusion of acceptor or donor dopants is used to change
the physical properties of lead-based solid solutions [17]. In
general, chemical formulas are written as, B (Y;Y,)O; and
B (Y,Y,)O;-PbTiO; (where B site is usually occupied by
lead, Y, site is occupied by Mg**, Fe**, Sc**, Yb*, Zn*™,
Ni**, In**, etc., and the Y, site is occupied by Ta’*, Nb>*,
WOt etc., [18, 19]). These can form multiple ferroelectric
solid solutions due to the variation of Y site element; how-
ever, most of these solid solutions are unable to be meet the
requirements at present, therefore, only a few solid solutions
are available in practice [20]. It is hard to exclude the influ-
ence of defects in the electrical properties caused by accep-
tor or donor doping of the material. Relaxor ferroelectric
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behaviour has been reported in a variety of perovskite sys-
tems such as Pb(In,;,Nb;,,)O3;—Pb(Zn;;;Nb,,;)O;—PbTiO,
[21], Pb(Mg,/3Nb,,3)O5—Pb(Yb,,,Nb,,,)O;—PbTiO; [22],
Pb(Co,,,W,,)05—Pb(Mn, ,Nb,,3)O5-Pb(Zr, Ti)O; [23],
Pby 95Prg 0521 50Tl 4503-CoPry  Fe; 9O, [24], Pb(Lu,,Nb, )
0;-PbTiO; [25], PbTiO5;-PbZrO,—PbNb, ;Mg ;0;—PbGeO;
[26], (Pbg g7L.ag 02)(Z10 95Tig 05)03 [27], Pb(Mg,,3Nby3)
O;-Pb(Sny 46Tij 54)O05 [28], POHfO;-PbTiO,—Pb(Mg, sNb,/3)
O; [29], PbSnO;-PbTiO5-Pb(Mg,,3Nb,,3)O5 [30] and
Pb(In,;,Nb,,,)O5-Pb(Mg, 5Nb,,3)O5;—PbTiO; [31] which are
different from normal ferroelectric behaviors due to the com-
position variations of the perovskite structure. These lead-
based solid solutions have interesting physical properties
which are potential for electronic device applications [32]. PZT
(PbZr,_, TixO;) based solid solutions have been given much
attention due to their excellent piezoelectric coefficient at the
range of (d;;~200-750 pC N ~1) and high Curie temperature
(Tc~180-320 °C) and are currently used in many electronic
devices. In this work, investigation of inorganic lead-based
perovskite relaxor ferroelectric solid solutions such as lead
zinc niobate-lead titanate, Pb(Zn,;Nb,,;)O;—PbTiO; (PZN-
PT), lead magnesium niobate-lead titanate Pb(Mg,,3Nb,,3)
0O;-PbTiO; (PMN-PT), and lead magnesium niobate-lead
zinc niobate-lead titanate, Pb(Zn;;Nb,,;)Os—Pb(Mg; sNb,,3)
O5-PbTiO; (PZN-PMN-PT) solid solutions are reported
and investigated at near morphotropic phase boundary. Their
ternary compound has secured a maximum place in the field
of materials science and engineering due to excellent energy
storage properties for capacitor applications. The ferroelec-
tric properties are observed when lead-based solid solutions
are combined with lead titanate, leading to an increase in the
Curie temperature and a subsequent increase in the sponta-
neous polarization of the material [33]. Large piezoelectric
coefficients, which could be improved by incorporation of sub-
stituent or additives, were obtained for compositions near the
morphotropic phase boundaries. At times, lower symmetric
ferroelectric phases can be responsible for large piezoelectric
activity exhibited by this solid solution. In this regard, sev-
eral interesting approaches involving physical, chemical and
microstructure modifications of the dielectric lead-based solid
solutions are adopted.

This paper depicts dielectric, piezoelectric, ferroelectric and
energy storage properties of PZN-PT, PMN-PT, PZN-PMN-
PT solid solutions, which are potential candidates for capacitor
applications.

2 Experimental procedure

2.1 Synthesis of the solid solutions obtained
by solid-state reaction

Three types of lead-based solid solutions—PZN-PT, PMN-
PT, and PZN-PMN-PT were synthesized by standard solid
state reaction technique. High purity chemicals such as
lead oxide [PbO (99.9%, Sigma Aldrich)], magnesium
oxide [MgO (99.99%, Sigma Aldrich)], neodymium oxide
[Nb,Os5 (99.9%, Sigma Aldrich)], lead titanate [PbTiO;
(99.99%, Sigma Aldrich)] and zinc oxide [ZnO (99.9%,
Alfa Aesar)] were used as starting powders. They were
weighted in the stoichiometric molar ratio according to the
following chemical Eq. 0.955 Pb (Mg;,3Nb,,3)05-0.045
PbTiO;, 0.955 Pb (Zn,;3Nb,/3)05-0.045 PbTiO; and 0.462
Pb (Zn,;;Nb,,3) 0,—0.308 Pb (Mg, ,3Nb,,3)05—0.23 PbTiO;.
The appropriate amounts of these precursor oxides were
mixed and crushed by planetary ball-mill unit (FRITSCH
‘Pulverisette 5°) with a rotation speed of 200 rpm min~"
in a polyethylene container using ZrO, balls as grinding
agent for 15 h using ethanol as the wetting agent. The
mixed powders were dried and pre-sintered at 100 °C in a
platinum crucible for 24 h in a muffle furnace to remove
the moisture from the sample. Well, mixed and dried pow-
ders of raw materials were calcinated at 900 °C for 4 h in
the platinum crucible. The calcined powders were mixed
with 5 mol% polyvinyl alcohol [PVA] to reduce the brittle-
ness and enhance compactness. The powders were pressed
into pellets of size 12 mm diameters and 1-2 mm thickness
by cold isostatic pressure technology using tungsten car-
bide dye. The pressed pellets were sintered at 1200 °C in
the tubular furnace for 4 h in covered alumina crucible in
order to avoid decomposing of PbO. The sintered samples
were polished to a thickness of ~0.6 mm and coated with
conductive silver paste (code No. 1337-A, Elteck Corpo-
ration, India) on both sides as electrodes and then fired at
500 °C for 5 h to remove the solvent and epoxy. Enough
care was taken in heating the samples to avoid the forma-
tion of cracks and blistering in the pellets. Detailed steps
involved in the synthesis and preparation of solid solutions
were illustrated in the flow chart given in Perumal et al.
[34].

2.2 Characterization techniques

The morphologies of the samples were characterized by
a field emission scanning the electronic microscope (FE-
SEM, JSM-7001F Japan) with an accelerating voltage of
15 kV. The electric field-induced polarization—electric
field (P-E) hysteresis loops were characterized by (radiant
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Precision Premier II Technology). The piezoelectric coef-
ficients (d;5) of the pellets were measured by a quasi-static
method using a Piezometer (YE2730A d;; Meter, APC
International Ltd). For electrical measurement, the pel-
lets were polled in a silicone oil bath with a direct current
(D.C) field at a voltage of 2—4 kV mm™! for 10-30 min
from room temperature to 60 °C (Marine India). The tem-
perature dependence of dielectric properties of the solid
solutions was investigated using an impedance analyzer
(PSM 1735, N4L), where the test frequencies range from
1 to 2 MHz from room temperature to 500 °C. According
to the following dielectric formula [9, 16].

(=15
K,=1/2.54x -—
s
, _ & _Cd_ 4cd  144cd
T

0, = £ 2R CL. (2~ )]

The free space dielectric constant value g, is
8.85x 10712 Fm™!, C denotes capacitance (units 1072 F),
d denotes the sample thickness (mm), S denotes the area
(mm?), @ denotes the sample diameter. The f. denotes reso-
nance frequency (Hz), f, denotes antiresonance frequency
(Hz). Q,, denotes the minimum impedance at f, (ohm) reso-
nance impedance, C denotes capacitance mechanically free
at 1 kHz.

3 Results and discussion
3.1 Electric-field-induced polarization

Figure 1 illustrates the polarization vs electric field (P-E)
hysteresis loops of (a) PZN-PT, (b) PMN-PT, and (c)
PZN-PMN-PT solid solutions at various electric fields of
15, 20, 25, 30, 35, 40, 45, 50, 53 and 57 kV cm~! at room
temperature and constant a/c frequency of 50 Hz. The
phenomenological of saturation polarization Pg is that its
value increases significantly corresponding to the applied
electric field to the solid solutions. Higher values of
applied voltage caused the samples to undergo a dielectric
breakdown. The maximum value of a coercive field (E,),
remanent polarization (P,) and maximum polarization (P,,)
determined from the hysteresis loops are listed in Table 1.
The PZN-PT solid solution has saturated P-E loop at
E,.x=57 kV cm™', which shows the P, is 20.1 pC cm™2,
the remnant polarization (P,) is 17.5 pC cm™ and the coer-
cive field (E,) is 36.5 kV cm™! shown in Fig. 1a. Similarly
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PMN-PT and PZN-PMN-PT solid solutions have saturated
P-E loops at E_,, =40, 50 kV cm™!, which shows the P_,
values are 7.6, 8.72 pC cm~2, the remnant polarization
(P,) values are 5.8, 3.35 pC cm™~? and the coercive field
(E,) values are 10.5, 5.92 kV cm™! respectively shown in
Fig. 1b, c. In this hysteresis loops, maximum remnant-
polarization (P,) and coercive field (E,) were acquired
in the presence of defect dipoles generated from internal
bias field, which resisted and counteracted the effect of an
external field. This corresponds to a significant decrease
in both P, and E_ values which resulted in a slight pinched-
type loop with relatively small remnant polarization. The
variation in hysteresis parameters might be due to the
domain growth and domain rotation/alignment, which
take place in the direction of the applied electric field.
P-E loops for PZN-PT, PMN-PT, and PZN-PMN-PT
solid solutions were shown in Fig. la—c and correspond-
ing dependencies of P, and E; on E_,, were summarized
inset respectively. The variation of AP (=P, —P,) asa
component of different electric fields are demonstrated in
Fig. 1d. In lead-based solid solutions, nonergodic relaxor
(NR) phase was irreversibly changed into normal fer-
roelectrics with the influence of the electric field. The
low estimations of AP (6.4 pC cm™?) at 40 kV cm™! was
observed since a significant part of the energy is consumed
by domain switching and it gets stored as a remanence in
ferroelectric solid solutions. P, decays drastically due to
the reversibility of the transformation between ergodic and
long-range ferroelectrics while increasing lead content.
P-E hysteresis loops for PZN-PT, PMN-PT, and
PZN-PMN-PT at different temperatures are illustrated in
Fig. 2a—c. The relaxor characteristics have been measured
at various temperatures of 25, 50, 75 and 100 °C at con-
stant ac frequency of 50 Hz. Temperature dependence of
remnant polarization P, coercive field E_, internal bias field
E, were evaluated using the following equation [35, 36].

Ec'-Ec.  _E+E-
2 2

Ec=

where E_* and E_~ denotes convergences of the hysteresis
loops with abscissa axis in the positive and negative direc-
tions. The remanent polarization almost remains the same
before the morphotropic phase boundary (T,;,) and showed
a persistent reduction afterward’s illustrating its possible
application in the high-temperature field. In addition, the
coercive field also diminishes as the temperature increments
to T¢.. Ferroelectric parameters like coercive field (E), rema-
nent polarization (P,), maximum polarization (P,) and inter-
nal bias field E; function of temperature can be obtained;
from the P-E loops are listed in Table 2. When the tempera-
ture is low, the hysteresis loop of PZN-PT, PMN-PT, and
PZN-PMN-PT is asymmetric, indicative of high E; in the
solid solutions [37, 38]. With increasing temperature, the
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Fig. 1 Ferroelectric hysteresis loops for the a PZN-PT, b PMN-PT ¢ PZN-PMN-PT solid solutions measured at different electric fields at room

temperature and d the variation tendency of P, ., P, and AP

Table 1 Observed electrical parameter for PZN-PT, PMN-PT, and PZN-PMN-PT solid solutions

Solid solutions d;; (pC N7 233 MV mN - P, (nC cm™?) Eq kV cm™h) P.(pC em™®)  W(Jem™)  5(%) Dielectric

constant

()
PZN-PT 468 7.78 20.1 36.5 17.4 0.16 45 5132
PMN-PT 324 457 7.6 10.5 5.8 0.11 22 6043
PZN-PMN-PT 376 1.66 8.72 5.92 3.35 0.25 71 1925

Piezoelectric constant (d;3), maximum polarization (P), coercive field (E.), remnant polarization (P,), work density (W), dielectric constant (g,)

hysteresis loop becomes more symmetric, demonstrating the  in the solid solutions. Reductions in ferroelectric parameters
decrease of E,, as given in Fig. 2d. The hysteresis loops are ~ with the increase in temperature were observed for PZN-
symmetric with low levels of temperature, revealing weak E;, ~ PT, PMN-PT and PZN-PMN-PT solid solutions. The weak
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Fig.2 Temperature-dependent P-E hysteresis loops of a PZN-PT, b PMN-PT, ¢ PZN-PMN-PT solid solutions and d (E;) internal bias field for

the PZN-PT, PMN-PT, and PZN-PMN-PT solid solutions

Table 2 Ferroelectric parameters of PZN-PT, PMN-PT and PZN-
PMN-PT solid solutions as a function of temperature

Sample name Ferroelectric response ~ Temperature ('C)

25 50 75 100

PZN-PT P, (uCcm™) 19 15 02 00
P, (uCcm™) 69 54 47 43
E, (kV cm™) 61 45 13 08
PMN-PT P, (uCcm™) 30 21 12 06
P, (nCcm™) 91 67 50 33
E, (kVcm™) 57 37 25 20
PZN-PMN-PT P, (uC cm™) 37 44 50 58
P, (1Ccm™) 47 55 65 16
E, (kV cm™) 79 87 10 106

@ Springer

ferroelectric behaviour at increasing temperature demon-
strates the vertical or horizontal displacement of a lead in
the lattice. The perception of a pinched-type loop at high
temperature might be because of the debilitating of NR state
and upgrading ergodic relaxor (ER) state [33]. The spontane-
ous polarizations of polar nanoregions (PNR) were keeping
up the ferroelectric behaviour above T, in relaxor ferroelec-
trics. The P-E hysteresis of lead-based solid solutions at
25 °C demonstrates an ordinary hysteresis, and the P—E loop
behaviour in the critical compositions in lead-based series
clearly indicates the nonpolar phases. As the temperature
increases to 75 °C, a sharp decrease in remnant polarization
P, and coercive field E, were observed. The hysteresis loops
became pinched with a further increase in temperature to
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100 °C, which correspond to the depolarization temperature
T, of the solid solutions, indicating the non-polar phases.
The abatement in P, was related to the reduction of polariza-
tion with the temperature increasing. With increasing tem-
perature, the interface vitality of the ferroelectric domains
decreases and the domain walls movement becomes easier,
which prompts the decrease of the coercive field.

3.2 Energy storage density study

Figure 3aillustrates the energy storage properties of the PZN-
PT, PMN-PT, and PZN-PMN-PT solid solutions which were
calculated from well saturated bipolar P-E hysteresis loops.
The energy storage behaviours of dielectric materials can be

25
m PVMIN-PT
q = PZN-PT
mmee’7N-PMN-PT
— 20 |
g 15 /
2 —
< 10
S s

——

theoretically evaluated according to the following equation
[39-41] where

Pmax
W= / EdP,
0

Pmax

W, = / EdP
P

r

W,

rec

w

}’I:

W,

Polarization ( p.C/cmz)

04 T
0 10 20 30 40 50 60 70 " =
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() (b)
0.264 :O:m 0
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o020 ™
<0184 @
%0.16-' 9 F40 S
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PZN-PT PMN-PT PZN-PMN-PT
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©

Fig. 3 a Ferroelectric well saturated bipolar P-E hysteresis loops for
PZN-PT, PMN-PT, and PZN-PMN-PT solid solutions, b schematic
calculation of energy-storage density W, and energy loss W, ¢ theo-

retically evaluated the energy-storage density W, energy loss W, and
energy storage efficiency 5
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Important factors to determine the energy storage per-
formance of the solid solutions: where E is the applied an
external field, Pr is the remanence polarization, P, is the
maximum polarization, Dp is the change of polarization in
the material induced by the applied electric field, # is the
energy storage efficiency or charge—discharge efficiency, W
is the energy-storage density, W,.. is the energy loss

Electric field strength is assessed by integrating the area
between the polarization axis and the discharge curveas
shown in Fig. 3b [42]. W caused by the domain reorien-
tation was calculated by integrating the area between the
charge and discharge curve of the unipolar hysteresis loops
as shown in Fig. 3b. Larger efficiency means less energy
loss during the charge and discharge procession which were
theoretically evaluated (W, W, and #7) shown in Fig. 3c. The
energy storage density of PZN-PT was ~0.16 J cm~>, PMN-
PT was ~0.11J cm ™ and PZN-PMN-PT was ~0.25J cm™.
From these values it was made clear that implied high mag-
nitudes of permittivity, polarization, and breakdown field
will facilitates greater energy density in the dielectric mate-
rials due to the reduction in remanent polarization [43, 44].
This result implies that an increase in the energy storage
properties leads to a decrease in the ferroelectric phase in
the solid solutions.

3.3 Piezoelectric coefficient (d;;) and piezoelectric
voltage coefficient (g3;)

Figure 4a, b illustrates the piezoelectric coefficient and
piezoelectric voltage coefficient of PZN-PT, PMN-PT, and
PZN-PMN-PT solid solutions respectively. The piezoelec-
tric coefficient d;; and piezoelectric voltage coefficient g;,
are defined by the following relations [45—47].

480
8 -9-d33 L8
4604 9 -9-£33
440 7
404 N, L6
_g’) 4004 [ 5
9, g
380 \ .. 9o 3B
360+ L3
~ S
340+ \\\ //I \~~\ L
320- Q.- 9
T T T 1
PZN-PT PMN-PT PZN-PMN-PT
Solid Solutions
(@

n () -2
BT\T1y), F/A~ F
d33

£,€,

833 =

where, Dg—charge density (C m~2), Tc—mechanical stress
(N m_2), E—electric field, C—shunt capacitance, V—poten-
tial difference across the shunt capacitor, F—force, A—area
of a polled sample, e —dielectric constant, e —dielectric
constant in a vacuum

The piezoelectric coefficient for PZN-PT, PMN-PT, and
PZN-PMN-PT solid solutions were tabulated in Table 1.
It is found that PZN-PT showed better piezoelectric coeffi-
cients and piezoelectric voltage coefficients. The high value
of d;; and g;5 for PZN-PT was due to the well-developed and
aligned grain domains which lead to the large mobility of
domain walls. The results showed that apart from changes in
the crystal symmetry, microstructure induced domain recon-
figuration can also improve the piezoelectric and piezoe-
lectric voltage properties in optimally-doped piezoelectric
materials. The ferroelectric domains reorientation more eas-
ily during electrical poling and leads to the enhancement of
piezoelectric properties. The temperature stability and high
piezoelectric coefficient for lead-based solid solutions are
experimentally evident in the temperature dependent P-E
hysteresis loops for synthesized solid solutions.

In order to check the temperature stability of the piezoelec-
tric properties of the PZN-PT, PMN-PT, and PZN-PMN-PT
pellets, measured at room temperature, are plotted against
the annealing temperature. The d;; value is very stable up
to 263 °C for PMN-PT, 412 °C for PZN-PT and 318 °C for
PMN-PZN-PT and then drops to zero, which is the Curie

5004
400
@ 300
=]
2004
100+
—a— PZN-PT
o] & PMN-PT
—a&— PZN-PVMIN-PT

0 100 200 300 400 500
Annealing temperature (°C)

(b)

Fig.4 a The d;; and g3; values of PZN-PT, PMN-PT, and PZN-PMN-PT solid solutions at room temperature, b annealing temperature depend-
ence of piezoelectric coefficient dy; for PZN-PT, PMN-PT, and PZN-PMN-PT solid solutions
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temperature of the solid solutions. The variation of ds; with
annealing temperature is shown in Fig. 4a. The variation
of the d;; value is mainly due to the different poling condi-
tions of these three samples. The sample PZN-PT, PMN-PT,
and PZN-PMN-PT were poled under the electric field as
2-4 kV mm~!. The difference of the poling electrical field
is because of the different breakdown field of each sample.
Therefore, the breakdown field of each sample decides the pol-
ing field, which can affect the piezoelectric activity. All the
samples showed good thermal stability, above which decreases
in stability with the increasing temperature were observed. In
addition, we found that d;; rapidly decreases when the anneal-
ing temperature goes above Curie temperature. This phenom-
enon could be explained by Landau-Devonshire theory [48].

342

T T A‘Z‘
=Ty +
PO 4AL0A,

In this system, the T of all the samples is lower than T,
because of the natures of the first-order phase transition of
the solid solutions. So the ferroelectric phase of PZN-PT,
PMN-PT, and PZN-PMN-PT solid solution, may exist when
T>Tc.

3.4 SEM micrographs

Figure 5 illustrate the scanning electron microscope
(SEM) micrographs of the (a) PZN-PT, (b) PMN-PT,
and (c) PZN-PMN-PT solid solutions. It was seen that
the PMN-PT, PZN-PT and PMN-PZN-PT solid solutions
showed a grain morphology consisting of a mixture of
small and large irregularly sized grains with a blend of

Fig.5 SEM micrographs of a PZN-PT, b PMN-PT, and ¢ PZN-PMN-PT solid solutions
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various shapes. Grains of unequal sizes appear to be dis-
tributed throughout the sample. The average grain size
observed is about 0.77 pm for PZN-PT, 0.93 for PMN-PT
and 1.82 for PZN-PMN-PT solid solutions. Grain sizes
were measured and calculated based on a mean linear
intercept method. This method was the quantitative meas-
urement of grain size with in dense uniform structures
and it was best suited where the boundaries of each grain
were relatively easy to determine. A relatively dense mor-
phology and regular grain patterns of the solid solutions
lead to higher values of piezoelectric coefficient ds;. The
ferroelectric domains observed in the micrograph having
slightly bigger with more equiaxed grain morphology.
The grain size has a great effect on electrical properties
such as ferroelectric, dielectric and piezoelectric proper-
ties of the solid solution.
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3.5 Temperature dependence of dielectric
properties

Figure 6 illustrates the variation of the dielectric constant
(g,) of solid solutions of (a) PZN-PT, (b) PMN-PT and (c)
PZN-PMN-PT, respectively, as a function of temperature
up to 500 °C at various frequency ranges 1, 5, 10, 50, 100,
500, 1, 1.5 and 2 MHz. Room temperature €, were found to
be 93,027, 60,611 and 19,341 for PZN-PT, PMN-PT and
PZN-PMN-PT, respectively, which increased with tempera-
ture and showing a maximum value of 263 °C for PMN-
PT, 412 °C for PZN-PT and 318 °C for PMN-PZN-PT. The
increase in g, with temperature may be due to the dominance
of space charge over dipolar polarization. All the solid solu-
tions were showing single structural phase transition. For
PMN-PT solid solution shown in Fig. 6b. The €, peaks are
broad ~210-300 °C, similar to the PMN-PT [49, 50] and
individual peak positions shifted upward with increasing
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Fig.6 Temperature dependences of the dielectric constant of a PZN-PT, b PMN-PT, and ¢ PZN-PMN-PT solid solutions
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frequency. However, the dielectric spectrum of PZN-PT
(shown in Fig. 6a) and PMN-PZN-PT (shown in Fig. 6c.)
showed sharp peaks at 360 °C and 320 °C respectively in
comparison with PMN-PT (shown in Fig. 6b.). These phase
transitions corresponding to T are paraelectric cubic phase
to a ferroelectric rhombohedral phase [32]. It was more
likely that the effect of structures, domains and domain wall
motion largely contributed to observed piezoelectric, dielec-
tric and ferroelectric properties.

4 Conclusions

This paper reports the comparison of PZN-PT, PMN-PT,
and PZN-PMN-PT solid solutions that were prepared by
conventional solid-state reaction technique. Their micro-
structure, dielectric, piezoelectric, ferroelectric and energy
storage behaviour of the solid solutions were investigated.
Dielectric studies of the sintered samples were studied as
a function of temperature ranging from room temperature
to 500 °C and in the wide frequency range of 1-2 MHz
which showed good relaxor behaviour. SEM micrographs
of the sample showed grains of unequal sizes distribution
throughout the sample. The average grain size observed
was about 0.77 pm for PZN-PT, 0.93 for PMN-PT and 1.82
for PZN-PMN-PT solid solutions. P-E hysteresis loops for
the solid solutions confirmed good ferroelectric properties,
exhibiting the values P.~17.4, 5.8, 3.35uC cm™2, E.~3.65,
10.5, 5.92 and P, ~20.1, 7.6, 8.72 obtained for PZN-PT,
PMN-PT and PZN-PMN-PT respectively. Improved tem-
perature stability of ferroelectric behaviour was observed in
the temperature dependent P-E hysteresis loops as a result
of binary, ternary solid solutions. A large energy storage
density (W) of 0.25 Jem™ was achieved at 50 kV cm™' for
PZN-PMN-PT. The optimum piezoelectric coefficient and
piezoelectric voltage coefficient (d;;~468, 324,376 pC N -1
g253~7.78,4.57, 1.66) were measured on the polled samples
forPZN-PT, PMN-PT and PZN-PMN-PT respectively. The
dielectric, piezoelectric and ferroelectric properties of solid
solutions suggests that these solid solutions can be potential
piezoelectric candidates for use in capacitor applications.
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