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Abstract

The dielectric and ferroelectric properties ®fFfb(Ma,3Nb,/3)O03—(1 — X) Pb(Zip52Tio.4s)Os (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 Sawyel
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
dielectric behaviors of the 0.1PMN—-0.9PZT and 0.3PMN-0.7PZT ceramics are more of normal ferroelectrics, while the other compositions
are obviously of relaxor ferroelectrics. In addition, the transition temperature decreases and the maximum dielectric constant increases with
increasing PMN content in the system. TReE hysteresis loop measurements demonstrate that the ferroelectric properties of the ceramics
in PMN-PZT system change gradually from the normal ferroelectric behavior in PZT ceramic to the relaxor ferroelectric behavior in PMN
ceramic. 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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1. Introduction lutions between PMN and PZT are expected to synerget-
ically combine the properties of both normal ferroelectric
Lead-based perovskite-type solid solutions consisting of PZT and relaxor ferroelectric PMN, which could exhibit bet-
the ferroelectric and relaxor materials have attracted a grow-ter piezoelectric and dielectric properties than those of the
ing fundamental and practical interest because of their single-phase PMN and PZT10 Furthermore, the proper-
excellent dielectric, piezoelectric and electrostrictive prop- ties can also be tailored over a wider range by changing
erties which are useful in actuating and sensing applications.the compositions to meet the strict requirements for spe-
Among the lead-based complex perovskites, lead magnesiunrific applications’™1 In recent years, there have been sev-
niobate (Pb(Mg,3Nby,3)O3 or PMN) and lead zirconate ti-  eral investigations on PMN-PZT systém* Many of these
tanate (Pb(Z4r_xTix)O3 or PZT) ceramics have been inves- works have been on the PMNZT system, in which the start-
tigated extensively, both from academics and commercial ing oxide precursors were mixed together, and the ternary
viewpoints— These two types of ceramics possess distinct system of PMN-PZ—P+51315 However, these previous
characteristics that in turn make each ceramic suitable for works have only focused on a few compositions in the vicin-
different applications. With the complementary features of ity of the morphotropic phase boundary (MPB) and of the
PMN and PZT described in many publications, the solid so- end member&8-10121416 Thys far, there has been no sys-
tematic study on dielectric and ferroelectric properties of
the ceramics within the entire compositional range between

*C di thor. Tel.: +66 53943376; fax: +66 53357512. o :
orresponcing atior. ¢ > PMN and PZT at MPB composition; e.g. Pb¢4pTio.48)Os.

E-mail addressrattikor@chiangmai.ac.th (R. Yimnirun).
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Therefore, as an extension to the research on the PMN—PZTpacitance and the dielectric loss tangent are determined over
ceramics, the overall purpose of this study is to determine the temperature range ef150°C and 400 C with the fre-
the temperature and frequency dependence of the dielectricquency ranging from 100 Hz to 1 MHz. The measurements
properties and the ferroelectric behaviors of ceramics in the are carried out on cooling continuously. Before each cool-
(X)Pb(Ma1/3Nb2/3)0O3—(1 — X) Pb(Z1y 52Tio.48)O3 (wherex ing run, the samples are first heated up to 20@nd then
=0,0.1,0.3,0.5,0.7, 0.9, and 1) binary system prepared bycooling run is performed at the rate ofG/min. The dielec-
a conventional mixed-oxide method. tric constant is then calculated frosp = Cd/egA, whereC
is the capacitance of the sampteandA are the thickness
and the area of the electrode, respectively, anib the di-
2. Experimental electric permittivity of vacuum (8.854 10-12F/m). The
ferroelectric hysteresidE) loops are characterized by us-

The PMN-PZT ceramics used in this study are pre- ing a computer controlled modified Sawyer-Tower circuit.
pared from PMN and PZT starting powders. Initially, The high voltage is applied to a sample by a bipolar ampli-
perovskite-phase PMN powders are obtained via a well- fier (Kepco, model 1000 M) and a high voltage AC amplifier
known columbite method, while PZT powders are prepared (Trek, model 610C) with the input signals with a frequency
by a mixed-oxide method. With the columbite method, the of 0.1 Hz from a lock-in amplifier (Stanford Research Sys-
magnesium niobate powders are first prepared by mixing tem, model 830). The detailed descriptions of these systems
starting MgO (>98%) and N5 (99.9%) powders and then  are explained elsewheté18
calcining the mixed powders at 1050 for 2.5 h. This yields
a so-called columbite powder (Mghibs). The columbite
powders are subsequently ball-milled with PbO (99%) for 3. Results and discussion
24 h. The mixed powders are calcined at 80Q0for 2.5h
to form a perovskite-phase PMN. With a more conventional ~ The phase formation behavior of the sintered ceramics is
oxide-mixing route, PZT powders are prepared from reagent- revealed by an XRD method. The XRD patterns, shown in
grade PbO (99%), Zr©(99%), and TiQ (98.5%) starting Fig. 1, show that the sintered ceramics are mainly in per-
powders. These powders are ball-milled for 24 h and later ovskite phase. From the XRD pattern, PZT ceramic is iden-
calcined at 850C for 2 h. The ¥)Pb(Mgi/3Nby/3)03—(1 — tified as a single-phase material with a perovskite structure
X)Pb(Zl’o,52Tio_48)O3 (wherex: 0,0.1,0.3,0.5,0.7,0.9, and
1.0) ceramic composites are then prepared from the PZT and
PMN powders by the mixed-oxide method at various pro-
cessing conditions. For optimization purpose, the sintering
temperature is varied between 10@and 1300C depend-
ing upon the compositiorfs.

The densities of the sintered ceramics are measured by
Archimedes method. The firing shrinkage is determined from
the dimensions of the specimens before and after the sintering
process. The phase formations of the sintered specimens art;.,
studied by an X-ray diffractometer (Philips Analytical). The
microstructure analyses are undertaken by a scanning elec:;
tron microscopy (SEM: JEOL Model JSM 840A). Grain size
is determined from SEM micrographs by a linear intercept
method.

For electrical properties characterizations, the sintered
samples are lapped to obtain parallel faces, and the faces
are then coated with silver paint as electrodes. The samples
are heat-treated at 75C for 12 min to ensure the contact
between the electrodes and the ceramic surfaces. The sam
ples are subsequently poled in a silicone oil bath at a tem-
perature of 120C by applying a dc field of 25kV/cm for
30 min and field-cooled to room temperature. The dielectric
properties of the sintered ceramics are studied as functions
of both temperature and frequency with an automated dielec-
tric measurement system. The computer-controlled dielectric 5, 55 30 35 40 45 50 55 60
measurement system consists of a precision LCR-meter 20 (degree)

(Hewlett-Packard, model 4284A), a temperature chamber
(Delta Design, model 9023), and a computer system. The c&ig. 1. XRD diffraction patterns of the sinteregPMN—(1 — X)PZT ceramics.
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Fig. 2. SEM micrographs ok{fPMN—(1— X)PZT ceramics sintered at 1150: (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- amount of PMN to the PMN—PZT compositions results in a

ovskite material with a cubic symmetfyAll PMN-PZT ce-

significant decrease in the density of the ceramics. Further

ramic composites exhibit pseudocubic crystal structure, asaddition of PMN into the compositions increases the density

reported in previous investigatioft$:13 However, some im-
purity phases (PiNb,O7 and MgO) are also present on the
XRD patterns of the composites witt> 0.1. The secondary
pyrochlore phase (Bblb,0O7) is clearly present on the SEM

micrographs as cubic particles, resulting in very heteroge-

neous microstructure~{g. 2(c—d)). These impurity phases

again. Similar result was reported in previous investigation.
The SEM investigationgHig. 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 witk= 0.1, which contains sub-micron
size grains, is not well-sintered. Clearly, this is a reason for

are believed to precipitate mostly on the surface areas of thethe much lower density in this composition. As shown in
specimens? Further XRD investigation at different depths  Table 1 the average grain size of all the mixed compositions
of the specimen reveals that the impurities diminish in the is much smaller than that of the pure PZT and PMN materi-

interior areas of the specimens.

The optimized density of sintered)PMN—(1 — X)PZT
ceramics is listed iTable 1 It is observed that the composi-
tions withx = 0.1 and 0.3 show relatively lower density than

als. The grain size varies considerably from <1 {on7. 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

other compositions. This suggests that the addition of a smallinhibitor in the PMN—PZT compositésMore importantly,

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

Ceramic Density (g/cd)  Grain size Average grain
range (Lm) size (wm)
PZT 7.59+0.11 2-7 5.23
0.1PMN-0.9PZT 6.0%0.11 0.5-2 0.80
0.3PMN-0.7PZT  7.4%0.10 0.5-3 1.65
0.5PMN-0.5PZT  7.86 0.05 0.5-5 1.90
0.7PMN-0.3PZT  7.8%& 0.07 1-4 1.40
0.9PMN-0.1PZT  7.9& 0.09 1-4 1.50
PMN 7.82+ 0.06 2-4 3.25

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 materfalhis 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
ceramics by carefully controlling the Zr:Ti ratio, by using a

combination of wet—dry methods, or by doping with other
element&->8-101214
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Fig. 3. (a) Temperature and frequency dependences of dielectric properties of PZT ceramic, (b) temperature and frequency dependenceprofditlestric
of 0.3PMN-0.7PZT ceramic, (c) temperature and frequency dependences of dielectric properties of 0.7PMN—0.3PZT ceramic and (d) temperataregnd fre

dependences of dielectric properties of PMN ceramic.

The dielectric properties, e.g. dielectric constan} &nd 0.1PMN-0.9PZTt6~10700in 0.9PMN-0.1PZT). The PMN
tané, are measured as functions of both temperature and fre-is expected to show larger value of the dielectric constant, but
quency, as shown iRig. 3(a—d). As listed inTable 2 except the lower value is attributed to the detrimental effect of the
for PZT the maximum dielectric constant increases steadily secondary pyrochlore pha&&The dielectric properties of
with increasing PMN content( increases from~3700 in PZT ceramic, as plotted iffig. 3(a), change significantly

Table 2

Dielectric properties of)PMN—(1— x)PZT ceramics (at 1 kHz)

Ceramic Tc (°C) Dielectric properties (&fmax) Dielectric properties (at 25C) Diffusivity (y) (at 1 kHz)
&r tans &r tané

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
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with temperature, but are nearly independent of frequency, -8f 1T "1

except in the vicinity of the phase transformation tempera- i ey ]
ture. This is a typical characteristic of ferroelectric ceram- 9 [|—s—ospvn.0zpzr £
ics with a long-range ordered structdr.The Curie tem- o e i ]
perature {c) for PZT ceramic is not determinable in this 10 [ ]
study as a result of limited range of the measuring set-up, :

though is widely known to be close to 400.23 1120 \\hijle a1 b 1

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? In typical relaxor ferroelectrics, both di-
electric constantg) and dielectric loss tangent (t&pexhibit i
strong temperature—frequency dependence below the transi -4
tion temperature, as shownfiig. 3(d) for PMN ceramic>11 :
Inthis case, the temperatures of maximum dielectric constant ;s [
and dielectric loss tangent are shifted to higher temperature [
with increasing frequency. The maximum value of the dielec- o o e e
tric constant decreases with increasing frequency, while that 0 1 2 3 4 5
of the dielectric loss tangent increases. The dielectric prop- In (T-Tyy0)
erties then become frequency independence above the transi-
tion temperaturé:® When PMN is added to form the binary  Fig. 4. Variation of In(1, — Lisma) VS. IN(T — Tmax) of (OPMN=(L —
system with PZT, the dielectric behavior is shifted towards XPZT ceramics in the paraelectric region at 1 kHz.
that of relaxor materials, in which the dielectric properties
vary significantly with frequency below the phase transition PMN since the average grain size decreases from@26
temperature. The results showrfig. 3(a—d) clearly indicate PMN to 1.90um in 0.5PMN-0.5PZT. Additionally, the rea-
such atrend. However, with relatively small amount of PMN  son for the observation could also be to a degree attributed
added, such asin 0.1PMN-0.9PZT and 0.3PMN-0.7PZT ce-to a formation of secondary pyrochlore phase in high PMN
ramics, the dielectric properties exhibit a mixture of both content compositions.
normal and relaxor characteristics, for instance as shown in  Furthermore, as shown Table 2since the transition tem-
Fig. 3(b) in which the transition temperature is not shifted perature of PMN is very low+{8°C at 1 kHz) and its maxi-
as much as for other relaxor-like ceramics. Similar tendency mum dielectric constant is very high-600 at 1 kHz), it is
has also been observed in several prior investigatidiisit also expected to observe that the transition temperature de-
should also be noted here that the dielectric properties in all creases and the maximum dielectric constant increases with
ceramics increase significantly at high temperature as a resulincreasing amount of PMN in the systéithis is clearly ev-
of thermally activated space charge conduction. identinFig. 5 Fig. 6shows that the transition temperature (at
The degree of broadening or diffuseness in the observed
dielectric variation could be estimated with the diffusivipy (
using the expression In(@/— l/emay) versus T — Tmax)"-
The value ofy can vary from 1, for normal ferroelectrics with
a normal Curie-Weiss behavior, to 2, for completely disor- 110
dered relaxor ferroelectrids=?2 The plots shown irFig. 4
show that the variation is very linear. The mean value of the
diffusivity (y) is extracted from these plots by fitting a lin-
ear equation. The values pflisted inTable 2vary between
1.49 and 1.83, which confirms that diffuse phase transitions
occur in PMN-PZT ceramics with a high degree of disorder.
However, the trend opposes the expectation. It is expecteds 4000
that PMN should have the highest degree of disorder, but =
the calculation somewhat indicates that PZT addition leads
to higher degree of disorder (the valuejofncreases from oS
1.49 for PMN to 1.83 for 0.5PMN-0.5PZT). Since for a per-
. . . | T T T T T T W |
ovskite ferroelectricitis established that the diffuseness could 100 0 100 200 200 400
be caused by the decrease of grain size, the observed differ-
ence of the degree of the diffuseness could be a result of the
grain size variatiort. Therefore, this effect can partly be the Fig. 5. Temperature dependence of dielectric constank)eiMN—(1 —
cause of the increase of the diffusivity when PZT is added to x)PZT ceramics (measured at 1 kHz).
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Fig. 7. P-E hysteresis loops ok{PMN—(1— x)PZT ceramics.
1 kHz for this case) moves towards lower temperature almost

linearly with the average rate 6f—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@8hown
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 publicatfoim 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 literaturé$:® It is of very interest
to see that a previous investigation by Koval et etported
that the transition temperature of PMN-PZT system moved
towards lower temperature with the rate-ef.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 all the Zr/Ti ratio is 47/53 while in our study the
ratio is 52/48.

Fig. 7 illustrates a series of polarizatioP<E) hystere-
sis loops for theX)PMN—(1 — X)PZT ceramics. It is clearly
evident that the shape &-E loops varies greatly with the
ceramic compositions. The polarization loop of PZT is well-
developed showing large remnant polarizatign temaining ~ Table3 , _
polarization when electric field is decreased to zero). The hys- Ferroelectric properties okJPMN—-(1 — YPZT ceramics
teresis loop is of a typical “square” form as a result of domain Ceramic Ferroelectric properties (at%) Loop
switching in an applied field. This is a typical characteristic of squareness

The ferroelectric characteristic of the ceramics can be as-
sessed with the hysteresis loop squarenBsg (vhich is
typically understood to be the ratio Bf/Ps whereP; is the
remnant polarization at zero electric field aPglis the satu-
rated polarization obtained at some finite field strength below
the dielectric breakdown. Jin et#l used the loop squareness
to measure not only the deviation in the polarization axis but
also thatinthe electric field axis with the empirical expression
Rsq= (Pt/Ps) + (Pr1£c/ Pr), WwherePy 1 . is the polarization
at the field equal to 1Hc.?4 For the ideal square 100fRsq
is equal to 2.00. As listed iffable 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® 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 bBtland E, as seen
in Table 3 due to an increased pseudo-cubic non-ferroelectric
phase conterft® These values agree fairly well with the val-
ues reported in previous investigatichd®2®> However, a

a phase that contains long-range interaction between dipoles Pr (uClom?) P (uClom?) Ec (kViem) (Req
in the ferroelectric micro-domain stateThis confirms that 0.1PMN—0.9PZT 12_5 16_5 10_ 1‘_16
PZT is of a normal ferroelectric phase. From the loop, the §3pyn_07PZT ® 95 55 0.78
remnant polarizatio”, and the coercive fielfic (indicating 0.5PMN-0.5PZT & 130 45 0.77
and electric field required to zero the polarization) are de- 0.7PMN-0.3PZT 2 155 23 0.53

termined to be 12.pC/cn? and 10 kV/cm, respectively, as ~ 0-9PMN-0.1PZT
listed inTable 3 PMN - - - _
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variation in the values is probably due to different poling
conditions and processing methddsTherefore, 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 5,
PMN. It is also of interest to observe that the hysteresis loop
of 0.1PMN-0.9PZT ceramic is not fully saturated. Thisis 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 publicatioh&?
There could also be a reason of conduction lost that leads to
elliptical loop in this compositioR3

3.

4.

7.

4. Conclusion

The K)Pb(Mgr/3Nbz/3)03—(1 — x) Pb(Zih52Ti.48)Os3 9.
(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- 1o
oxide method. The dielectric properties of the ceramics are
determined as functions of both temperature and frequency
with an automated dielectric measurement system, while thell-
ferroelectric properties are measured by means of a modi-
fied Sawyer-Tower circuit. The dielectric measurement takes
place over the temperature range of —168Gnd 400 C with
measuring frequency between 100Hz and 1 MHz. The re-
sults indicate that the dielectric properties of the pure-phase
PZT and PMN follow that of normal and relaxor ferroelec-
tric behaviors, respectively. The dielectric behaviors of the
0.1PMN-0.9PZT and 0.3PMN-0.7PZT ceramics are more
of normal ferroelectrics, while the other compositions are
obviously of relaxor ferroelectrics. However, it is very of in- 15
terest to see that the degree of diffuseness increases slightly
when PZT is added to PMN. Itis also observed that the transi- 14
tion temperature decreases and the maximum dielectric con-
stantincreases with increasing amount of PMN in the system.
From theP—E hysteresis loops, it is shown that the ferroelec- 17-
tric properties of the ceramics in PMN-PZT system move
gradually from the normal ferroelectric state in PZT ceramic, ;g
with largeP; andEc values, to the relaxor ferroelectric state
in PMN ceramic.

13.
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