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Abstract

The dielectric and ferroelectric properties of (x)Pb(Mg1/3Nb2/3)O3–(1− x) Pb(Zr0.52Ti0.48)O3 (wherex = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0)
ceramics prepared by an oxide-mixing method are measured by means of an automated dielectric measurement set-up and a modified Sawyer-
Tower circuit, respectively. The dielectric properties of the ceramics are measured as functions of both temperature and frequency. The results
indicate that the dielectric properties of the pure-phase PZT and PMN are of normal and relaxor ferroelectric behaviors, respectively. The
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ielectric behaviors of the 0.1PMN–0.9PZT and 0.3PMN–0.7PZT ceramics are more of normal ferroelectrics, while the other com
re obviously of relaxor ferroelectrics. In addition, the transition temperature decreases and the maximum dielectric constant inc

ncreasing PMN content in the system. TheP–E hysteresis loop measurements demonstrate that the ferroelectric properties of the c
n PMN–PZT system change gradually from the normal ferroelectric behavior in PZT ceramic to the relaxor ferroelectric behavio
eramic. These results clearly show the significance of PMN in controlling the electrical responses of the PMN–PZT system.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Lead-based perovskite-type solid solutions consisting of
he ferroelectric and relaxor materials have attracted a grow-
ng fundamental and practical interest because of their
xcellent dielectric, piezoelectric and electrostrictive prop-
rties which are useful in actuating and sensing applications.
mong the lead-based complex perovskites, lead magnesium
iobate (Pb(Mg1/3Nb2/3)O3 or PMN) and lead zirconate ti-

anate (Pb(Zr1−xTix)O3 or PZT) ceramics have been inves-
igated extensively, both from academics and commercial
iewpoints.1–3 These two types of ceramics possess distinct
haracteristics that in turn make each ceramic suitable for
ifferent applications. With the complementary features of
MN and PZT described in many publications, the solid so-
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lutions between PMN and PZT are expected to syne
ically combine the properties of both normal ferroelec
PZT and relaxor ferroelectric PMN, which could exhibit b
ter piezoelectric and dielectric properties than those o
single-phase PMN and PZT.4–10 Furthermore, the prope
ties can also be tailored over a wider range by chan
the compositions to meet the strict requirements for
cific applications.9–11 In recent years, there have been s
eral investigations on PMN–PZT system.4–14 Many of these
works have been on the PMNZT system, in which the s
ing oxide precursors were mixed together, and the ter
system of PMN–PZ–PT.4,5,13,15 However, these previou
works have only focused on a few compositions in the vi
ity of the morphotropic phase boundary (MPB) and of
end members.1,8–10,12,14,16 Thus far, there has been no s
tematic study on dielectric and ferroelectric propertie
the ceramics within the entire compositional range betw
PMN and PZT at MPB composition; e.g. Pb(Zr0.52Ti0.48)O3.

955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2004.07.026
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Therefore, as an extension to the research on the PMN–PZT
ceramics, the overall purpose of this study is to determine
the temperature and frequency dependence of the dielectric
properties and the ferroelectric behaviors of ceramics in the
(x)Pb(Mg1/3Nb2/3)O3–(1 − x) Pb(Zr0.52Ti0.48)O3 (wherex
= 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1) binary system prepared by
a conventional mixed-oxide method.

2. Experimental

The PMN–PZT ceramics used in this study are pre-
pared from PMN and PZT starting powders. Initially,
perovskite-phase PMN powders are obtained via a well-
known columbite method, while PZT powders are prepared
by a mixed-oxide method. With the columbite method, the
magnesium niobate powders are first prepared by mixing
starting MgO (>98%) and Nb2O5 (99.9%) powders and then
calcining the mixed powders at 1050◦C for 2.5 h. This yields
a so-called columbite powder (MgNb2O6). The columbite
powders are subsequently ball-milled with PbO (99%) for
24 h. The mixed powders are calcined at 800◦C for 2.5 h
to form a perovskite-phase PMN. With a more conventional
oxide-mixing route, PZT powders are prepared from reagent-
grade PbO (99%), ZrO2 (99%), and TiO2 (98.5%) starting
powders. These powders are ball-milled for 24 h and later
c
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pacitance and the dielectric loss tangent are determined over
the temperature range of−150◦C and 400◦C with the fre-
quency ranging from 100 Hz to 1 MHz. The measurements
are carried out on cooling continuously. Before each cool-
ing run, the samples are first heated up to 400◦C and then
cooling run is performed at the rate of 3◦C/min. The dielec-
tric constant is then calculated fromεr = Cd/ε0A, whereC
is the capacitance of the sample,d andA are the thickness
and the area of the electrode, respectively, andε0 is the di-
electric permittivity of vacuum (8.854× 10−12 F/m). The
ferroelectric hysteresis (P–E) loops are characterized by us-
ing a computer controlled modified Sawyer-Tower circuit.
The high voltage is applied to a sample by a bipolar ampli-
fier (Kepco, model 1000 M) and a high voltage AC amplifier
(Trek, model 610C) with the input signals with a frequency
of 0.1 Hz from a lock-in amplifier (Stanford Research Sys-
tem, model 830). The detailed descriptions of these systems
are explained elsewhere.17,18

3. Results and discussion

The phase formation behavior of the sintered ceramics is
revealed by an XRD method. The XRD patterns, shown in
Fig. 1, show that the sintered ceramics are mainly in per-
ovskite phase. From the XRD pattern, PZT ceramic is iden-
t cture

Fig. 1. XRD diffraction patterns of the sintered (x)PMN–(1− x)PZT ceramics.
alcined at 850◦C for 2 h. The (x)Pb(Mg1/3Nb2/3)O3–(1 −
)Pb(Zr0.52Ti0.48)O3 (wherex= 0, 0.1, 0.3, 0.5, 0.7, 0.9, a
.0) ceramic composites are then prepared from the PZ
MN powders by the mixed-oxide method at various
essing conditions. For optimization purpose, the sinte
emperature is varied between 1000◦C and 1300◦C depend
ng upon the compositions.6

The densities of the sintered ceramics are measure
rchimedes method. The firing shrinkage is determined

he dimensions of the specimens before and after the sin
rocess. The phase formations of the sintered specime
tudied by an X-ray diffractometer (Philips Analytical). T
icrostructure analyses are undertaken by a scanning

ron microscopy (SEM: JEOL Model JSM 840A). Grain s
s determined from SEM micrographs by a linear interc

ethod.
For electrical properties characterizations, the sint

amples are lapped to obtain parallel faces, and the
re then coated with silver paint as electrodes. The sam
re heat-treated at 750◦C for 12 min to ensure the conta
etween the electrodes and the ceramic surfaces. The
les are subsequently poled in a silicone oil bath at a
erature of 120◦C by applying a dc field of 25 kV/cm fo
0 min and field-cooled to room temperature. The diele
roperties of the sintered ceramics are studied as func
f both temperature and frequency with an automated di

ric measurement system. The computer-controlled diele
easurement system consists of a precision LCR-m

Hewlett-Packard, model 4284A), a temperature cham
Delta Design, model 9023), and a computer system. Th
-

ified as a single-phase material with a perovskite stru
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Fig. 2. SEM micrographs of (x)PMN–(1− x)PZT ceramics sintered at 1150◦C: (a) PZT, (b) 0.1PMN–0.9PZT, (c) 0.7PMN–0.3PZT, and (d) PMN (Py indicates
pyrochlore phase).

having tetragonal symmetry, while PMN ceramic is a per-
ovskite material with a cubic symmetry.8 All PMN–PZT ce-
ramic composites exhibit pseudocubic crystal structure, as
reported in previous investigations.4,5,13 However, some im-
purity phases (Pb2Nb2O7 and MgO) are also present on the
XRD patterns of the composites withx> 0.1. The secondary
pyrochlore phase (Pb2Nb2O7) is clearly present on the SEM
micrographs as cubic particles, resulting in very heteroge-
neous microstructure (Fig. 2(c–d)). These impurity phases
are believed to precipitate mostly on the surface areas of the
specimens.19 Further XRD investigation at different depths
of the specimen reveals that the impurities diminish in the
interior areas of the specimens.

The optimized density of sintered (x)PMN–(1 − x)PZT
ceramics is listed inTable 1. It is observed that the composi-
tions withx = 0.1 and 0.3 show relatively lower density than
other compositions. This suggests that the addition of a small

Table 1
Characteristics of PMN–PZT ceramics with optimized processing conditions

Ceramic Density (g/cm3) Grain size
range (�m)

Average grain
size (�m)

PZT 7.59± 0.11 2–7 5.23
0.1PMN–0.9PZT 6.09± 0.11 0.5–2 0.80
0.3PMN–0.7PZT 7.45± 0.10 0.5–3 1.65
0.5PMN–0.5PZT 7.86± 0.05 0.5–5 1.90
0
0
P

amount of PMN to the PMN–PZT compositions results in a
significant decrease in the density of the ceramics. Further
addition of PMN into the compositions increases the density
again. Similar result was reported in previous investigation.4

The SEM investigations (Fig. 2) reveal supporting evidences
that the ceramics with these two compositions contain very
small and loosely bonded grains. It should, however, be noted
that the composition withx= 0.1, which contains sub-micron
size grains, is not well-sintered. Clearly, this is a reason for
the much lower density in this composition. As shown in
Table 1, the average grain size of all the mixed compositions
is much smaller than that of the pure PZT and PMN materi-
als. The grain size varies considerably from <1 to 7�m. The
reason for the changes of the density and the smaller grain
sizes in the mixed compositions is not clearly understood,
but this may be a result of PMN’s role as a grain-growth
inhibitor in the PMN–PZT composites.8 More importantly,
it should be pointed out that dense ceramics for PMN–PZT
composites are very difficult to obtain as a result of a narrow
range of sintering behavior of PMN material.4 This is par-
ticularly critical in ceramics with high PMN content, which
show very heterogeneous microstructure as a result of the
secondary pyrochlore phase. This could very well be a limit
of the mixed-oxide method at high PMN content, even when
used in conjunction with a columbite-precursor method. As
a result, many investigators have prepared better PMN–PZT
c g a
c her
e

.7PMN–0.3PZT 7.87± 0.07 1–4 1.40

.9PMN–0.1PZT 7.90± 0.09 1–4 1.50
MN 7.82± 0.06 2–4 3.25
eramics by carefully controlling the Zr:Ti ratio, by usin
ombination of wet–dry methods, or by doping with ot
lements.4,5,8–10,12,14
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Fig. 3. (a) Temperature and frequency dependences of dielectric properties of PZT ceramic, (b) temperature and frequency dependences of dielectricproperties
of 0.3PMN–0.7PZT ceramic, (c) temperature and frequency dependences of dielectric properties of 0.7PMN–0.3PZT ceramic and (d) temperature and frequency
dependences of dielectric properties of PMN ceramic.

The dielectric properties, e.g. dielectric constant (εr) and
tanδ, are measured as functions of both temperature and fre-
quency, as shown inFig. 3(a–d). As listed inTable 2, except
for PZT the maximum dielectric constant increases steadily
with increasing PMN content (εr increases from∼3700 in

Table 2
Dielectric properties of (x)PMN–(1− x)PZT ceramics (at 1 kHz)

Ceramic TC (◦C) Dielectric properties (atTMax) Dielectric properties (at 25◦C) Diffusivity (γ) (at 1 kHz)

εr tanδ εr tanδ

PZT – >29000 0.010 1100 0.006 –
0.1PMN–0.9PZT – ∼3700 0.020 700 0.020 –
0.3PMN–0.7PZT 160 3800 0.030 1400 0.030 1.62
0.5PMN–0.5PZT 115 6100 0.045 2200 0.040 1.83
0.7PMN–0.3PZT 71 10100 0.057 5600 0.057 1.80
0.9PMN–0.1PZT 16 10700 0.077 10300 0.001 1.56
PMN −8 7600 0.073 6000 0.001 1.49

0.1PMN–0.9PZT to∼10700 in 0.9PMN–0.1PZT). The PMN
is expected to show larger value of the dielectric constant, but
the lower value is attributed to the detrimental effect of the
secondary pyrochlore phase.16 The dielectric properties of
PZT ceramic, as plotted inFig. 3(a), change significantly
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with temperature, but are nearly independent of frequency,
except in the vicinity of the phase transformation tempera-
ture. This is a typical characteristic of ferroelectric ceram-
ics with a long-range ordered structure.1,8 The Curie tem-
perature (TC) for PZT ceramic is not determinable in this
study as a result of limited range of the measuring set-up,
though is widely known to be close to 400◦C.2,3,11,20 While
PZT exhibits a normal ferroelectric behavior, PMN is a well-
known relaxor ferroelectric material as a result of a short-
range ordered structure with a nanometer scale heterogene-
ity in composition.8 In typical relaxor ferroelectrics, both di-
electric constant (εr) and dielectric loss tangent (tanδ) exhibit
strong temperature–frequency dependence below the transi-
tion temperature, as shown inFig. 3(d) for PMN ceramic.3,11

In this case, the temperatures of maximum dielectric constant
and dielectric loss tangent are shifted to higher temperature
with increasing frequency. The maximum value of the dielec-
tric constant decreases with increasing frequency, while that
of the dielectric loss tangent increases. The dielectric prop-
erties then become frequency independence above the transi-
tion temperature.1,8 When PMN is added to form the binary
system with PZT, the dielectric behavior is shifted towards
that of relaxor materials, in which the dielectric properties
vary significantly with frequency below the phase transition
temperature. The results shown inFig. 3(a–d) clearly indicate
such a trend. However, with relatively small amount of PMN
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Fig. 4. Variation of ln(1/εr − 1/εmax) vs. ln(T − Tmax) of (x)PMN–(1 −
x)PZT ceramics in the paraelectric region at 1 kHz.

PMN since the average grain size decreases from 3.25�m in
PMN to 1.90�m in 0.5PMN–0.5PZT. Additionally, the rea-
son for the observation could also be to a degree attributed
to a formation of secondary pyrochlore phase in high PMN
content compositions.

Furthermore, as shown inTable 2since the transition tem-
perature of PMN is very low (∼8◦C at 1 kHz) and its maxi-
mum dielectric constant is very high (∼7600 at 1 kHz), it is
also expected to observe that the transition temperature de-
creases and the maximum dielectric constant increases with
increasing amount of PMN in the system.8 This is clearly ev-
ident inFig. 5. Fig. 6shows that the transition temperature (at

F
x

dded, such as in 0.1PMN–0.9PZT and 0.3PMN–0.7PZ
amics, the dielectric properties exhibit a mixture of b
ormal and relaxor characteristics, for instance as show
ig. 3(b) in which the transition temperature is not shif
s much as for other relaxor-like ceramics. Similar tend
as also been observed in several prior investigations.1,4,8 It
hould also be noted here that the dielectric properties
eramics increase significantly at high temperature as a
f thermally activated space charge conduction.

The degree of broadening or diffuseness in the obse
ielectric variation could be estimated with the diffusivityγ)
sing the expression ln(1/εr − 1/εmax) versus (T − Tmax)�.
he value ofγ can vary from 1, for normal ferroelectrics w
normal Curie–Weiss behavior, to 2, for completely di

ered relaxor ferroelectrics.21–23 The plots shown inFig. 4
how that the variation is very linear. The mean value o
iffusivity (γ) is extracted from these plots by fitting a l
ar equation. The values ofγ listed inTable 2vary between
.49 and 1.83, which confirms that diffuse phase transi
ccur in PMN–PZT ceramics with a high degree of disor
owever, the trend opposes the expectation. It is expe

hat PMN should have the highest degree of disorder
he calculation somewhat indicates that PZT addition l
o higher degree of disorder (the value ofγ increases from
.49 for PMN to 1.83 for 0.5PMN–0.5PZT). Since for a p
vskite ferroelectric it is established that the diffuseness c
e caused by the decrease of grain size, the observed
nce of the degree of the diffuseness could be a result
rain size variation.1 Therefore, this effect can partly be t
ause of the increase of the diffusivity when PZT is adde
ig. 5. Temperature dependence of dielectric constant of (x)PMN–(1 −
)PZT ceramics (measured at 1 kHz).
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Fig. 6. Curie temperature of (x)PMN–(1 − x)PZT ceramics (measured at
1 kHz).

1 kHz for this case) moves towards lower temperature almost
linearly with the average rate of∼−2.4◦C/mol% as the mo-
lar fraction of PMN in the composition increases. However,
it is noted that this relationship does not cover the compo-
sitions 0.1PMN–0.9PZT and pure-phase PZT, which are ex-
pected to have the transition temperature near 400◦C, shown
in Fig. 6as open circles. The reason is not clearly known, but
could be attributed to the pseudo-binary nature of this sys-
tem, as described in the earlier publication,6 in which PZT
and PMN do not form a complete solid solution, but rather
a composite. In this case, depending upon the composition
the properties of main constituent strongly govern the proper-
ties of the system. Moreover, it could also be a discontinuity
at the composition of the morphotropic phase boundary, as
previously described in literatures.1,4,5 It is of very interest
to see that a previous investigation by Koval et al.1 reported
that the transition temperature of PMN–PZT system moved
towards lower temperature with the rate of−4.1◦C/mol% of
PMN in the composition. The difference is believed to be the
influence of the Zr/Ti ratio in PZT because in the work by
Koval et al.1 the Zr/Ti ratio is 47/53 while in our study the
ratio is 52/48.

Fig. 7 illustrates a series of polarization (P–E) hystere-
sis loops for the (x)PMN–(1− x)PZT ceramics. It is clearly
evident that the shape ofP–E loops varies greatly with the
ceramic compositions. The polarization loop of PZT is well-
d
p hys-
t ain
s c of
a ipoles
i t
P the
r
a de-
t as
l

Fig. 7. P–E hysteresis loops of (x)PMN–(1− x)PZT ceramics.

The ferroelectric characteristic of the ceramics can be as-
sessed with the hysteresis loop squareness (Rsq) which is
typically understood to be the ratio ofPr/Ps wherePr is the
remnant polarization at zero electric field andPs is the satu-
rated polarization obtained at some finite field strength below
the dielectric breakdown. Jin et al.24 used the loop squareness
to measure not only the deviation in the polarization axis but
also that in the electric field axis with the empirical expression
Rsq = (Pr/Ps) + (P1.1EC/Pr), whereP1.1EC is the polarization
at the field equal to 1.1EC.24 For the ideal square loop,Rsq
is equal to 2.00. As listed inTable 3, the value ofRsq de-
creases from 1.16 for PZT to 0.53 for 0.7PMN–0.3PZT. This
clearly quantifies that when more PMN content is added to
the system, the hysteresis curves become more of “slim” hys-
teresis loops, a characteristic of the suppressed ferroelectric
interaction.1,8 This is typically found in the relaxor ferro-
electrics with polar nano-regions. These results clearly indi-
cate that an addition of PMN induces the relaxor behaviors
of PMN into the PMN–PZT ceramic system. This also has
resulted in decreasing of the values of bothPr and EC, as seen
in Table 3, due to an increased pseudo-cubic non-ferroelectric
phase content.6,8 These values agree fairly well with the val-
ues reported in previous investigations.8–10,25 However, a

Table 3
Ferroelectric properties of (x)PMN–(1− x)PZT ceramics

C
s

P
0
0
0
0
0
P

eveloped showing large remnant polarization (Pr: remaining
olarization when electric field is decreased to zero). The

eresis loop is of a typical “square” form as a result of dom
witching in an applied field. This is a typical characteristi
phase that contains long-range interaction between d

n the ferroelectric micro-domain state.8 This confirms tha
ZT is of a normal ferroelectric phase. From the loop,

emnant polarizationPr and the coercive fieldEC (indicating
nd electric field required to zero the polarization) are

ermined to be 12.5�C/cm2 and 10 kV/cm, respectively,
isted inTable 3.
eramic Ferroelectric properties (at 25◦C) Loop
squarenes
(Rsq)Pr (�C/cm2) Ps (�C/cm2) EC (kV/cm)

ZT 12.5 16.5 10 1.16
.1PMN–0.9PZT – – – –
.3PMN–0.7PZT 5.0 9.5 5.5 0.78
.5PMN–0.5PZT 6.5 13.0 4.5 0.77
.7PMN–0.3PZT 5.2 15.5 2.3 0.53
.9PMN–0.1PZT – – – –
MN – – – –
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variation in the values is probably due to different poling
conditions and processing methods.26 Therefore, it can be
concluded that the ferroelectric properties of the ceramics
in PMN–PZT system move gradually from the normal fer-
roelectric state in PZT to the relaxor ferroelectric state in
PMN. It is also of interest to observe that the hysteresis loop
of 0.1PMN–0.9PZT ceramic is not fully saturated. This is due
to the limited capability of the measuring set-up used. How-
ever, it is expected that ceramics with chemical formulae in
the vicinity of this composition should possess better ferro-
electric properties, as reported in recent publications.1,8,12

There could also be a reason of conduction lost that leads to
elliptical loop in this composition.23

4. Conclusion

The (x)Pb(Mg1/3Nb2/3)O3–(1 − x) Pb(Zr0.52Ti0.48)O3
(wherex= 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0) ceramic compos-
ites are prepared from PZT and PMN powders by a mixed-
oxide method. The dielectric properties of the ceramics are
determined as functions of both temperature and frequency
with an automated dielectric measurement system, while the
ferroelectric properties are measured by means of a modi-
fied Sawyer-Tower circuit. The dielectric measurement takes
place over the temperature range of –150◦C and 400◦C with
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erest to see that the degree of diffuseness increases s
hen PZT is added to PMN. It is also observed that the tr

ion temperature decreases and the maximum dielectric
tant increases with increasing amount of PMN in the sys
rom theP–Ehysteresis loops, it is shown that the ferroe

ric properties of the ceramics in PMN–PZT system m
radually from the normal ferroelectric state in PZT cera
ith largePr andEC values, to the relaxor ferroelectric st

n PMN ceramic.
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