Table 1, the average grain size of all the mixed compositions is much smaller than that
of the pure PZT and PMN materials. The grain size varies considerably from <1 pum to
7 um. 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.® 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.* This is
particular 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 elements,*>5-10:12.14

The dielectric properties, e.g. dielectric constant (g,) and tan 8, are measured as
functions of both temperature and frequency, as shown in Fig. 3 (a-d). As listed in
Table 2, except for PZT the maximum dielectric constant increases steadily with
increasing PMN content (g, increases from ~3700 iz 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
pyrochiore phase.'® The dielectric properties of PZT ceramic, as plotted in Fig. 3 (a),
change significantly with temperature, but are nearly independent of frequency, except
in the vicinity of the phase transformation temperature. This is a typical characteristic
of ferroelectric ceramics with a long-range ordered structure.'® The Curie temperature

(T¢) 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 o212 white 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
heterogeneity in composition.® In typical relaxor ferroelectrics, both dielectric constant
() and dielectric loss tangent (tan &) exhibit strong temperature-frequency
dependence below the transition temperature, as shown in Fig. 3 (d) for PMN

300
ceramic.>

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 dielectric constant decreases with increasing frequency, while
that of the dielectric loss tangent increases. The dielectric properties then become
frequency independence above the transition temperature.”® 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 trapsition temperature, The results shown in Fig. 3 (a-d) clearly
indicate such a trend. However, with relatively small amount of PMN added, such as
in 0.1PMN-0.9PZT and 0.3PMN-0.7PZT ceramics, the dielectric properties exhibit a
mixture of both normal and relaxor characteristics, for instance as shown in Fig. 3 (b)
in which the transition temperature is not shifted as much as for other relaxor-like
ceramics. Similar tendency has also been observed in several prior investigations."*®
It should also be noted here that the dielectric properties in all ceramics increase
significantly at high temperature as a result of thermally activated space charge
conduction.

The degree of broadening or diffuseness in the observed dielectric variation
could be estimated with the diffusivity (y) using the expression In{1/e, — 1/&max) vs (T-
Tmsx)'. The value of ¥ can vary from 1, for normal ferroelectrics with a normal Curie-
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Weiss behavior, to 2, for completely disordered relaxor ferroelectrics. The plots



shown in Fig. 4 show that the variation is very linear. The mean value of the diffusivity
(y) is extracted these plois by fitting a linear equation. The values of y listed in Table 2
vary 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 expected that PMN should have the highest degree of disorder, but
the calculation somewhat indicates that PZT addition leads to higher degree of disorder
(the value of y increases from 1.49 for PMN to 1.83 for 0.5PMN-0.5PZT). Since for a
perovskite ferroelectric it is established that the diffuseness could be caused by the
decrease of grain size, the observed difference of the degree of the diffuseness could be
a result of the grain size variation.' Therefore, this effect can partly be the cause of the
increase of the diffusivity when PZT is added to PMN since the average grain size
decreases from 3.25 pm in PMN to 1.90 pm in 0.5SPMN-0.5PZT. Additionally, the
reason 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 in Table 2 since the transition temperature of PMN is
very low (~ 8 °C at 1 kHz) and its maximum dielectric constant is very high (~7600 at
1 kHz), it is aiso expected to observe that the transition temperature decreases and the
maximum dielectric constant increases with increasing amount of PMN in the system.®
This is clearly evident in Fig. 5. Fig. 6 shows that the transition temperature (at 1 kHz
for this case) moves towards lower temiperature almost linearly with the average rate of
~ -2.4 °C/mol% as the molar fraction of PMN in the composition increases. However,
it 1s noted that this relationship does not cover the compositions 0.IPMN-0.9PZT and
pure-phase PZT, which are expected to have the transition temperature near 400 °C,
shown in Fig. 6 as open circles. The reason is not clearly known, but could be

attributed to the pseudo-binary nature of this system, as described in the earljer



publication®, in which PZT and PMN do not form 2 complete solid solution, but rather
a composite. In this case, depending upon the composition the properties of main
constituent strongly govern the properties of the system. Moreover, it could also be a
discontinuity at the composition of the morphotropic phase boundary, as previously
described in literatures.™** It is very of interest to see that a previous investigation by
Koval et al.' 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 ez al.' the Zr/Ti ratio is 47/53 while in our study the ratio is 52/48.

Fig. 7 iilustrates a series of polarization (P-E) hysteresis loops for the (x)PMN-
(1-x)PZT ceramics. It is clearly evident that the shape of P-E loops varies greatly with
the ceramic compositions. The polarization loop of PZT is well developed showing
large remnant polarization (P;; remaining polarization when electric field is decreased
to zero). The hysteresis loop is of a typical “square” form as a result of domain
switching in an applied field. This is a typical characteristic of a phase that contains
long-range interaction between dipoles in the ferroelectric micro-domain state.® This
confirms that PZT is of a normal ferroelectric phase. From the loop, the remnant
polarization P, and the coercive field E¢ (indicating and electric field required to zero
the polarization) are detenmined to be 12.5 nC/em? and 10 kV/cm, respectively, as
listed in Table 3.

The ferroelectric characteristic of the ceramics can be assessed with the
hysteresis loop squareness (Ry) which is typically understood to be the ratio of P/P;
where P, is the remnant polarization at zero electric field and Ps is the saturated
polarization obtained at some finite field strength below the dielectric breakdown. Jin

L 24

et al.”" used the loop sguareness to measure not only the deviation in the polarization



axis but also that in the electric field axis with the empirical expression Ry = (P/Ps) +
(P1.16c/P;r), where P; g is the polarization at the field equal to l.lEc.24 For the ideal
square loop, Ryq is equal to 2.00. As listed in Tabie 3, the value of Ry, decreases 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 “shim”
hysteresis loops, a characteristic of the suppressed ferroelectric interaction.'® This is
typically found in the relaxor ferroelectrics with polar nano-regions. These results
clearly indicate that an addition of PMN induces the relaxor behaviors of PMN 1nto the
PMN-PZT ceramic system. This also has resulted in decreasing of the values of both P,
and Ec, as seen in Table 3, due to an increased pseudo-cubic non-ferroelectric phase
content.*® These values agree fairly well with the values reported in previous
investigations.a'm’25 However, a variation in the values is probably due to different
poling conditions and processing methods.”® Therefore, it can be concluded that the
ferroelectric properties of the ceramics in PMN-PZT system move gradually from the
normal ferroelectric state in PZT to the relaxor ferroelectric state in PMN. Tt 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. However,
it is expected that ceramics with chemical formulae in the vicinity of this composition
should possess better ferroelectric properties, as reported in recent p‘.lblicaticms.]’3"2
There could also be a reason of conduction lost that leads to elliptical loop in this

composition.”
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4, Conclusion

The (x)Pb(Mgi3Nb3)03—(1-x) Pb(Zrgs53Tipa5)01 (when x = 0, 0.1, 0.3, 0.5,
0.7, 0.9, and 1.0) ceramic composites 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
modified Sawyer-Tower circuit. The dielectric measurement takes place over the
temperature range of —150 °C and 400 °C with measuring frequency between 100 Hz
and 1 MHz. The results indicate that the dielectric properties of the pure phase PZT
and PMN follow that 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. However, it is very of interest to see that the degree of diffuseness
increases slightly when PZT is added to PMN. It is also observed that the transition
temperature decreases and the maximum dielectric constant increases with increasing
amount of PMN in the system. From the P-E hysteresis loops, it is shown that the
ferroelectric properties of the ceramics in PMN-PZT system move gradually from the
normal ferroelectric state in PZT ceramic, with large P, and E¢ values, to the relaxor

ferroelectric state in PMN ceramic.
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Table 1. Characteristics of PMN-PZT ceramics with optimized processing conditions.

Density Grain Size  Average
Ceramic ; Range Grain Size

(g/cm’) () (um)
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
0.7PMN-0.3PZT  7.87 £0.07 1-4 1.40
0.9PMN-0.1PZT  7.90+0.09 1-4 1.50
PMN 7.82£0.06 2-4 3.25
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Table 2. Dielectric properties of xPMN-(/-x)PZT ceramics (at 1 kHz).

Dielectric Dielectric
Tc Properties Properties Diffusivity
Ceramic (at Thvax) (at 25°C) )
o tan & € tand  (at 1 kHz)
Q)

PZT - =2%000 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
0.5SPMN-0.5PZT 115 6100  0.045 2200  0.040 1.83
0.7PMN-03PZT 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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Table 3. Ferroelectric properties of xPMN-(/-x)PZT ceramics.

Ferroelectric Properties

(at 25°C) Loop Squareness
Ceramic P, P, Ec (Req)
(uC/em?)  (uC/em?)  (kKV/cm)

PZT 12.5 16.5 10 1.16
0.1PMN-0.9PZT - . . ]
0.3PMN-0.7PZT 5.0 9.5 5.5 0.78
0.5PMN-0.5PZT 6.5 13.0 4.5 0.77
0.7PMN-0.3PZT 5.2 15.5 2.3 0.53
0.9PMN-0.1PZT - - - -

PMN - - - -
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List of Figure Captions

Fig. 1. XRD diffraction patterns of the sintered x PMN-(1-x) PZT ceramics.

Fig. 2. SEM micrographs of x PMN-(1-x) PZT ceramics sintered at 1150 °C:
(a) PZT; (b) 0.1PMN-0.9PZT; (¢} 0.7PMN-0.3PZT, and (d)
PMN (Py indicates Pyrochlore Phase).

Fig. 3 (a). Temperature and frequency dependences of dielectric properties of
PZT ceramic

Fig. 3 (b). Temperature and frequency dependences of dielectric properties of
0.3PMN-0.7PZT ceramic

Fig. 3 (¢). Temperature and frequency dependences of dielectric properties of
0.7PMN-0.3PZT ceramic

Fig. 3 (d). Temperature and frequency dependences of dielectric properties of
PMN ceramic

Fig. 4. Variation of In (1/&; — 1/&max) V8 In (T-Tmax) of ((OPMN-(1-x)PZT
ceramics in the paraelectric region at 1 kHz.

Fig. 5. Temperature dependence of dielectric constant of (x)PMN-(1-x)PZT
ceramics (measured at 1 kHz)

Fig. 6. Curie temperature of (x)PMN-(1-x)PZT ceramics (measured at 1 kHz)

Fig. 7. P-E hysteresis loops of (x)PMN-(1-x)PZT ceramics
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Fig. 1. XRD diffraction patterns of the sintered x PMN-{1-x) PZT ceramics.
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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).
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In this study, effects of uniaxial stress on the dielectric properties of poled ceramics in

PMN-PZT system are investigated. The ceramics with a formula (x)Pb(Mg, ,,Nb, JO-(1-
X)Pb(Zt, , T1, O, ot (HPMN-(1-x)PZT whenx = 0.0,0.1,0.3,0.5,0.7,0.9, and 1.0 are prepared
by a convendonal mixed-oside method. Phase foymation behavior and microstructural features
of these ceramics are studied by an X-rays diffraction (XRD} and a scanning electron microscopy
(SEM) methods, respectively. In addition, other physical properties, e.g. firing shrinkage and
density, are measured. The dielectric properties under the uniaxial stress of the poled PMN-
PZT ceramics are observed at stress levels up to 5 MPa using a uniaxial compressometer. It is
found that with increasing applied stress the dielectric constant of the PZT-rich compositions
increases slightly, while that of the PMN-rich compositions decreases. On the other hand, the
dielectnc loss tangent for most of the compositions first rises and then drops with increasing

applied stress.

Keywords: uniaxial stress, dielectric properties, poled PMN-PZT

1. INTRODUCTION

Acruators and transducers based on pie-
zoelectric ceramics are finding an increasingly
wide range of applications. Lead magnesium
niobate (Po(Mg, ,Nb, JO, or PMN) and lead
zirconate titanate (Ph(Zr1-xTix)O, or PZT)
cerarnjcs have been emploved extensively in
these applications (1-3]. These two types of
ceramics possess distinct characteristcs that
in turn make each ceramic suitable for different
applications. As a prototypic relaxor ferro-
electric, PMN has advantages of having
broader operating temperarure range, especial-
ly over the room temperature range. This is a
direct result of a diffuse paraelectric-ferro-
electric phase transition in the vicinity of room

temperature. In additon, as a result of their
unique microstructure fearares PMN ceramics
exhibit low loss and non-hysteretic charac-
teristics. However, the PMN ceramics have
relatively low electromechanical coupling
coefficients, as compared to PZT. This is the
main reason for rather unsuccessful apptica-
tions of PMN ceramics in actuators and trans-
ducers. In contrast to PMN, PZT ceramics
have found several acruator and transducer
applicatons due to their high electromecha-
nical coupling coefficients [1-2}. However,
PZT ceramics are fairly lossy as a result of
their highly hysteretic behavios. This makes
them unsuited for applications that require
high delicacy and reliability. Furthermore, PZT



ceramics normally have very high Curie
temperature (TC) in the vicinity of 400 °C.
Usually many applications require that TC is
close to ambient temperature. Therefore, there
is a general interest to reduce the TC of PZT
ceramics to optimize their uses. Forming a
solid-solution of PZT and relaxor ferroelec-
trics has been one of the techniques employed
to improve the properties of ferroelectric
ceramics. With the complementary features of
PMN and PZT, it is of special interest o
investigate a solid-soludon of PMN-PZT
ceramics, which is expected to possess more
desirable features than single-phase PMN and
PZT [2,4-6].

Furthermore, these ceramics are normally
subjected to high mechanical stress field when
used in specific applications {7-8). A prior
knowledge of how the material properties
change under different Joad conditions is
crucial for proper design of a device and for
suitable selection of materials for a specific
application. Despite the fact, material
constants used in any design calculaton are
often obtained from a stress-free measuring
condition, which in rurn may lead to incorrect
or inappropriate actuator and transducer
designs [9-11]. It is therefore important to
determine the properties of these materials
as a function of applied stress. Previous
investigations on the stress-dependence
dielectric and electrical properties of other
ceramic systems, such as PZT and PMN-PT
have clearly emphasized the importance of the
subject [12-13]. However, there has been no
report on the study on the PMN-PZT systern.
Therefore, this study is undertzken to
investigate the influences of the uniaxial stress
on the dielectric properties of poled ceramics
in PMN-PZT ceramic composites.

2, MATERIALS AND METHODS

The Pb(Mg,, Nb, )O,-Pb(Zr,,Ti, JO,
ceramic composites are prepared from PMIN
and PZT powders by a mixed-oxide method.
Perovskite-phase PMIN powders are obtained
via 2 well-known columbite method [14]. PZT
powders, on the other hand, are prepared by
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a more conventonal mixed-oxide method.
Detailed procedures of each method are
described in the following paragraphs.

The columbite method is employed in
preparing a perovskite-phase PMN. In this
method, the magnesium niobate powders are
first prepared by mixing starting MgO (>
98%) and Nb,O, (99.9%) powders and then
calcining the mixed powders at 1050 °C for
2.5 hours. This yields 2 so-called columbite
powder (MglNb,O,). The columbite powders
are subsequently ball-milled with PbO (99%)
for 24 hours. The mixed powders are calcined
at 800 °C for 2.5 hours to form a perovskite-
phase PMN. With a more convendonal oxide-
mixing route, PZT powders are prepared from
reagent-grade PbO (99%), Z:0O, (99%), and
TiO, (98.5%) starting powders. These
powders are ball-milled for 24 hours and later
caicined at 850 °C for 2 hours. At this stage,
an X-Ray Diffractometer (XRD) (Philips
Analytical) is zlso employed in examining
phase formation behaviors of the calcined
powders.

The (x) Pb(Mg, ,Nb, 3O, — (I-x}
Pb(Zr, ,Ti, O, (when x = 0.0,0.1, 0.3, 0.5,
0.7, 0.9, and 1.0) ceramic composites are
prepared from the stardng PMN and PZT
powders by a mixed-oxide method at various
processing conditions. Initially, the PMN and
PZT powders for a given composition are
weighed and then ball-milled in ethanol for
24 hours. After drying process, the mixed
powders are pressed hydraulically to form
disc-shaped pellets 15 mm in diameter and 2
mm thick, with 5 wt.% polyvinyl alcohol
(PVA) as 2 binder. The pellets are stacked in a
covered alumina crucible filled with PZ
powders to prevent lead loss. Finally, the
sintering is carried out at a sinteting tempera-..
ture for 2 hours with 5 min/°C heating and
cooling rates. The firing profile includes a 1-
hour dwell time 2t 500 °C for binder burnout
process to complete. For optimization
purpose, the sintering temperature is varied
between 1000 °C and 1300 °C depending
upon the compositons [15].

The densides of the sintered ceramics are
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measured by Archimedes method. The firing
shrinkage is determined from the dimensional
changes of the specimens before and after the
sintering process. The phase formations of
the sintered specimens age studied by XRD
technique. The microstructure analyses aré”
undertaken by a scanning electron microscopy
{SEM: JEOL Modet JSM 840A). Grain size is
determined from SEM micrographs by a linear
intercept method. For dielectsic property
characterizations under a uniaxial stress, the
sintered samples are lapped to obtain parallel
faces, and the faces are then coared with siiver
paint as electrodes. The samples are heat-
treated at 750 °C for 12 min to ensure the
contact between the electrodes and the
ceramic surfaces. The samples are
subsequently poled in a silicone oil bath at 2
temperature of 120 °C by applying a dc field
of 25 kV/cm for 30 min and field-cooled to
room temperature,

To study the effects of the uniaxial stress
on the dielectric properties, the uniaxial
compressometer is constructed. Figure 1
shows the schematic diagram of the uniaxial
compressometric celi, in which the dielectnic
properties are measured through spring-

i
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loaded pins connected to the LCZ-meter
(Hewletr Packard, model 4270A). The
capacitance and the dielectric loss tangent are
determined at the frequency of 1 kHz and
the room temperature (27 °C). The dielectric
constaat is then calculated from a parallel-plate
capacitor equation, e.g. € = Cd / € A, where
C is the capacitance of the sample, d and A
are the thickness and the area of the electrode,
respectively, and €_is the dielectric permirtivity
of vacuum (8.854 x 10"'* F/m).

For calibration purpose, the uniaxial
compressometer is first tested by performing
z series of experiments on well-studied
ceramic materials [16-20]. The materials
chosen for the calibration are commercially
available samples, e.g, hard and soft PZT
ceramics. Hard PZT (PKI-406) and soft PZT
(PXI-552) ceramic disks with the diameter of
25 mm and the thickness of 1 mm are
obtained from Piezo Kinetics Incorporated
(Pennsylvania, USA). This step will ensure the
accurate and reliable performance of the
uniaxial compressometer. The effects of the
uniaxial stress on the dielectric properties of
the poled ceramics in the PMN-PZT system
in are subsequently studied on the prepared

«— |

To LCGZ meter

Insulatos T ‘

[ _"

Spting-loaded pin

»

*7

Sample

Base

To LC2 meter

Figure 1. Schematic diagram of the uniaxial compressometer.
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samples. In the experiment, the stress levels
up 0 5 MPa are obuined with use of a
hydraulic press (Riken Seiki, model 137609)
on the uniaxial compressometric cell, as
shown in Figure 2.

3. RESULTS AND DiISCUSSION

The densities of sintered xPMN—(1-
x)PZT ceramics at different sintering tempera-
tures are depicted in Figure 3. It is clear that
for a given composition the deasity usually
increases with increasing sintering tempera-
ture. This is believed to be a result of more
completed solid-state reactions at higher
sintering temperatures. However, it is also
observed that at very high temperature the
density begins to decrease for some
compositons. Lead-loss and a formation of
pyrochlore (Pb,Nb,O,) phase are generally
accepted to be the reason for the decreasing
density [21-22]. In additon, it is observed that
the compositions with x = 0.1 and 0.3 show
significantly lower density than other
compositions. This shows that the addidon
of 2 small amount of PMN to the PMN-PZT
compositions results in a significant decrease
in the density of the ceramics. Further addi-
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ton of PMN into the compositons increases
the density again. Similar result was reported
in previous investigation [4}. The reason for
the changes of the density is not clearly
understood, but this may be a result of PMN's
role as a grain-growth inhibitor. The SEM
investigations (shown later in Figure 5) also
reveal supportng evidences that the ceramics
with these two compositions contain very
small and loosely bonded grains. Table 1 also
shows that the average grain size of the
compositons with small PMN amount is
relatively small, as compared to other
compositions. The densities and the firing
shrinkages of the sintered xXPMN-(1-
X)XPZT ceramics are listed in Table 2. It is
clear that the more the firing shrinkage, the
higher the density. However, it should be
pointed out that dense ceramics for PMN-
PZT composites is very difficult to obtain as
a result of a parrow range of sintering beha-
vior of PMIN matenial [4].

The phase formation behavior of the
sintered ceramics is revealed by an XRD
method. The XRD patterns, shown in Figure
4, show that the sintered ceramics are mainly
in perovskite phase. From the XRD partern,

Figure 2. Uniaxjal compressometer connected to the LCZ-meter.
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PZT ceramic is identfied as a single-phase
material with a perovskite structure having
tetragonal symmetry, while PMN ceramicis a
perovskite material with a cubic symmetry
[21]. The PMN-PZT ceramic composites
exhibit crystal structures depending upon
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ceramic compositions. However, some
impurity phases (Pb,Nb,O, and MgO) are also
present on the XRD patterns of the
composites with x > 0.3. A large amount of
the secondary pyrochlore phase (Pb,Nb,0O.}
is clearly seen on the SEM micrographs
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Figure 3. Sintering temperature dependence of the density of the sintered xPMN~-(1-x)PZT

CELamics.

Table 1. Grain size average of PMN-PZT ceramics sintered with optimized conditions

[ Ceramic Grain Size Range (Um) | Average Grain Size (Jum) |

PZ2T 2-7 5.23
0.1PMN-0.9PZT 0.5-2 0.80
0.3PMN-0.7PZT 0.5-3 1.65
0.5PMN-0.5PZT 0.5-5 1.90
0.7PMN-0.3PZT 1-4 1.40
0.9PMN-0.1PZT 1-4 1.50

PMN 2-4 3.25




- 86

Chiang Mai J. Sci. 2003; 30(2)

Table 2. Optirmized physical properties of the sintered PMN-PZT ceramics.

Ceramic Density Firing Shrinkage |
(g/cm?) (%)
PZT 7.59 * 0.11 335+ 1.1
0.1PMN-0.9PZT 6.09 + 0.11 18.6 + 0.1
0.3PMN-0.7PZT 7.45 + 0.10 30.8 + 2.7
0.5PMN-0.5PZT 7.86 £ 0.03 383+ 0.1
0.7PMN-0.3PZT 7.87 £ 6.07 404 0.9
0.9PMN-0.1PZT 7.90 + 0.09 388 £ 0.1
PMN 7.82 £ 0.06 39.9 + 0.6
¢ Pb,Nb,0,
0 Mg0O
0.9PZT-0.1PMN
A
By e
g
g
=
- L 2
‘B .
<
*
L [:l *
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Figure 4. XRD diffraction patterns of the sintered x PMIN-(1-x) PZT ceramics.
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(Figure 5 (d-f)). These impurities phases are  in the interior areas of the specimen.

believed to precipitate mostly on the surface The microstructures of the specimens
areas of the specimens [22]. Further XRD  sintered ar 1150 °C are observed with the
investigation at different depths of the SEM, as shown in Figure 5. Clearly, the
specimen reveals that the impurites diminish ~ morphology of the grains is compositon-

GRS T G P D PRl

= 1 pm
Figure 5. SEM micrographs of x PMN-{1-x) PZT ceramics sintered at 1150 °C:
(a) PZT, (b) 0.1PMN-0.9PZT; (©) 0.3PMN-0.7PZT;

{(d) 0.7PMN-0.3PZT; (e) 0.9PMN-0.1PZT;
and (f) PMN (Py indicates Pyrochlore Phase).
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dependent. PZT and PMN ceramics exhibit
more uniform microstzucture than those of
the PMN-PZT composites. [t should be noted
that some of the grains are observed to be in
irregular shapes with some open pores. This
is 2 .result of a Pb-loss during the sintering
process. Grains of the PMN ceramics are
mostly in spherical-like shape, while grains of
the secondary pyrochiore phase (Pb,Nb,O.)
exhibit a pyramidal morphology. Generally, the
microstructures of PMN-PZT ceramic
composites are seen as depending on compo-
sitions, and usually show mixed fearures of
the two end-members. The grain size varies
considerably from <1 pum to 7 Um, as
tabulated in Table 1.

Results from the calibraton tests on hard
and soft PZT ceramics are shown in Figures
6 2nd 7. Itis evident that the dielectric constant
and the dielectric loss tangent of both
ceramics increase noa-lineatly with increasing
applied stress. Similar resulis were obtained
earlier by many invesdgations [12,16-20}. It is
also observed that the dielectric propertes of
soft PZT ceramics are more sensitve to the
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applied stress than those of hard PZT
ceramics. This is due to different domain
structures in the two materials as result of
dopants. Soft PZT cesamics have the domain
structures more susceptible to the external
stresses than those of the hard PZT ceramics
(12,16-17]. The matching results from the
designed set of experiments and the
previously reported results cleatly indicates
that the uniaxial compressometer can be used
to investigate the effects of the uniaxial stress
on the dielectric properties of poled ceramics
in PMN-PZT system.

The experimental results of the uniaxial
stress dependence of the dielectric properties
of the poled ceramics in PMN-PZT system
are shown in Figures 8 and 9. There is a
significant change of both the dielectric.
constant and the dielectric loss tangent of the
ceramics when the applied stress increases
from 0 to 5 MPa. The changes of the dielectric
constant with the applied stress can be divided
into two different groups. For PMN-rich
composidons (PMN, 0.9PMN-0.1PZT, and
0.7PMN-0.3PZT), the dielectric constant

4,500
PZT 552 (Soft PZT)
4,000 -
3,500 -
€ 3000
g
S 2500 -
2
E oo |
g 2 PZT 406 (Hard PZT)
5]
a

1,500 1L_’D—4’40/0/40—’_—D
G .

1,000 4
500 A
Q ¢ — t i ¥
0 1 2 3 4 5 6

Stress (MPa)

Figure 6. Uniaxial stress dependence of dielectric constant of PZT ceramics.
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Figure 9. Uniaxial stress dependence of dielectric loss tangent of PMN-PZT ceramics.

decreases with increasing applied stress. On
the other hand, for PZT-rich compositions
(PZT, 0.1PMN-0.9PZT, 0.3PMN-0.7PZT,
and 0.5PMN-0.5PZT), the dielectric constant
rses slightly when the applied stress increases
from 0 to 1 MPa, and becomes relatively
constant when the applied stress increases
further. The dielectric loss tangent for most
compositions, except for PMN and PZT, is
found to first increase when the applied stress
1s raised from O to 1 MPa, and then decrease
with further increasing stress. However, for
PZT ceramic the dielectric loss tangent
increases monotonously with the increasing
stress, while PMN ceramic exhibit a slight
increase in the dielectric loss tangent followed
by a drop, the turning point being around 2
MPa.

To understand these experimental results,
various effects have to be considered.
Normally, the properties of ferroelectric
materials are derived from both the intrinsic
contribudon, which is the response from a
single domain, and extrinsic contributions,
which are from domain wall motions [16, 23].

When a mechanical stress is applied to 2
ferroelectric material, the domain structure in
the material will change to maintain the
domain enetgy at a minimum; during this
process some of the domains engulf other
domains or change shape irreversibly. Under
2 uniaxial stress, the domain structure of
ferroelectric ceramics may undergo domain
switching, clamping of domain walls, de-aging,
and de-poling {23].

In this study, the results for the case of
PZT-rich compositions can easily be explained
with the above statements. When the
compressive uniaxial stress is applied in the
direction parallel to the polar axis (poling)
direction, the stress will move some of the
polarization away from the poling direction
resulting in a change in domain structures [16].
This change increases the non-180° domain
wall density. Hence the increase of the
dielectric constant is observed. The de-aging
mechanism is also expected to play 2 role here.
However, the stress clamping of domain walls
and the de-poling mechanisms are not
expected at this relatve low stress level used
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in this study {12, 18, 23]. Therefore, a combi-
nation of the domain switching and the de-
aging mechanisms is believed to be a reason
for the slight increase of the dielectric constant
with increasing apphied suress in the PZT-rch
compositions, as shown in Figure 8. Since
PMN is a relaxor ferroeleceric matenial, the
situation 1s very different for PMN-rich
compositions. The stress dependence of the
dietectric constant of the compositions is
attributed 10 competing influences of the
inttinsic contribution of non-polar matrix and
the extrinsic contributon of re-polarizaton
and growth of micro-polar regions [12, 24].
Since the dielectric response of both
contributions is affected by the applied stress
in an opposite way, the behavior of the
composites depends on the ratio between the
micro-polar region and the non-polar matrix,
Since the measurements are cartied out at the
room temperature, the micro-polar regions
dominate the dielectric response of the
composites [24]. Therefore, the dielectric
constant of the PMN-rich compositions
decreases with increasing applied stress, as
seen in Figure 8.

The cause of the stress dependence of
the dielectric loss tangent is a little more
straightforward than that of the dielectric
constant. As depicted in Figure 9, an increase
in domain wall mobility clearly enhances the
dielectric loss tangent in some compositions,
while the de-aging in the matenals normally

‘causes the decrease of the dielectric loss
tangent observed in some compositions
[18,23].

These results cleatly demonstrate that the
contribution of each mechanism to the
dielectric responses of the PMN-PZT ceramic
depends on the compositions and the stress
level,

4., CONCLUSION

In this study, the (x) Pb(Mg, ,,Nb, )O, -
(1-x) Pb(Zr, ,Ti, O, (when x = 0.0,0.1,0.3,
0.5,0.7, 0.9, and 1.0) ceramic composites are
successfully prepared by a conventional
mixed-oxide method at various processing

N

conditons. The phase formaton behavior, the
microstructure features are studied using the
XRD and the SEM techniques, respectively.
The physical properties measurements reveal
that the properties are relatively composidon-
dependent. The dielectdc properties under the
uriaxial stress of the poled PMN-PZT cera-
tnics are observed at stress levels up to 5 MPa
using a calibrated uniaxial compressometer.
The results clearly show that the dielectric
constant of the PMN-rich compositions
decreases, while that of the PZT-rich compo-
sitions increases slightly, with increasing
applied stress. On the other hand, the dielec-
tric Joss tangent for most of the composidons
first rises and then drops with increasing
applied stress. This study undoubtedly shows
that the applied stress has significant
influences on the dielectric properties of the
PMN-PZT ceramic composites.
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System

Supattra Wongsaenmai , Supon Ananta, and Rattikorn Yimnirun
Depantment of Physics, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand

Lead zirconate titanate [Pb{Zros5:Ti.48)C3 or PZT] ceramics have been used extensively in
transducer and actuator applications.! The ceramics exhibit high electromechanical coupling
coefficient. However, they also have high dielectric loss tangent On the other hand, lead
magnesiumn niobate [Pb{MgisNbas)O3 of PMN}  ceramics have low dielectric loss tangent,
with smaller electromechanical coupling coefficient than that of PZT.? The combination of
excellent properties of both ceramics are expected in PMN-PZT system. In this study, PMN-
PZT ceramic composites are prepared by a mixed-oxide method from respective starting
powders. Initally, PZT and PMN powders are calcined at 900°C for -2 hours. Various
composiion of  PMN-PZT ceramics are obtained by a sintering process at different
conditions. The pellets of PZT, PMN and PMN-PZT are fired for 3 hours at 1175°C, 1150°C,
and 1225°C, respectively. The microstructural development of the sintered samples is studied
by a Scanning Electron Microscope (SEM). SEM micrographs (shown in Figs.1(a-¢)) show
that the microstructures of the sintered samples differ significantly. The grain sizes are also
observed to vary greatly with the composition of the composites. Since the micrographs are
taken on the unpolished surface of specimens, small alumina powders used during the
sintering process are also observed in the micrographs. Figs () and (e) show PZT and PMN
grains with irregular morphology. It should also be noted that a pyrochlore phase typically
found in an over-sintered sample is also observed in PMN {as shown in Fig (g}).
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Figure 1 SEM micrographs of surfaces of (a} PZT,
(b) 0.7PMN-0.3PZT, (c) 0.5PMN-0.5PZT, (d) 0.3PMN-0.7PZT. and (¢) PMN
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In this study, the dielectric propcxtics under the uniaxial stress of the unpoled ceramics

are investigated. The (x) Pb(Mg1 VD, )0, -

(1-x) Pb(Zs, , Ti) JO, (when x = 0.0, 0.3, 0.5,

0.7, and 1.0) ceramic composites are prepared by a conventional mixed-oxide method. The
experiment is carried out with the calibrated vuniaxial compressometer under the stress level up
to 5 MPa, The results show that the dielectric properties of the unpoled ceramics increase
with increasing stress up to 1 MPa, and become relatively constanmt with the applied stress.
This is believed to be a result of random odentation of the domains in unpoled ceramics. Itis
very of interest to find that these results for the unpoled ceramics are significantly different
from those for the poled ceramics in which noticeable changes of the dielectric properties

under the uniaxial stress are observed.

Keywords: unpoled PMN-PZT, diclectric properties, uniaxial stress

1. INTRODUCTION

- Lead-based complex perovskites have
now matured and are adcepted by materials
scientists as being crideal to the success of
smart ceramics. Among the lead—based
complex perovskites; lead magnesium niobate
(PbMg, ,Nb, JO, or PMN) and lead zirco-
nate titanate (Pb(Zr, Ti)O, or PZT) ceramics
have been investigated extensively, both from
academics and, commercial viewpoints [1-3].
These two types of ceramics possess distinct
characteristics that in turn make each ceramic
suitable for different applications. As a proto-
typic relaxor ferroelectric, PMN exhibits high
dielectric constant {~18,000 for ceramics and
~ 20,000 for single crystals) and a broad range
transition of dielectric constant, with tempera-
tare as a function of frequency [4-6]. In addi-
tion, as a result of their unique microstructural

features PMIN ceramics exhibit low loss and
non-hysteretic characteristics. This makes
PMNN 2 good candidate for a large number of
applications in electronics and microelectro-
nics, such as multilayer capacitors, sensots and
actuators. However, PMIN ceramics have
relatively low electromechanical coupling
coefficients, as compared to PZT. On the
contrary to PMN, PZT ceramics have found
several actuator and transducer applicatons
due to their high electromechanical coupling
coefficients and higher temperature of
operation [7-8]. However, PZT ceramics are
fairly lossy as a result of their highly hysteretic
behavior. This makes thern unsuited for
applicadons that require high delicacy and
reliability. Furthermore, PZT ceramics normal-
ly have very high Curie temperamrc‘ (T in
the vicinity of 400 °C. Usually many applica-
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tions require that T is close to ambient
temperature. Therefore, there is a general
interest to reduce the T, of PZT ceramics to
optimize their uses. Forming a solid-solugon
of PZT and relaxor ferroelectrics has been
one of the techniques employed to improve
the propertes of ferroelectric ceramics. With
the complementary features of PMN and
PZT, the solid solutons between PMN and
PZT are expected to synergetcally combine
the properties of both normal ferroelectric
PZT and relaxor ferroelectric PMN, which
could exhibit more desirable piezoelectric and
dielectrc properties for several technologically
demanding applications than single-phase
PMN and PZT [8-11].

In many applications, ceramics are
normally used under conditions where stresses
ate applied [12-13]. Despite the fact, materals
constants used in any design calculadon are
often obtzined from 2 stress-free measuring
condition, which in turn may lead to incorrect
or inappropriate actuator and transducer
designs. It is therefore important to determine
the properties of these materials as a functon
of applied stress. In earlier publication, the
authors have reported the dielectric properties
of the poled PMN-PZT ceramics under the
uniaxial stress [14]. The results show that
dielectric properties under the applied stress
depend greatly on the ceramic compositions.
Howeves, in some cases these ceramics can
also be utilized in conditions where unpoled
ceramics are of more need, for example in
the case of capacitve applications. Therefore,
this study is undertaken to investigate the
influences of the unizxial stress on the

dielectric properties of unpoled ceramics in
PMN-PZT system.

2. MATERIALS AND METHODS

The Pb(Mg, / b 2;3) O, =Pb(Zz,Ti, O,
ceramic composites are prepared from PMN
and PZT powders by a mixed-oxide methed.
Perovskite-phase PMIN powders are obtained
via a well-known columbite method [15]. PZT
powders, on the other hand, are prepared by
a mote conventional mixed-oxide method.

Chiang Mai ]. Sci. 2004; 31(1)

Detailed procedures of each method are
described in the earlier publication, However,
it should be noted here that in this study only
(x) PbMg, ,Nb, O, - (1-x) Pb(Zr, T )O,
when x = 0.0, 0.3, 0.5, 0.7, and 1.0 ceramic
compositons are investigated. This is because
it is found that ceramic compositions with x
= 0.1 and 0.9 are not very well sintered with
the firing conditions used. The ceramics are
characterized thoroughly with the same
techniques described in the earlier publication
(14].

To study the effects of the uniaxial stress
on the dielectric properties, the calibrated
uniaxial compressometer described earlier is
utilized [14]. The dielectdc properties are
measured under the uniaxial stresses with use
of the uniaxial compressometer through
spring-loaded pins connected to the LCZ-
meter (Hewlett Packard, model 4276A). In the
experiment, the stress levels up to 5 MPa are
obtained with use of a hydraulic press (Riken
Seiki, model 137609) on the uniaxial com-
pressometric cell. The capacitance and the
dielectric loss tangent are determined at the
frequency of 1 kHz and the room temperature
(27 °C). The dielectric constant is then
calculated from € = Cd / g A, where Cis the
capacitance of the sample, d and A are the
thickness afnd the area of the electrode,
respectively, and € is the dielectric permittvity
of vacuumn (8.854 x 10" F/m).

3. RESULTS AND DISCUSSION

The experimental results of the uniaxial
stress-dependence of the dielectric properties
of the unpoled ceramics in PMIN-PZT system
are shown tn Figs. 1 and 2. There is a trivial
change of both the dielectric constant and the
dielectric joss tangent of the ceramics when
the applied stress increases from 0 to 1 MPa.
However, these properties then become
relatively constant when the applied stress
increases further. This is a result of the
randomness of the domain orientatons in the
unpoled ceramics. Since there is only 2 small
portion of the domains that is aligned in the
direction parallel or nearly parallel to the
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direction of the applied stress, the initial
increase it the applied stress would then tesult
in motion of these domain in favor of the
applied stress, hence increasing dielectric
constant and dielectric loss tangent. However,
once all these domains are re-otented further
increase in the applied stress would result in
no change in the dielectric propertes. Slight
decrease in the dielectric loss tangent is
probably an indication of the de-aging effect
[16-18]. The non-180" domain reorientations
are the basic mechanism responsible for the
changes in the dielectric properties with the
applied stress. In addition, it is also found that
the changes of the dielectric properties are
compositional independent.

13

The results obrained for the unpoled
cerarnics are significantly different from those
for the poled ceramics presented in earlier
publication [14]. In the poled ceramics,
considerable changes of both the dielectric
constant and dielectric loss tangent that
depend upon the ceramic composidons ate
clearly observed. This distinct difference
between the two ceramic groups can be
intuitively attributed to the more active
electrically re-oriented domains available in the
poled ceramics. More importantly, these
results clearly demonstrate the contibution
of the domain re-orentation procedure, e.g,
poling, to the dielectric responses to external
stresses in the PMIN-PZT ceramics.
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1440 —— ) —e o — @
- 200
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Figure 1. Uniaxial stress-dependence of dielectric constant of unpoled PMN-PZT ceramics.
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Figure 2. Uniaxial stress-dependence of dielectric loss tangent of unpoled PMN-PZT ceramics
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4. CONCLUSION

In this study, effects of uniaxial stress on
the dielectric properties of unpoled ceramics
in PMN-PZT system are investigated. The

ceramics with a formuh (1-x)Pb(Mg, ,,Nb, JO,-

(x)Pb(Zr ,Ti; O, or (1-x)PMN-(x)PZT
whenx =0.0,0.3,0.5,0.7, and 1.0 are prepared
by a conventonal mixedoxide method. The
dielectnc properties under the uniaxial stress
of the unpoled PMN-PZT ceramics ate
observed at stress levels up to 5 MPa using a
uniaxial compressometer. It is found that the
dielectric constant increases with increasing
stress between -1 MPa and becomes relatively
constant when the applied stress is further
increased. On the other hand, the dielectrc
loss tangent first rises and then drops with
increasing applied stress. Furthermore, the
changes of the dieleciric constant of these
unpoled PMN-PZT ceramics are independent
of the ceramic compositons. It is very of
interest to find that these results for the
unpoled PMN-PZT ceramics are significanty
different from those for the poled PMN-PZT

ceramics in which noticeable changes of the
dielectric properties under the uniaxial stress
are observed.
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Abstract
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Dielectric properties of ceramics in lead zirconate titanate -
lead magnesium niobate system
Songklanakarin J. Sci. Technol., 2004, 26(4) :

In this study, the xPb(Zr, ,Ti, O, - (1-x)Pb{Mg,,Nb, )O, (when x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0)
ceramic composites are prepared from PZT and PMN powders by a conventional mixed-oxide method.
The dielectric properties of the ceramics are measured as functions of both temperature (-150 - 400°C) and
frequency (100 Hz - 1 MHz). The results indicate that the dielectric properties of the pure phase PZT and
PMMN are of normal and relaxor ferroelectric behaviors, respectively. The dielectrie behaviors of the 0.9PZT
- 0.1PMN and 0.7PZT - 0.3PMN ceramics are more of normal ferroelectrics, while the other compesitions
are obviously of relaxor ferroelectrics. In addition, the transition temperature decreases and the maximum
dielectric constant increases with increasing PMN content In the system. These results clearly show the
significance of PMN in controlling the dielectric behavior of the PZT-PMN system.

Key words : PZT, PMN, PZT-PMN, dielectric properties
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Lead-based perovskite-type solid solutions
consisting of the ferroelectric and relaxor materials
have attracted a growing fundamental and prac-
tical interest because of their excellent dielectric,
piezoelectric and electrostrictive properties which
are useful in actuating and sensing applications
(Koval et al., 2003). Among the lead-based com-
plex perovskites, lead zirconate titanate (Pb(Zr,
Ti )O, or PZT) and lead magnesium nicbate (Pb
(Mg, Nb, )O, or PMN) ceramics have been in-
vestigated extensively, from both academic and
commercial viewpoints (Haertling, 1999). These
two types of ceramics possess distinct character-
istics that in turn make each ceramic suitable for
different applications. Piezoelectric transducers
with compositions near the tetragonal-rhombo-
bedral morphotropic phase boundary (MPB) have
been among the primary applications of PZT
ceramics. The closer the composition is to the
MPB, the better the piezoelectric properties (Shaw
et al., 1993). The component closest to the MPB
then becomes the main research focus for PZT
ceramics. However, PZT ceramics are fairly lossy

as a result of their highly hysteretic behavior, This
makes them unsuited for applications that require
high delicacy and reliability. Furthermore, PZT
ceramics normally have very high Curie temper-
ature (T_) in the vicinity of 400°C (Las et al,
2001). Usually many applications require that T_
is close to ambient temperature. Therefore, there is
a general interest to reduce the T _ of PZT ceramics
to optimize their uses. Alternative materials that
also offer some the same desirable features as in
PZT ceramics are electrostrictive materials that
possess a very interesting combination of large
electrostrictive strains and a minimal or negligible
hysteresis in the strain-field dependence (Koval
et al., 2003). PMN is nowadays acknowledged
as the representative of relaxor electrostrictive
materials. PMN exhibits high dielectric constant
(~18000 for ceramics and ~ 20000 for single
crystals) and a broad range transition of dielectric
constant, with temperature as a function of fre-
quency (Park and Shrout, 1997). This makes PMN
a good candidate for a large number of applica-
tions in electronics and microelectronics, such as
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multilayer capacitors, sensors and actuators. How-
ever, PMN ceramics have relatively low electro-
mechanical coupling coefficients, as compared to
PZT. With the complementary features of PZT and
PMN, the solid solutions between PZT and PMN
are expected to combine the properties of both
normal ferroelectric PZT and relaxor ferroelectric
PMN, which could exhibit better piezoelectric and
dielectric properties than those of the single-phase
PZT and PMN. In addition, the properties can also
be changed over a wider range by changing the
compositions to meet the stringent requirements
for specific applications (He er al., 2001). There-
fore, the overall purpose of this study is to inves-
tigate the PZT-PMN binary system in hope of
gaining some insights for possible applications
of the ceramics in this system. This article is
particularly aimed to present the dielectric
properties of ceramics in PZT-PMN system as
functions of both temperature and frequency.

Materials and Methods

The Pb(Zr,,.Ti, )O, - Pb(Mg Nb )O,
ceramic composites are prepared from PZT and
PMN powders by a mixed-oxide method. PZT
powders are prepared by a more conventional
mixed-oxide method, while perovskite-phase PMN
powders are obtained via a well-known columbite
method (Swartz and Shrout, 1982). PZT powders
are prepared from reagent-grade PbO (39%), ZrO,
(99%), and TiO, (98.5%) starting powders (Fluka,
Switzerland). These powders are ball-milled for
24 hours and later calcined at 850°C for 2 hours.
For PMN powders, the magnesium niobate powders
are first prepared by mixing starting MgO (>98%)

(Fluka, Switzerland) and Nb O, (99.9%) (Aldrich,

(Germany) powders and then calcining the mixed
powders at 1050°C for 2.5 hours. This yields a
so-called columbite powder (MgNbO). The
columbite powders are subsequently ball-milled
with PbO (99%) for 24 bours. The mixed powders
are calcined at 800°C for 2.5 hours. The analysis
of the X-ray diffraction pattern confirms the
perovskite phase of PMN.

The (x) Pb(Zr, ;Ti )0, - (1-x) Pb(Mg, ,
Nb O, (when x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and
1.0) ceramic composites are prepared from the
starting PZT and PMN powders by a mixed-oxide
method at various processing conditions. Initally,
the PZT and PMN powders for a given composi-
tion are weighed and'then ball-milled in ethanol
for 24 hours. After drying process, the mixed
powders are pressed hydraulically to form disc-
shaped pellets 15 mm in diameter and 2 mm thick,
with 5 wt.% potyvinyl alcohol (PVA) as a binder.,
The pellets are stacked in a covered alumina
crucible filled with PZ powders to prevent lead
loss. Finally, the sintering is carried out at a sinter-
ing temperature for 2 hours with 5 min/C heating
and cooling rates. The firing profile includes a
1-hour dwell time at 500°C for binder burn-out
process to complete. For optimization purpose, the
sintering temperature is varied between 1000°C
and 1300°C depending upon the compasitions.
The ceramics are characterized thoroughly with
the same techniques described in an earlier
publication (Yimnirun et al., 2003).

The dielectric properties of the sintered
ceramics are studied as functions of both temper-
ature and frequency with an automated dielectric
measurement system. The computer-controlled
dielectric measurement system consists of an
LCR-meter (Hewlett-Packard Precision LCR-
Meter HP 4284A), a temperature chamber (Delta
Design 9023), and a computer system. The detailed
description of this system is explained elsewhere
(Jiang, 1992). For dielectric property character-
izations; the sintered samples are Japped to obtain
paralle] faces, and the faces are then coated with
silver paint as electrodes. The samples are heat-
treated at 750°C for 12 min to ensure the contact
between the electrodes and the ceramic surfaces.
The capacitance and the dielectric loss tangent
are determined over the temperature of -150 and
400°C with the frequency ranging from 100 Hz
to 1 MHz. The measurements are carried out on
cooling continuously. Before each cooling run,
the samples are first heated up to 400°C and then
cooling run is performed at the rate of 3°C/min.
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Table 1. Characteristics of PMN-PZT ceramics with optimized pro-

cessing conditions
: Density Grain Size Range Average Grain Size
Ceramic

(g/emr”) (1) (jam)
PZT 7.59+0.11 2-7 5.23
0.IPMN-0.9PZT  6.09+0.11 052 0.80
0.3PMN - 0.7PZT 7.4520.10 0.5-3 1.65
0.5PMN - 0.5PZT  7.8620.05 05-5 1.90
0.7PMN - 0.3PZT 7.87+0.07 14 1.40
09PMN - 0.1PZT 7.90+0.09 1-4 1.50
PMN 7.82+0.06 2-4 325

The dielectric constant is then calculated from e =
Cd /e A, where C is the capacitance of the sample,
d and A are the thickness and the area of the
electrode, respectively, and g, is the dielectric
permittivity of vacuum (8.854 x 10" F/m).

Results and Discussion

The experimental results on physical
properties, the phase formation behavior, and
microstructure features of all the sintered ceramics
are presented and discussed thoroughly elsewhere
(Yimnirun et al, 2003). Hence, these results will
not be shown here. However, it should be stated
here that the sintered ceramics are mainly in
perovskite phase with tetragonal, cubic and pseudo-
cubic crystal structure for PZT, PMN and all PZT-
PMN ceramic composites, respectively. Table 1
summarizes the density and averaged grain-size
for all ceramic compositions.

The dielectric properties, e.g. dielectric
constant (¢) and tan §, are measured as functions
of both temperature and frequency, as shown in
Figure 1 (a-d). The dielectric properties of PZT
ceramic, as plotted in Figure 1 (a), change sig-
nificantly with temperature, but are pearly
independent of frequency, except in the vicinity of
the phase transformation temperature. This is a
typical characteristic of ferroelectric ceramics
with a long-range ordered structure (Koval er al.,
2003). The Curie temperature (T ) 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 (Las ez al.,
2001). While PZT exhibit a normal ferroelectric
behavior, PMN is a well-known relaxor ferro-
electric material as a result of a short-range ordered
structure with a nanometer scale heterogeneity in
composition (Koval et al., 2003). In typical relaxor
ferroelectrics, both dielectric constant (¢) and
dielectric loss tangent (tan &) exhibit strong
temperature-frequency dependence below the
transition temperature, as shown in Figure 1 (d)
for PMN ceramic. In this case, the temperatures
of maximur dielectric constant and dielectric loss
tangent are shifted to higher temperature with
increasing frequency. The maximum value of the
dielectric constant decreases with increasing
frequency, while that of the dielectric loss tangent
increases. The dielectric properties become
independent of frequency above the transition
temperature (Koval et al,, 2003). When PMN is
added to form the binary system with PZT, the
dielectric behavior is shifted towards the relaxor
behavior, in which the dielectric properties vary
significantly with frequency below the phase
transition temperature. The results shown in Figure
1 (a-d) clearly indicate such a trend. However,
with smaller amount of PMN added, such as in
0.9PZT-0.1PMN and 0.7PZT-0.3PMN ceramics,
the dielectric properties exhibit a mixture of both
normal and relaxor characteristics, for instance as
shown in Figure 1 (b) in which the transition
temperature is not shifted as much as for other
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Figure 1. (a) Temperature and frequency de-
pendences of dielectric properties of
PZT ceramic (dotted lines indicate data
for the dielectric loss tangent (tan 8) at
the same frequency)
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Figure 1. (¢) Temperature and frequency de-
pendences of dielectric properties of
0.3PZT - 0.7PMN ceramic (dotted lines
indicate data for the dielectric loss
tangent (tan ) at the same frequency)

predominantly relaxor-like ceramics. It should
also be noted here that the dielectric properties in
all ceramics increase significantly at high tem-
perature as a result of thermally activated space
charge conduction.
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Figure 1. (b) Temperature and frequency de-
pendences of dielectric properties of
0.7PZT - 0.3PMN ceramic (dotted lines
indicate data for the dielectric loss
tangent (tan 8) at the same frequency)
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Figure 1. (d) Temperature and frequency de-
pendences of dielectric properties of
PMN ceramic (doited lines indicate
data for the dielectric loss tangent (tan
d) at the same frequency)

More importantly, as shown in Table 2 since
the transition temperature of PMN is very low
(-8°C at 1 kHz) and its maximum dielectric
constant is very high (~7600 at 1 kHz), it is also
expected to observe that the transition temperature
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Table 2. Curie temperature and dielectric properties of PZT-PMN ceramics

(1 kHz).
Ceramic T, Maximum Properties Room Temp. Properties

0 €, tand €, tan &
PZT * >29000 0.010 1100 0.006
0.1PMN - Q.9PZT * ~ 3700 0.020 700 0.020
0.3PMN - 0.7PZT 160 3800 0.030 1400 0.030
0.5PMN - 0.5PZT 115 6600 0.045 2200 0.040
0.7PMN - 0.3PZT 71 11000 0.057 5600 0.057
0.9PMN - O.1FZT 16 10700 0.077 10300 0.001
PMN -8 7600 0.073 6000 0.001

* Not determinabie as a result of measuring set-up.

decreases and the maximum dielectric constant
increases with increasing amount of PMN in the
systern. This is clearly evident in Figure 2. Figure
3 shows that the transition temperature (at 1 kHz
for this case) moves towards lower temperature
almost linearly with the average rate of ~ -2.4°C/
moi% as the molar fraction of PMN in the com-
position increases. However, it is noted that this
relationship does not cover the compositions 0.9
PZT - 0.1PMN and pure-phase PZT, which are
expected to have the transition temperature near

400°C, shown in Figure 3 as open circles. The
reason is not clearly known, but could be attributed
to the pseudo-birary nature of this system, as
described in the earlier publication (Yimnirun et
al.,, 2003), in which PZT and PMN do not form
a solid solution, but rather a composite. Figure 4
shows an example of SEM micrographs demon-
strating separated PZT (large) and PMN (small)
grains. In this case, depending upon the com-
position, the properties of PZT or those of PMN
strongly control the properties of the system.

Dielectric Constant (g,)

Temperature "C)

Figure 2, Temperature dependence of dielectric constant of xPZT-(1-x)PMN ceramics

{measured at 1 kHzr)
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Figure 3. Curie temperature of xPZT - (1-x)PMN ceramics (measured at 1 kHz) (Data for
PZT and 0.1PMN - 0.9PZT (open circles) are estimated from references by Las
et al. (2001) and Koval ef al. (2003), respectively)

However, it should still be noted that the reasons
for such behavior require further investigation.

Conclusion
The XPb(Zl’oﬁ'I—lu“)O, - (1-x)Pb(Mgmme)

O, (when x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0)
ceramic composites are prepared from PZT and

e 1 pm
Figure 4, SEM micrograph of 0.5PZT - 0.5PMN ceramic

PMN powders by a mixed-oxide method. The
dielectric properties of the ceramics are determined
as functions of both ternperature and frequency
with an automated dielectric measurernent system.
The measurement takes place over the temper-
ature range of -150°C and 400°C with measuring
frequency between 100 Hz and 1| MHz. The resulits
indicate that the dielectric properties of the pure
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jie PZT and PMN follow that of normal and
por ferroelectric behaviors, respectively. The
ectric behaviors of the 0.9PZT - 0.1PMN and
PZT - 0.3PMN ceramics are more those of
il ferroelectrics, while the other compositions
Wobviously those of relaxor ferroelectrics. It is
i observed that the transition temperature
Mreases and the maximum dielectric constant
ases with increasing amount of PMN in the
giem. Most importantly, this study shows that
ielectric properties of the PZT-PMN ceramics
Bnot linearly dependent of the amount of the end
embers over the whole compositional range of
WEPMN as a result of the composite nature of
naterials.
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ABSTRACT

Most of earlier work on PMN-PZT ceramic systems has been mainly focused on
processing and electrical properties, while knowledge on mechanical properties is
scarce. This article describes for the first time mechanical properties of the PMN-PZT
ceramic systems. The (x} Pb(Mg;sNbys}Os — (1-x) Pb(Zros5:Tip45)O3 (when x = 0, 0.1,
0.3, 0.5, 0.7, 0.9, and 1.0) ceramics are prepared from respective starting materials by a
conventional mixed-oxide method. A combination of the Knoop and Vickers indentation
techniques is employed to determine the mechanical properties of the ceramics. It is
found that the Vickers hardness of the ceramics varies between 5.28 and 7.75 GPa while
the Young's modulus values range from 65.9 to 99.6 GPa. The fracture toughness of 2.03
to 3.42 MPa-m'” is obtained from the ceramics tested. In general, it is observed that the

mechanical properties of the ceramic systems are largely controlled by those of PMN

ceramics.

Key words: PMN-PZT ceramics, mixed-oxide method, mechanical properties.



INTRODUCTION

With distinct characteristics, lead magnesium niobate (Pb(MgiaNby3)O1 or PMN)
and lead zirconate titanate (Pb{Zr,,Tix)Oy or PZT) ceramics have been employed
extensively in different types of actuator and transducer applications {Cross, 1987, Xu,
1991). As a prototypic relaxor ferroelectric, PMN has advantages of having very high
dietectric constant and broader operating temperature range, especiaily over the room
temperature range, as a consequence of the diffuse paraelectric-ferroelectric phase
transition which takes place in the vicinity of room temperature. In addition, as a result of
their unique microstructural features, PMN ceramics exhibit low loss and non-hysteretic
characteristics. However, the PMN ceramics have relatively low electromechanical
coupling coefficients as compared to PZT. On the contrary to PMN, PZT ceramics have
been utilized more in actuator and transducer applications due to their high
electromechanical coupling coefficients near the morphotropic phase boundary (MPB)
{Cross, 1987; Xu, 1991; Abe et al., 2000). However, PZT ceramics are fairly lossy as a
result of their hysteretic behavior. This makes them unsuitable for applications that
require high delicacy and reliability. Furthermore, PZT ceramics normally have very high
Curie temperature (Tg) in the vicinity of 400 °C. Usually, many applications require that
T 1s close to ambient temperature. Therefore, there is a general interest to reduce the Tc
of PZT ceramics to optimize their uses. Forming a solid-solution of PZT and relaxor
ferroelectrics has been one of the techniques employed to improve the properties of
ferroelectric ceramics. With the complementary features of PMN and PZT, it is of special
interest to investigate a solid-solution of PMN-PZT ceramics which are expected to
possess more desirable features than single-phase PMN and PZT (Ouchi et al., 1965,

Quchi, 1968; Xu, 1991),



However, most of earlier studies on PMN-PZT ceramics have been focused on
processing, dielectric and electrical properties of the system. It is then of interest to
examine the mechanical properties of the ceramic systems (Shilnikov et al., 1999; He et
al., 2001; Stringfellow et al., 2002). The mechanical properties of the PMN-PZT systems
require a special attention because these ceramics are usually used under an influence of
stress in most of the actuator and transducer applications (Murty et al., 1992; Yoo et al,,
1998). Thus, this study is undertaken to investigate for the first time the mechanical

properties of the PMN-PZT ceramic systems.

MATERIALS AND METHODS

The Pb(Mg13Nbyn )03 —Pb(Zrp 52 Tip4s)O3 ceramics are prepared from PMN and PZT
powders by a mixed-oxide method. Detailed procedures of each preparation step are
described elsewhere (Yimmirun et al., 2003). Perovskite-phase PMN powders are
obtained via a well-known columbite method (Swartz and Shrout, 1982). In this method,
the magnesium niobate powders are first prepared by mixing starting MgQ and Nb;Os
powders and then calcined to form a so-called columbite powder (MgNb:Og). The
columbite powders are subsequently ball-milled with PbO. After another calcination
process, a perovskite-phase PMN is formed. PZT powders, on the other hand, are
prepared by a more conventional mixed-oxide method. With a more conventional oxide-
mixing route, PZT powders are prepared from PbO, ZrQ,, and TiO, starting powders.
These powders are ball-milled and later calcined to yield the PZT powders. The (x)
Pb(Mg13Nb2s)O3 — (1-x) Pb(Zrg s> Tinas)Os (when x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0)
ceramic systems are prepared from the starting PMN and PZT powders by a mixed-oxide

method at various calcining conditions. The mixed powders are pressed hydraulically to



form disc-shaped pellets, 15 mm in diameter and 2 mm thick. The pellets are sintered in
a covered alumina crucible filled with PZ powders to prevent lead loss. For optimization
purpose, the sintering temperature is varied between 1000 °C - 1300 °C, depending upon

the compositions.

The densities of the sintered ceramics are measured by Archimedes method from the
specimens weighed in air, in water and the density of water. The phase formations of the
sintered specimens are studied by XRD technique. The microstructure analyses are
undertaken by a scanning electron microscopy (SEM: JEOL Model JSM 840A). Grain
size is determined from SEM micrographs by a linear intercept method. A combination of
the Knoop and the Vickers indentation techniques (Microhardness Testers: Model
Matsuzawa MXT-o. and Model Galileo Microscan-2) is used to determine various
mechanical properties of the ceramics, such as the Vickers hardness (HV), the Young’s

modulus (E) and the fracture toughness (Kic).

With the indentation techniques used, the Vickers hardness (HV) is calculated from
(1.18185x10'" x P)/d? relation, where P is the weight of the indenter used and d is the
average length of the indented surface. Using the Knoop indentation technique, the
Young’s modulus (E) is determined from aeHK.(0.1407-(b/a)) relation, where o is the
constant (0.45), HK is the Knoop hardness in GPa unit, and (b/a) is the ratio of the
diagonal lengths of the indented surface. Finally, the fracture toughness (Kj) is
determined from the microhardness tester (model Galileo Microscan-2) experiment and
the K. is then calculated from 0.016(E/HV)*(P/C*?) relation, where E and HV are the
values obtained earlier, P is the indenter weight (in a unit of MPa), and C is the ]ength of

the fracture (in a unit of meter) (Meechoowas, 2002).



RESULTS AND DISCUSSION

The phase formation behavior of the sintered ceramics is revealed by an XRD
method. The XRD patterns, shown in Figure 1, indicate that PZT ceramic is identified as
a material with a perovskite structure having tetragonal symmetry (JCPDS card no.33-
784) while PMN ceramic is a perovskite material with a cubic symmetry (JCPDS card no.
g1-0861). All PMN-PZT ceramic composites exhibit pseudocubic crystal structure, as
reported in previous investigations (Ouchi et al., 1965; Ouchi, 1968). However, some
impurity phases (Pb,Nb,0O; and MgO) are aiso observed in the ceramics with x > (.1.
These impurities phases are believed to precipitate mostly on the surface areas of the
specimens (Park et at, 2001). Further XRD investigation at different depths- of the

specimens reveals that the impurities diminish in the interior areas of the specimens.

The SEM micrographs of x-PMN — (1-x)-PZT ceramics, sintered at 1150 °C, are
shown in Figure 2. Clearly, the morphology of the grains is composition-dependent and
shows mixed features of the two end-members. PZT and PMN ceramics exhibit more
uniform microstructure than those of the PMN-PZT ceramics. It should be noted that
some of the grains are observed to be in irregular shapes with some open pores. This is a
result of a Pb-loss during the sintering process. Grains of the PMN ceramics are mostly in
spherical-like shape, while those of the secondary pyrochlore phase (PboNb,O5) exhibit a
pyramidal morphology. The SEM micrographs also reveal that the PMN-PZT ceramics
with x = 0.1 and x = 0.3 contain very small and loosely-bonded grains. This clearly

suggests that the two compositions are not weil sintered.
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Figure 1. XRD pattemns of x-PMN — (1-x)-PZT ceramics.



Figure 2. SEM micrographs of ceramics sintered at 1150 °C: (a) PZT; (b) 0.1PMN-
0.9PZT; (c) 0.3PMN-0.7PZT; (d) 0.7PMN-0.3PZT; (e) 0.9PMN-0.1PZT; and (f) PMN

(Py indicates Pyrochlore Phase).



As listed in Table 1, the average grain size varies considerably from 1.40 pum to 5.23
um, It should also be noted that the average grain size of all mixed compositions is much
smaller than that of the end members. The reason for the smaller grain sizes is not clearly

understood, but this may be a result of PMN’s role as a grain-growth inhibitor in the

PMN-PZT systems.

Table 1. Summary of physical data and optimum mechanical properties for a given

composition of x-PMN — (1-x)-PZT ceramics.

Average Vickers Young’s Fracture

Composition Density Grain Hardness  Modulus Toughness
Size (HY) (E) (Kic)

(g/cmd) (um) (GPa) (GPa)  (MPam'?
PZT 7.59+0.11 5.23 528+0.49 659+2.6 248+0.12
0.5PZT-0.5PMN  7.86£0.05 1.90 7.16x028 824+94 3421026
0.3PZT-0.7PMN  7.87 £0.07 1.40 728+0.33 996+61 3.03+0.29
0.1PZT-0.9PMN  7.90+£0.09 1.50 7.13+£0.37 89.3+94 2.03+0.24
PMN 7.82+0.06 3.25 7.75+0.18 843+£56 2.84+0.10

Table 1 also summarizes the optimum mechanical properties for a given composition
of xPMN — (1-x}PZT ceramics, evaluated by the Knoop and the Vickers indentation
techniques. It should be mentioned that the mechanical properties of 0.1PMN- 0.9PZT
and 0.3PMN- 0.7PZT ceramics are not available. As a result of their low deunsities, the
mechanical properties of the 0.1PMN- 0.9PZT and 0.3PMN- 0.7PZT ceramics ar‘e not
guantifiable. The Vickers hardness (HV) of PMN is found to be highest (7.75 GPa)

among the ceramics tested. It is also of interest to observe that all the mixed compositions



exhibit much larger hardness value (7.13-7.16 GPa) than that of pure PZT (5.28 GPa).
This clearly indicates that PMN addition enhances the hardness of ceramics in PMN-PZT
system, as the Vickers hardness value increases from 5.28 GPa in PZT ceramic to 7.28
GPa in 0.7PMN-0.3PZT ceramic. This could be attributed to the facts that hardness s a
material’s surface property and that there are some mechanicaily-hard materials (MgO
and PbyNbyO5) precipitating on the surfaces of the mixed compositions, as described in

earlier discussions.

Similarly, the Young’s modulus (E) of the PMN and PMN-PZT ceramics (varying
between 82.4 GPa and 99.6 GPa) is significantly higher than that of PZT ceramic, which
is measured to be 65.9 GPa. However, an addition of PZT into PMN-PZT system results
in an increase in the Young’s modulus of the mixed compositions until the trace off is
observed in 0.5PZT-0.5PMN ceramic when the density begins to drop due to loss of PbO
during the sintering process. The reason for this observation is somewhat linked to the
density of these ceramics. As seen in Table 1, ceramics with higher density possess

comparatively higher value of the Young’s modulus.

The fracture toughness (Ky of these ceramics is more difficult to understand because
it depends on many factors, for instance grain size and morphology, crystal structure and
phase and pore size and distribution. However, it is generally observed that except for the
0.9PMN-0.1PZT composition, the fracture toughness of the mixed compositions (3.42
and 3.03 MPa-m'”? for 0.5PMN-0.5PZT and 0.7PMN-0.3PZT, respectively) is higher than
that of PMN and PZT ceramics, reported as 2.84 and 2.48 MPa-m'?). This could very
well be a resuit of a fracture-inhibition effect by the mechanically- and physically-

different components in the mixtures.



Generally, it can be stated that the mechanical properties of the ceramic systems are
largely controlled by those of PMN ceramics. It is also noticeable that PMN ceramics are
mechanically-superior to PZT ceramics. Finally, it is of interest to observe that some of
the ceramic systems exhibit better mechanical properties than those of the single-phase
PMN or PZT. Intuitively, this can be attributed to a composite nature of the mixtures, in

which some of the properties are enhanced by the presence of inclusions.

CONCLUSIONS

In this study, the (x) Pb(MgaNbya)01 ~ (1-x) Pb(Zro 52 Tin48)O3 (When x =0, 0.1, 0.3,
0.5, 0.7, 0.9, and 1.0) ceramic systems are prepared by a conventional mixed-oxide
method at various processing conditions. Perovskite-phase PMN and PZT powders,
prepared by a columbite route and a mixed-oxide route, respectively, are used as starting
powders for the PMN-PZT ceramic systems preparation. Density measurements, XRD
and SEM studies and mechanical properties tests indicate that PMN phase show very
important roles in controlling the properties of the ceramic systems. Finally, it is clearly
shown that the mechanical properties, e.g., Vickers hardness, Young’s modulus and
fracture toughness of the ceramics with mixed compositions are generally better than

those of the end members.
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ABSTRACT

The ferroelectric and piezoelectric properties of xPZT-(1-x)PMN were
measured by means of a modified Sawyer-Tower circuit and LVDT strain gage, and
dss-meter, respectively. The P-E hysteresis loop measurements demonstrated that the
ferroelectric properties of the ceramics in PZT-PMN system changed gradually from
the normal ferroelectric behavior in PZT ceramic to the relaxor ferroelectric behavior
in PMN ceramic. The s-E relations showed a so-called “butterfly” curve in some
compositions, while the relation was of a quadratic electrostrictive nature in the PMN
ceramic. Finally, the piezoelectric constant (ds3) decreased from, in the units of pm/V,

280 in piezoelectric PZT ceramic to less than 5 in electrostrictive PMN ceramic.

Key words: PZT-PMN, ferroelectric properties, hysteresis loops



INTRODUCTION

Lead-based perovskite-type solid solutions consisting of the ferroelectric and
relaxor materials have attracted a growing fundamental and practical interest because
of their excellent dielectric, piezoelectric and electrostrictive properties which are
useful in actuating and sensing applications (Koval et al.,, 2003). Among the lead-
based complex perovskites, lead zirconate titanate (Pb(Zr,.xTi,)O3 or PZT) and lead
magnesium niobate (Pb(MgsNbys)0; or PMN) ceramics have been investigated
extensively, both from academic and commercial viewpoints (Cross, 1996; Haertling,
1999). These two types of ceramics possess distinct characteristics that in turm makes
each of them suitable for different applications. With the complementary features of
PZT and PMN described in many publications (Wongsaenmai et al., 2003; Yimnirun
et al., 2003), the solid solutions between PZT and PMN are expected to combine the
properties of both normal ferroelectric PZT and relaxor ferroelectric PMN, which
could exhibit better piezoelectric and dielectric properties than those of the single-
phase PZT and PMN, Furthermore, the properties can also be tailored over a wider
range by changing the compositions to meet the strict requirements for specific
applications (Cross, 1987; He et al., 2001). In recent years, there have been several
investigations on PZT-PMN system (Shilnikov et al., 1999; Burkhanov et al., 2000;
Koval et al., 2003-a). However, these previous works have focused only on a few
compositions in the vicinity of the morphotropic phase boundary and of the end
members. Therefore, the overall purpose of this study was to determine the dielectric
and ferroelectric properties of ceramics in the xPZT-(1-x)PMN (when x = 0, 0.1, 0.3,
0.5, 0.7, 0.9, and 1) binary system in the hope to gain some insights for possible
applications. This article presents the ferroelectric properties of ceramics in this binary

system.



MATERJIALS AND METHODS

The Pb(Zry 52 Tig.43)O3 - Pb{Mg,sNby3)0O3 ceramic composites were prepared from
PZT and PMN powders by a mixed-oxide method. PZT powders were prepared by a
more conventional mixed-oxide method, while perovskite-phase PMN powders were
obtained via a well-known columbite method. The (})Pb(Zros2Tip4s)0z — (1-x)
Pb(MginNbya)0; (when x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0) ceramic composites
were then prepared from the starting PZT and PMN powders by a mixed-oxide
method at various processing conditions. The detailed descriptions of ceramics
processing and characterizations were presented thoroughly in the earlier publications

(Wongsaenmai et al., 2003; Yimnirun et al., 2003).

For ferroelectric properties characterizations, the sintered samples were lapped
to obtain parallel faces, and the faces were then coated with silver paint as electrodes.
The samples were heat-treated at 750 °C for 12 min to ensure the contact between the
electrodes and the ceramic surfaces. The samples were subsequently poled in a
silicone oil bath at a temperature of 120 °C by applying a dc field of 25 kV/cm for 30

min and field-cooled to room temperature.

The ferroelectric hysteresis (P-E) loops were characterized by using a
computer controlled modified Sawyer-Tower circuit. The high voltage was applied to
samples by a bipolar amplifier (Kepco BOP 1000M}) and a high voltage AC amplifier
{Trek 610C) with the input signals with a frequency of 0.1 Hz from a lock-in amplifier
(Stanford Research Systemm SRS 830). In addition, the strain-field (s-E) loops were

also determined simultaneously by the same system, in which the strain was measured



with a linear variation differential transformer (LVDT) strain gage (Radiant
Technologies). The detailed description of this system has been described elsewhere
(Jiang, 1992). Furthermore, the piezoelectric di; constant of the poled ceramics (after
24 h aging at room temperature) was measured at 100 Hz by a piezoelectric dy;-meter

(Channel Berlincourt dj;-meter).

RESULTS AND DISCUSSION

The experimental results on physical properties, the phase formation behavior
and microstructure features of all the sintered ceramics have been discussed
extensively in earlier publications (Wongsaenmai et al., 2003; Yimnirun et al., 2003).
Hence, these results will not be shown here. However, it should be mentioned that the
sintered ceramics were mainly in perovskite phase with tetragonal, cubic and pseudo-
cubic crystal structure for PZT, PMN and all PZT-PMN ceramic composites,
respectively. Table 1 summarizes the density, average grain-size and dielectric
properties for all ceramic compositions.

Table 1. Characteristics of PZT-PMN ceramics with optimized processing conditions.

Ceramic Density Grain Size  Average Maximum T
, Range Grain Size €r
(g/enr) (pm) (pm) (1 kHz) O
PZT 7.59+0.11 2-7 5.23 >29,000 > 400
0.1PMN-0.9PZT  6.09 +0.11 0.5-2 0.80 3,700 ~390
0.3PMN-0.7PZT  7.45+0.10 0.5-3 1.65 3,800 160
0.5PMN-0.5PZT  7.86+0.05 0.5-5 1.90 6,600 115
0.7PMN-03PZT  7.87 +£0.07 t-4 1.40 11,000 71
0.9PMN-0.1PZT  7.90 + 0.09 1-4 1.50 10,700 16
PMN 7.82 £ 0.06 2-4 3.25 7,600 -8
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Figure 1. P-E hysteresis loops of xPZT-(1-x)PMN ceramics.

Figure 1 illustrates a series of polarization (P-E) hysteresis loops for the xPZT-
(1-x)PMN ceramics. It is clearly evident that the shapes of P-E loops vary greatly with
the ceramic compositions. The polarization loop of PZT is well-developed, showing
large remnant polarization (P, : remaining polarization when electric field is decreased
to zero). The hysteresis loop is of a typical “square” form as a resuit of domain
switching in an applied field. This is a typical characteristic of a phase that contains
long-range interaction between dipoles in the ferroelectric micro-domain state (Koval
et al.,, 2003-a). This confirms that PZT is of a normal ferroelectric phase. From the
loop, the remnant polarization P, and the coercive field Ec¢ (indicating an electric field

required to zero the polarization) are determined to be 12.5 uC/em® and 10 kV/em,



respectively, as listed in Table 2. When more PMN content is added to the system, the
hysteresis curves become more of “shm™ hysteresis loops, a characteristic of the
suppressed ferroelectric interaction (Koval et al., 2003-2). This is typically found in the
relaxor ferroelectrics with polar nano-regions. These results clearly indicate that an
addition of PMN induces the relaxor behaviors of PMN into the PZT-PMN ceramic
system. This also has resulted in the decrease in the values of both P, and Eg, as seen in
Table 2. Furthermore, the piezoelectric constant (ds3) also significantly decreases with
increasing PMN content in the system. This is intuitively understandable from the
decrease of the polarization in the ceramics and also from the fact that PMN is
electrostrictive (the second harmonic property, in contrast to the first harmonic nature
of piezoelectric ceramics, such as PZT). Therefore, it can be concluded that the
ferroelectric properties of the ceramics in PZT-PMN system move gradually from the
normal ferroelectric state in PZT to the relaxor ferroelectric state in PMN. It is also of
interest to observe that the hysteresis loop of 0.9PZT-0.1PMN ceramic is not fully
saturated. This is probably due to the limited capability of the measuring set-up used.
However, it is expected that this composition should posses better ferroelectric

properties, as reported in recent publication (Koval et al., 2003).

Table 2. Ferroelectric and piezoelectric properties of PZT-PMN ceramics.

Ceramic P, Ec d33
(uClem?) (kV/cm) (pm/V)

PZT 12.5 i0 280
0.1PMN-0.9PZT 5 12 40
0.3PMN-0.7PZT 4.5 55 63
0.5PMN-0.5PZT 6.5 4.5 41
0.7PMN-0.3PZT 5.2 2.3 12
0.9PMN-0.1PZT - - 1
PMN - - 4
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Figure 2. s-E relations of xPZT-(1-x)PMN ceramics.

The relationships between the field-induced strain (s) and the applied electric
field (E) for the xPZT-(1-x)PMN ceramics are shown in Figure 2. The results show so-
called “butterfly” curves, which are characteristics of ferroelectric materials in which
an external field causes a domain switching mechanism that in turn creates strain in the
material. In Figure 2, there are three distinct groups of s-E relationship. The first group
is PMN and 0.1PZT-0.9PMN ceramics with slim loops, which follow quadratic
relation at low field. This group signifies the electrostrictive relaxors. The second
group consists of 0.3PZT-0.7PMN and 0.5PZT-0.5PMN ceramics with the large

butterfly curves, a sign of more piezoelectric behavior. PZT-riched ceramics make up



the last group, in which more open and larger butterfly curves are expected. However,
the results obtained indicate that these ceramics are not fully poled due to limited

capability of the set-up used.

CONCLUSIONS

The ferroelectric and piezoelectric properties of xPZT-(1-x)PMN (when x= 0.0,
0.1, 0.3, 0.5, 0.7, 0.9, and 1.0) ceramics prepared by a conventional mixed-oxide
method were measured by means of a modified Sawyer-Tower circuit and LVDT
strain gage, and di;-meter, respectively. From the P-E hysteresis loop, it was shown
that the ferroelectric properties of the ceramics in PZT-PMN system moved gradually
from the normal ferroelectric state in PZT ceramic, with large P, and E¢ values, to the
relaxor ferroelectric state in PMN ceramic. The s-E relations showed a so-called
“butterfly” curve in some compositions, while the relation was of a quadratic
electrostrictive nature in the PMN ceramic. Finally, the piezoelectric constant (dss)
decreased from, in the units of pm/V, 280 in piezoelectric PZT ceramic to less than 5

in electrostrictive PMN ceramic.
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Abstract
Wongsaenmai, S., Ananta, S. and Yimniran, R.
Effects of uniaxial stress on dielectric properties of ceramics
in PMN-PZT system
Songklanakarin J. Sci. Technol,, 2003, 25(5) : 629-636

In this study, effects of uniaxial stress on the dielectric properties of ceramics in PMN-PZT system
were investigated. The ceramics with a formula (1-x)Pb(Mg, ,Nb, JO,-(x)Pb{Zr,,Ti, ,)O, or (1-x)PMN-(x)
PZT when x = 0.0 0.3 0.5 0.7 and 1.0 were prepared by a conventional mixed-oxide method. Phase formation
behavior of these ceramics was studied by an X-ray diffraction (XRD) method. In addition, other physical
properties, e.g. firing shrinkage and density, were measured. The dielectric properties under the vniaxial
stress of the poled PMIN-PZT ceramics were observed at low and high-stress levels using a uniaxial com-
pressometer. It was found that at low stress level (0-800 kPa) there was no significant change in the dielectric
constant and the dielectric loss tangent with the applied stress. As the stress level was raised higher (0-5
MPa), changes of the dielectric constant with the applied stress were dependent on the ceramic compositions.
On the other hand, changes of the dielectric loss tangent with the applied stress were independent of the
ceramic compositions.

Key words : uniaxial stress, dielectric properties, PMN-PZT -
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Figure 1. XRD diffraction patterns of PMN-PZT ceramics.
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Table 1. Physics properties of PMN-PZT ceramics
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PZT 7.66+0.05 95.67x0.62 39.58+0.04
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0.5PMN-0.5PZT 7.18+0.05 88.7920.61 38.83+0.12
0.7PMN-0.3FPZT 6.10x0.17 75.14x2.09 35.97x0.35
PMN 6.54+0.07 80.09+0.86 37.60+0.20
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Figure 2. Schematic drawing of uniaxial compressometer.
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Figure 5. The stress dependence of dielectric con-

stant on low stress (0-800 kPa).
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Figure 3. Experimental set up for studying the effect of low stress on dielectric propertied

of PMN-PZT.

Figure 4. Experimental set up for studying the effect of high stress on dielectric propertied

of PMN-PZT.
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Abstract

In this study, effects of uniaxial stress on the dielectric properties of ceramics in PMN-PZT system
were investigated. The ceramics with a formula (l-x)Pb(Mgmme)Oz-(x)Pb(Z:UﬂTiMs)Oj or {(}-x)PMN-(X)PZT
when x=0.0, 0.3, 0.5, (.7 and 1.0 were prepared by a conventional rixed-oxide method. Phase formation
behavior and microstructurat features of these ceramics were studied by an X-rays diffraction (XRD) and
scanning electron microscopy (SEM). In addition, other physical properties, e.g. firing shrinkage and densiry
were measured. The dielectric properties under the uniaxial stress of the unpoled PMN-PZT ceramics were
observed at low and high-stress levels using a uniaxial compressometer. It was found that at low stress Jevel
(0-1200 kPa}, there was no significant change in the dielectric constant and the dielectric loss tangent with
the applied stress.  As the stress level was raised to a higher level (0-5 MPa), the dielectric constant
increased with increasing stress (from 0 10 1 MPa) and became constant when the applied stress was further
increased. On the other hand, the dielectric loss tangent first rose and then dropped with increasing applied
stress. Moreover, the changes of the dielectric constant of these unpoled PMN-PZT ceramics were indepen-

dent of the ceramic compositions.
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Abstract

The dielectric properties of hard PZT and soft PZT ceramics under uniaxial stresses were investigated.
Ceramics were tested at low and high-stress levels using a uniaxial compressometer, [t was found that
at low stress [evel (0-200 kPa) there was no significant change in the dielectric constant but dielectric
loss tangent was found to increase with increasing applied stress. As the stress level was raised higher
(0-5 MPa), noticeable increase of the dielectric constant and dielectric loss tangent were cbhserved. The
uniaxial stress was found to have more influence on the dielectric properties of soft PZT ceramic than
hard PZT ceramic becanse of their domain structure differences.
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Abstract
Hysteresis {oop is an electric property that distinguishes ferroelectric materials from
other piezoelectric materials. The loop relates a polarization with an eleciric field. In this study, a
Sawver-Tower circuit s used to measure hysteresis loop of lead zirconate titanate (PZT). Vanations
of the polarization with the applied electric field are observed. It is found that increasing applied
electric field results in a polarization enhancement. Furthermore, effect of capacitance value of the
capacitor used in the ¢ircuit on the polarization are investigated. The potarization is found to
decrease with increasing capacitance values of the capacitor. In addition, the applied eleciric field
and the capacitor used in the circuit demonstrated to play significant effect on the hysteresis properties.
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