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Abstract

The ternary system of 0.56Pb(Ni1/3Nb2/3)O3–0.10Pb(Zn1/3Nb2/3)O3–0.34PbTiO3 (0.56PNN–0.10PZN–0.34PT) ceramics were prepared by

conventional solid-state reaction method via straight mixed oxide method, columbite precursor method and B-site oxide mixing route. X-ray

diffraction (XRD) measurement demonstrated that both the tetragonal and rhombohedral phases coexist in the B-site oxide mixing route

prepared ceramics accompanied by the largest content of perovskite phase of 95.18%. The 0.56PNN–0.10PZN–0.34PT ceramics prepared by

the straight mixed oxide method and the B-site oxide mixing route exhibit rather homogeneous microstructure. As a comparison, in the

columbite precursor method prepared ceramics nebulous granules and octahedral or other polyhedral morphology grains are observed. All the

sintered ceramics exhibit diffused ferroelectric phase transition where the dielectric response peaks are broad, diffused and strongly frequency

dependent. However, the temperature of dielectric maximum (Tm) increases greatly from 398.0 K of the 0.56PNN–0.10PZN–0.34PT ceramics

prepared by the B-site oxide mixing route to 423.3 K of the ones prepared by the straight mixed oxide method. Saturated and symmetric P–E

hysteresis loops are observed in all the sintered ceramics, where the B-site oxide mixing route prepared ceramics exhibit large value of

remanent polarization (Pr) of 17.13 mC/cm2 and the least value of coercive field (Ec) of 11.99 kV/cm. Piezoelectric constant (d33) exhibits the

largest value of 449 pC/N for the ceramics prepared by the B-site oxide mixing route. Such results are related to the phase composition, density

and porosity of the ceramics.
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1. Introduction

A novel methodology to stabilize perovskite phase and

develop piezoelectric materials has been conducted by adding

stable perovskite structure normal ferroelectrics to relaxor

ferroelectrics. The formation of solid solution increases the

tolerance factor and electronegativity difference, i.e., ionic

bond, and consequently stabilizes the perovskite structure [1].

Ferroelectric ceramics composed of normal and relaxor

ferroelectric materials have been reported to exhibit excep-
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tionally excellent dielectric, piezoelectric, electrostrictive and

electro-optical properties [2–4]. Among which (1 � x)Pb(Ni1/3

Nb2/3)O3–xPbTiO3 (PNN–PT) is a well known solid solution.

PNN–PT exhibits promising applications in low-hysteresis

sensor and actuator domains for its excellent dielectric and

piezoelectric properties especially with the composition around

the morphotropic phase boundary (MPB) [5,6].

MPB has become a popular research subject since the report

of Pb(ZrxTi1�x)O3 ferroelectric material because PZT with

composition close to the MPB exhibits enhanced microstruc-

ture and high dielectric, piezoelectric and ferroelectric

properties [7]. MPB is considered as a region connecting

two adjacent ferroelectric phases with equivalent energy state

and similar structure. The discovery of low symmetry phase

around the vicinity of MPB in Pb(Mg1/3Nb2/3)O3–PbTiO3

(PMN–PT) and related materials has changed the picture of
d.
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MPB since polarization vector can rotate within a monoclinic

plane and complex sequence of phase transition exists in these

systems [7–9].

The MPB of PNN–PT is known to locate in the composition

range of x = 0.34–0.38, which is considered as a region

connecting rhombohedral and tetragonal ferroelectric phases

[5,6]. Phase pure perovskite PNN–PT ceramics can be prepared

by a columbite precursor method but with some difficulty.

The columbite precursor method involves two calcination

steps, i.e., the formation of columbite precursor NiNb2O6 and

the calcination of NiNb2O6, PbO and TiO2 to form perovskite

PNN–PT, which was devised by Swartz and Shrout to

synthesize stoichiometric perovskite Pb(Mg1/3Nb2/3)O3

(PMN) [10]. The columbite precursor method effectively

decreases the formation of pyrochlore phase and stabilizes

perovskite structure since the direct contact and the inter-

mediate reaction between PbO and Nb2O5 can be bypassed

[10,11].

Recently, the perovskite phase formation, the character of

the successive phase transformation of the structural and

electrical properties of the Pb(Zn1/3Nb2/3)O3–doped Pb(Ni1/3

Nb2/3)O3–PbTiO3 (PNN–PZN–PT) pseudo ternary ferroelec-

tric ceramics prepared by conventional solid-state reaction

method via the B-site oxide mixing route were reported [12]. In

that work, the sintering conditions, the solid-solution content

limitation of PZN in the system, the perovskite structure

development, and the successive change of the ferroelectric

phase transition of the PNN–PZN–PT ceramics were studied

systematically. However, perovskite ferroelectrics are sensi-

tive to processing varieties and extremely difficult to fabricate

reproducibly without the appearance of pyrochlore phase.

Furthermore, the phase transition character and electrical

properties of relaxor-based ferroelectrics are greatly influ-

enced by density, microstructural feature, pyrochlore phase

distribution, composition and phase, which in turn depend on

ceramic processing [13–15]. In the present work, the

conventional straight mixed oxide method, the columbite

precursor method and the B-site oxide mixing route were used

to synthesize 0.56Pb(Ni1/3Nb2/3)O3–0.10Pb(Zn1/3Nb2/3)O3–

0.34PbTiO3 (0.56PNN–0.10PZN–0.34PT) ceramics, then the

influence of ceramics processing on perovskite phase forma-

tion and electrical properties can be researched. This

composition was chosen since previous work [12] discovers

that such composition locates around the MPB composition in

the PNN–PZN–PT system and exhibit excellent electrical

properties.
Table 1

Synthesis conditions of the fabrication of the 0.56PNN–0.10PZN–0.34PT ceramic

Procedure Straight mixed oxide method C

Precursor synthesis –
N

Z

Calcine All oxides calcine

at 925 8C for 2 h

N

ca

Sinter Si
2. Experimental procedure

0.56PNN–0.10PZN–0.34PT ferroelectric ceramics were

prepared by the conventional straight mixed oxide method, the

columbite precursor method and the B-site oxide mixing route.

The conventional straight mixed oxide method utilized a one-

step solid-state reaction with all of the starting oxides; the

columbite precursor method prepared columbite precursors

NiNb2O6 and ZnNb2O6, respectively, at initial step followed

by a reaction with PbO and TiO2 to form ternary 0.56PNN–

0.10PZN–0.34PT at second step; and the B-site oxide mixing

technique was a modification of the columbite precursor

method, where all oxides of the B-site of the perovskite

structure were pre-calcined together simultaneously instead of

preparing different columbite precursors separately and then

the synthesized B-site precursor reacted with PbO to form

perovskite 0.56PNN–0.10PZN–0.34PT [11,14]. The content

of PZN was chosen as 10 mol% since preliminary experiment

confirmed that pyrochlore phase increases sharply when the

content of PZN exceeds 10 mol% in the PNN–PZN–PT

system.

High-purity oxides, PbO (>99.9%), NiO (99.9%), ZnO

(>99.95%), Nb2O5 (>99.9%) and TiO2 (>99.9%) were used as

raw materials. In order to obtain stoichiometric composition,

the raw oxides were separately dried before weighing and the

synthesized columbite precursors and the B-site precursors

were weighed and introduced into the batch calculation.

Detailed synthesis procedure of the 0.56PNN–0.10PZN–

0.34PT ceramics is shown in Table 1.

During the ceramic processing, stoichiometric oxides were

weighed in each step according to the chemical composition of

0.56PNN–0.10PZN–0.34PT. The calcined powders were cold

isostatically pressed into pellets at a pressure of 400 kgf/cm2

with the addition of 1 wt% polyvinyl alcohol (PVA) binder and

sintered at 1185 8C for 2 h. The pellets were buried under an

equiweight mixture of raw oxides with the same composition in

a covered crucible to minimize the evaporation of lead during

sintering. In all the above three methods no excess of PbO was

added for the preparation of 0.56PNN–0.10PZN–0.34PT

ceramics.

The sintered ceramics were ground and polished to obtain

flat and parallel surfaces. The perovskite phase formation and

the amount of pyrochlore phase of the calcined powders and the

sintered ceramics were analyzed by X-ray diffraction measure-

ment (XRD, Rigaku RINT-2200VS Diffractometer). The

amount of perovskite phase can be calculated using an
s by the three methods.

olumbite precursor method B-site oxide mixing route

iOþ Nb2O5 �!1000 �C

calcine 4 h
NiNb2O6

nOþ Nb2O5 �!1000 �C

calcine 4 h
ZnNb2O6

NiO, ZnO, Nb2O5, TiO2

pre-calcine at 1000 8C for 4 h

iNb2O6, ZnNb2O6, PbO, TiO2

lcine at 925 8C for 2 h

B-site precursor, PbO calcine

at 925 8C for 2 h

nter at 1185 8C for 2 h



Table 2

The content of perovskite phase, bulk density and room-temperature dielectric

property measured at 1 kHz of the 0.56PNN–0.10PZN–0.34PT ceramics pre-

pared by the three methods.

Ceramic processing Percentage of

perovskite

phase

Bulk density

(g/cm3)

Dielectric

constant

Dielectric

loss

Straight mixed

oxide method

83.73 7.9053 1783 0.02961

Columbite

precursor method

94.30 7.7858 2192 0.03053

B-site oxide

mixing route

95.18 7.8406 2259 0.03497
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approximate method:

% Perovskite ¼ Iperov � 100

Iperov þ Ipyro

where the concentration of perovskite and pyrochlore phases

was determined by the relative intensity of the (1 1 0) perov-

skite peak (Iperov) and the (2 2 2) pyrochlore peak (Ipyro) [15].

Microstructure of the sintered ceramics was observed by

scanning electron microscopy (SEM, JSM6360LA) using free

surfaces of the specimens. For electrical properties characteri-

zation, silver paste was coated on both surfaces of the well-

polished pellets and fired at 650 8C for 15 min to provide robust

electrodes. The ceramics were poled for piezoelectric measure-

ment at an electric field of 2.5 kV/mm in silicon oil at 120 8C
for 15 min and then slowly cooled down to room temperature

while maintaining half of the applied electric field. Detailed

measurement procedures were described elsewhere [16].

3. Results and discussion

Important technological problems associating with the

processing of lead-containing perovskites are the control of

evaporation of PbO and the inhibition of formation of

pyrochlore phase during sintering, which depends mainly on

raw materials, sintering conditions and ceramic processing.

Fig. 1 shows XRD patterns of the 0.56PNN–0.10PZN–0.34PT

ceramics prepared by the above three methods. Main phase of

perovskite is obtained by the three methods. However, due to

the metastability of perovskite PZN, Pb3Nb4O13-type pyro-

chlore phase appears in all the sintered ceramics. The content of

pyrochlore phase exhibits great dependence on ceramic

processing, which is shown in Table 2 estimated based on

XRD results. The efficiency and feasibility of the B-site oxide

mixing route in the synthesizing of complex perovskite

ferroelectrics is proven again since the content of pyrochlore

phase is the least, 4.82%, of all the sintered 0.56PNN–

0.10PZN–0.34PT ceramics. The success of the B-site oxide
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Fig. 1. XRD patterns of the 0.56PNN–0.10PZN–0.34PT ceramics prepared by

the three methods.
mixing route in suppressing pyrochlore phases can be attributed

to the intermediate compounds formed during pre-calcining

[11,14,15]. No trace of Nb2O5 retains in the B-site oxide mixing

route precursors, which bypasses the preferential reaction of

Nb2O5 with PbO to form stable pyrochlore phase.

XRD patterns of the 0.56PNN–0.10PZN–0.34PT ceramics

over the diffraction degree range 2u = 43–488 are shown in

Fig. 2. Multi diffraction peaks appear in the 0.56PNN–

0.10PZN–0.34PT ceramics prepared by the B-site oxide mixing

route due to the superposition of the rhombohedral and

tetragonal {2 0 0} diffraction peaks. The single diffraction peak

of (2 0 0) reflection indicates that the 0.56PNN–0.10PZN–

0.34PT ceramics prepared by the straight mixed oxide method

exist in rhombohedral phase. Strong splitting of the (2 0 0)

diffraction peak indicates that the columbite precursor method

prepared samples are tetragonal phase. As a comparison, the

tetragonal and rhombohedral phases coexist in the B-site oxide

mixing route prepared samples due to the coexistence of the

(2 0 0) tetragonal and (2 0 0) rhombohedral plane. The

compositions of the tetragonal and rhombohedral phases can

be estimated by integral area of corresponding diffraction

peaks.
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Fig. 2. XRD patterns of the h2 0 0i diffraction peaks of the 0.56PNN–

0.10PZN–0.34PT ceramics prepared by the three methods.



Fig. 3. SEM photographs of free surfaces of the 0.56PNN–0.10PZN–0.34PT ceramics prepared by the three methods. The ceramics were thermal etched at 825 8C for

30 min before SEM observation. (a) Straight mixed oxide method; (b) columbite precursor method; (c) B-site oxide mixing route.
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SEM images of the 0.56PNN–0.10PZN–0.34PT ceramics

prepared by different methods are shown in Fig. 3. The

0.56PNN–0.10PZN–0.34PT ceramics prepared by the straight

mixed oxide method and the B-site oxide mixing route exhibit

rather homogeneous microstructure. The content of enclosed

porosity observed in the SEM micrographs is consistent with

the density results, where the ceramic bulk density is 7.9053

and 7.8406 g/cm3 for the straight mixed oxide method and the

B-site oxide mixing route, respectively. Slight quantity of small

granules and scraps congregated in grain conjunctures and

attached on grain surface may be pyrochlore phase and glass

phase introduced during the processing of samples for SEM

observation. Liquid-phase sintering mechanism may take

partial effect in the densification of these ceramics due to

the round grain morphology [17]. As a comparison, nebulous

granules and octahedral or other polyhedral morphology grains

appear in the columbite precursor method prepared samples.

Therefore, different ceramic processing produces ceramics

with different densification, grain size and density, which will

exert great influence on electrical properties of ceramics.

In strong polarized dielectrics, the orientation of dipoles

facilitates with the increase of temperature. Therefore,
Fig. 4. Temperature dependence of relative dielectric constant of the 0.56PNN–

0.10PZN–0.34PT ceramics prepared by the three methods measured at several

frequencies upon heating.
dielectric constant exhibit great dependence on two variable

factors, i.e., temperature and frequency. Temperature depen-

dence of relative dielectric constant of the 0.56PNN–0.10PZN–

0.34PT ceramics prepared by different methods is shown in

Fig. 4. At room temperature, the B-site oxide mixing route

prepared samples exhibit the largest value of relative dielectric

constant and dielectric loss tangent. The dielectric anomalies

appeared at different temperatures can be attributed to the phase

transition from rhombohedral/tetragonal ferroelectric (FE)

phase to cubic paraelectric (PE) phase. Apparent frequency

dispersion around a large temperature range is observed for all

the samples prepared by the three methods, where the dielectric

response peaks are broad, diffused and strongly frequency

dependent. The temperature of dielectric maximum (Tm)

changes greatly with the increase of frequency and the full-

width-at-half maximum (FWHM) of the dielectric peaks is

around 75 K, which shows the nature character of relaxor

ferroelectrics. However, Tm shifts towards lower temperature

with the increase of frequency, which is beyond our

comprehension since Tm increases with the increase of

frequency in typical relaxor ferroelectrics [18].

Fig. 5 shows a comparison of dielectric property of the

0.56PNN–0.10PZN–0.34PT ceramics prepared by different

methods. The effects of ceramic processing on dielectric
Fig. 5. Temperature dependence of dielectric constant and loss tangent of the

0.56PNN–0.10PZN–0.34PT ceramics prepared by the three methods measured

at 1 kHz upon heating.



Table 3

Comparison of dielectric property of the 0.56PNN–0.10PZN–0.34PT ceramics prepared by the three methods using 1 kHz data.

Ceramic processing Tmax (K) emax tan dmax DT (K) 500 Hz–100 kHz n C0 (�106) d (K)

Straight mixed oxide method 423.3 6132 0.1769 (416.3 K) �2.5 1.8047 15.800 52.880

Columbite precursor method 412.3 7146 0.1539 (406.8 K) �2.0 1.9199 29.174 52.968

B-site oxide mixing route 398.0 8741 0.1557 (391.3 K) �2.7 1.8585 17.081 40.622
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behavior are shown clearly, which is summarized in Table 3.

The B-site oxide mixing route prepared samples exhibit

relatively larger value of dielectric constant and narrower

dielectric peak at the FE transition temperature (Tm) of 398.0 K

with dielectric maximum of 8741 as compared to the samples

prepared by the other two methods. The B-site oxide mixing

route exhibits superiority in improving dielectric properties.

However, Tm increases greatly from 398.0 K of the 0.56PNN–

0.10PZN–0.34PT ceramics prepared by the B-site oxide mixing

route to 423.3 K of the ceramics of the same composition

prepared by the straight mixed oxide method, which cannot be

elucidated now.

Dielectric behavior of relaxor-based ferroelectrics can be

described by a quadratic law,

1

e
¼ 1

emax

þ ðT � TmaxÞn

C0

where n is a diffuseness index and C0 is a constant [19]. The

diffuseness index can be solved graphically from the graphs of

ln(1/e � 1/em) versus ln(T � Tmax), which is shown in Fig. 6.

The slope of the curve represents the value of the diffuseness

index, and the intercept gives the diffuseness parameter by

equation:

d ¼
�

e�intercept

2emax

�1=n

The values of the parameters obtained by a linear regression

analysis of the data shown in Fig. 6 are also listed in Table 3.

The columbite precursor method prepared samples exhibit the

largest value of diffuseness index n of 1.9199, whereas the B-
Fig. 6. Plot of ln(1/e � 1/em) versus ln(T � Tmax) of the 0.56PNN–0.10PZN–

0.34PT ceramics prepared by the three methods using 1 kHz data.
site oxide mixing route prepared samples exhibit the least value

of diffuseness parameter d of 40.622. Such variation is

considered as correlating with the inhomogeneity at atomic

scale of the 0.56PNN–0.10PZN–0.34PT ceramics prepared by

different methods.

Dielectric properties at cryogenic temperatures of the

0.56PNN–0.10PZN–0.34PT ceramics prepared by different

methods are shown in Fig. 7. At low temperature, dielectric

frequency dispersion is suppressed greatly for all the ceramics

synthesized by the three methods. For all the 0.56PNN–

0.10PZN–0.34PT ceramics prepared by the three methods a

dielectric shoulder appears around 98.7 K accompanied by the

appearance of dielectric loss peaks at lower temperature around

46 K, which may be attributed to an unknown structural phase

transition or the formation of ferroelectric domain with lower

symmetry. Low-temperature XRD measurements are needed to

provide insight into the nature of this possible structural phase

transition.

P–E hysteresis loops at room temperature of the B-site oxide

mixing route prepared 0.56PNN–0.10PZN–0.34PT ceramics

with different electric field are shown in Fig. 8. With the

increase of electric field strength, the shape of hysteresis loop

develops from a nearly linear relationship at 5 kV/cm to a

nonlinear and fully developed symmetric P–E loop at 30 kV/

cm. In all electric field strength, no apparent evidence of

pinning effect or asymmetric loop is observed. Therefore, the

electric field strength of 25 kV/cm can afford enough energy to

align all domains in the direction of the electric field.

Ferroelectric hysteresis loops of the 0.56PNN–0.10PZN–

0.34PT ceramics prepared by different methods are shown in
Fig. 7. Temperature dependence of dielectric constant and loss tangent of the

0.56PNN–0.10PZN–0.34PT ceramics prepared by the three methods measured

at 1 kHz upon heating at cryogenic temperatures.



Table 4

Ferroelectric and piezoelectric (symmetrical selection of measurement points within round specimens) properties of the 0.56PNN–0.10PZN–0.34PT ceramics

prepared by different methods measured at room temperature.

Ceramic processing Straight mixed oxide method Columbite precursor method B-site oxide mixing route

Pr (mC/cm2) 13.78 17.39 17.13

Ec (kV/cm) 13.65 13.10 11.99

d33 (pC/N) 367 360 364 360 417 419 408 420 443 433 450 457

350 364 372 373 417 431 414 401 440 445 446 462

360 382 369 367 430 431 405 401 449 443 468 448

d33 (pC/N, mean value) 366 416 449
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Fig. 9. With the electric field strength of 25 kV/cm, the

polarization loops of all the ceramics are well developed

showing large remanent polarization (Pr). All the hysteresis

loops exhibit typical ‘‘square’’ form, which is characteristic of a

ferroelectric microdomain state where long-range cooperation

exists between dipoles. The values of Pr and coercive field (Ec)

are determined based on the saturated P–E loops, which is

shown in Table 4. The straight mixed oxide method prepared

ceramics exhibit the largest value of Ec 13.65 kV/cm, whereas
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the columbite precursor method prepared ceramics possess the

largest value of Pr 17.39 mC/cm2. The value of Pr of the B-site

oxide mixing route prepared ceramics can be comparable to

those of the columbite precursor method prepared ones,

whereas the value of Ec is the least of 11.99 kV/cm in all the

synthesized ceramics. The variation of the values of Pr and Ec is

correlated with the content of rhombohedral phase and porosity

effect in the sintered ceramics.

Piezoelectric property measured at the same condition of the

0.56PNN–0.10PZN–0.34PT ceramics prepared by different

methods is shown in Table 4. The values of piezoelectric

constant d33 of all the sintered ceramics varies within a pellet,

which is an ordinary phenomenon in ferroelectrics. Such

variation can be attributed the inhomogeneity of composition

and/or the existence of micropolar regions. The B-site oxide

mixing route prepared ceramics exhibit the largest value of d33

of 449 pC/N, the columbite precursor method prepared

ceramics has a larger value of d33 of 416 pC/N, whereas the

straight mixed oxide method prepared ceramics exhibit the least

value of d33 of 366 pC/N. These d33 values are relatively larger

compared to those reported in literature of similar system. The

largest d33 value of the B-site oxide mixing route prepared

ceramics is likely due to the relatively larger bulk density,

relatively lower porosity and the least content of pyrochlore

phase.

4. Conclusions

Phase transition behavior and electrical properties of the

0.56PNN–0.10PZN–0.34PT ceramics prepared by the straight

mixed oxide method, columbite precursor method and B-site

oxide mixing route were investigated. Tetragonal and

rhombohedral phases coexist in the B-site oxide mixing route

prepared 0.56PNN–0.10PZN–0.34PT ceramics accompanied

by relatively higher bulk density and rather homogeneous

microstructure. Diffused ferroelectric phase transition is

observed for all the ceramics synthesized whereas Tm increases

greatly from 398.0 K of the B-site oxide mixing route prepared

ones to 423.3 K of the straight mixed oxide method prepared

ones of the same composition. The B-site oxide mixing route

prepared ceramics exhibit large Pr value of 17.13 mC/cm2, the

least Ec value of 11.99 kV/cm and the largest d33 value of

449 pC/N. These results can be attributed the phase composi-

tion, density and porosity effect of the ceramics prepared by

different ceramic processing.
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