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Abstract. The structure and electrical properties of Al;Os-doped 0.2Pb(Zn;;3Nba/3)Os-
0.8Pb(Zr2Ti12)O3 ceramic, which is the morphotropic phase boundary composition of the PZN-
PZT system, were investigated. The addition of ALOs content transformed the crystal structure
from coexisting with thombohedral to purely tetragonal structure. Furthermore, addition of Al,Os
decreased €, d33 and ,, but increased Curie temperature and enhanced the mechanical quality factor.
Finally, the /< and s-/- loops demonstrated decreased /;, L, and strain level with addition of ALOs.

Introduction

Lead zirconate titanate, Pb(Zr,Ti)O; or PZT, is a well known piezoelectric that has been widely
employed in a large number of sensing and actuating devices. PZT ceramics have very high Curie
temperature (~ 390 °C). Lead zinc niobate, Pb(Zn;;3Nb,3)O; or PZN, which exhibits a perovskite
structure and a Curie temperature of ~140 °C, is one of the most important relaxor ferroelectric
materials with a high dielectric constant and large electrostrictive coefficient. They have excellent
dielectric, piezoelectric and elastic properties suitable for wide range of practical applications [1-3].
Though the PZN-PZT based ceramics have excellent electrical properties, poor mechanical
properties such as fracture strength and toughness have been reported [4]. In some applications at
high power and high stress, mechanical properties of this material become critically important.
Recently, it is reported that the mechanical properties of structural ceramics can be improved by an
addition of second phase nanoparticles such as SiC and Al,O; [5]. It is therefore of interest to
explore the possibility of using Al,O; as both electrical properties modification with possible
mechanical properties benefit.

Thus, in this study 0.2Pb(Zn;sNb,;3)0;-0.8Pb(Zr 2 Ti;»)O; ceramics were prepared and the
influences of Al,O; addition on structure, and electrical properties of the ceramics were
investigated, which are especially important from the viewpoint of the development of practical
piezoelectric materials.

Experimental

The specimens studies were fabricated according to the formula: 0.2Pb(Zn;;3Nby;)Os-
0.8Pb(Zr /2 Ti12)O5+x wt% Al,Os, where x = 0.1, 0.3, 0.5, 0.7 and 0.9. Raw materials of PbO, ZrO,,
TiO,, ZnO, Nb,Os and Al,O3; with >99% purity were used to prepare samples by a conventional
mixed oxide process. The starting powders were mixed by zirconia ball media with isopropanal as a
medium in a polyethylene jar for 30 min via vibro-milling technique. The mixed slurry was dried
and calcined at 900 °C for 2 h. The calcined powders were ball-milled again with additives and
consolidated into disks of 12.5 mm diameter using isostatic pressing about 150 MPa. PbO-rich
atmosphere sintering of the ceramics was performed in a high-purity alumina crucible at 1200 °C
for 2 h. The crystal structure and symmetry of the sintered bodies were examined by X-ray
diffraction (XRD) and densities were measured by Archimedes method. Surface morphologies of
sintered ceramics were directly imaged, using scanning electron microscopy (SEM; JEOL JSM-
840A). Grain size was determined from SEM micrographs by a linear intercept method.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (ID: 202.28.27.3-11/05/09,10:24:08)
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For electrical properties characterizations, silver electrode (Dupont, QS 171) was printed on the
lapped surfaces. The electrode was fired at 850 °C for 45 min. The specimens were poled in
silicone oil at 150 °C by applying a DC field of 3 kV/mm for 30 min. The dielectric properties of the
sintered ceramics were studied as functions of both temperature and frequency with an automated
dielectric measurement system. The computer-controlled dielectric measurement system consists of
a precision LCR-meter (Hewlett Packard, model 4284A), a temperature chamber, and a computer
system. The capacitance and the dielectric loss tangent are determined over the temperature range
of 50 and 450 °C with the frequency ranging from 100 Hz to 100 kHz. The Curie temperature (7})
was determined by the temperature dependence of the dielectric constant at 1 kHz. The
piezoelectric constant (d33) was measured using a quasi-static piezoelectric ds; meter (Model ZJ-3d,
Institute of Acoustics Academic Sinica, China). The planar coupling coefficient (k,) and the
mechanical quality factor (Q.,) were determined by the resonance and anti-resonance technique [6]
using an impedance analyzer (Model HP4294A, Hewlett-Packard). Ferroelectric switching
measurements were made using a modified Sawyer-Tower circuit with a linear variable differential
transducer (LVDT) for strain measurement, DSP lock-in amplifier (SR830, Stanford Research),
high voltage power supply (TREK 609C-6, Trek), and computerized control and data acquisition.

Results and Discussion

Figure 1 shows the XRD patterns of Al,O3-doped 0.2Pb(Zn;;3Nby/3)03-0.8Pb(Zry,Ti12)O; ceramics
sintered at 1200 'C for 2 h. In these patterns, the crystal structure of the specimens is modified by
the addition of ALO;, as revealed by the evolution of (200) and (002) peaks. The perovskite
structure appears to change from coex1stmg with rhombohedral to purely tetragonal structure. Slight
shift in diffraction angle by doping AI*" ions indicates their substitution (solid solution) into the
lattice of PZN- PZT Al**ions are expected to substitute B-sites of the perovskite structure because
ionic radius of AI™*is closer to that of 2z Ti*", Zn** and Nb™" than that of Pb** [7].

é;
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IS | . D U Gomse 1 )
£ i
il e e L T IOR
oo xM...._./A\AM.__/\’L__/»H £
LA e e D 1 T
20 30 P 50 80
28 {degrees)

(a) undoped (b) 0.1 wt% (¢) 0.3 wt%

(d) 0.5 wt% (e) 0.7 wt% (f) 0.9 wt%

Figure 1. XRD patterns of Al,O3-doped Figure 2. SEM photographs of the surfaces of
PZN-PZT ceramics sintered at 1200 °C for 2 h.  Al;Os-doped PZN-PZT ceramics

Figure 2 shows SEM photographs of the surfaces of 0.2Pb(Zn;;3Nba;)03-0.8Pb(Zri/2Tii)0s
ceramics doped with 0.1-0.9 wt% A1L,O;. As shown in Fig. 2, the grain sizes of ceramics are
slightly increased with increasing amount of Al,O; addition. However, the SEM micrographs in
Fig. 2(e-f) show that a higher porosity level is observed when the amount of Al,O; is increased,
which indicates that the specimens are not sintered effectively. The above results are obviously
consistent with the change in the bulk density with ALO; content for AlLOs-doped
0.2Pb(Zn1/3Nb2/3)03-0.8Pb(Zry/2Ti12)O3 ceramics. It can be seen from Fig. 2 that Al ions are mainly
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accumulated at the grain boundaries [8]. Atkim er al. [9] reported that dopant ions were
concentrated at grain boundaries and took excess impurities by diffusion when grain boundaries
moved, which in turn reduced grain boundary mobility and size. These inferences are obviously
consistent with the changes mentioned above in the microstructures. The micrographs also show
that the grain size of the ceramics varies considerably.

The temperature dependences of the dielectric constant (g,) at 1 kHz for 0.2PZN-0.8PZT + x
wt% ALO3;, x =0, 0.1, 0.3, 0.5, 0.7 and 0.9 are plotted in Fig. 3. The observed broadening of the
dielectric peaks may be caused from decreasing of density of ceramics and higher porosity. The
variation of the Curie temperature (7) as a function of composition x is displayed, which shows an
increase in 7, with increasing Al,O; content. Thus, the Curie temperature of 0.2PZN-0.8PZT + x
wt% Al O3 system can be varied over a range of 340 and 360°C by controlling the content of A1,Os
addition in the system.
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Figure 3. The temperature dependences of Figure 4. , dielectric constant (g,), piezoelectric
the dielectric constant (g;) atl kHz constant (ds3), electromechanical coupling factor

(ky) and the mechanical quality factor (On,)

Figure 4 shows the changes in density, dielectric constant (g;), piezoelectric constant (ds3),
electromechanical coupling factor (4,) and the mechanical quality factor () as a function of the
amount of Al,O;3 addition. With addition of Al,Os, the density, ¢, k, and 53 rapidly decrease. It is
well known that the substitutions of acceptor dopant Al ions will lead to the creation of oxygen
vacancies, which pin the movement of the ferroelectric domain walls and result in a decrease of €,
k, and dss.  On the other hand, Q,, rapidly increases with increasing ALOs content.  These
observations are in good agreement with previous work by Kulascar er /. [10], which reported that
in the case of substitution of 3+ ions for B-sites of the perovskite structure, oxygen vacancies
produced by charge neutrality beyond solid solution limit lead to decrease in electromechanical
coupling factor, dielectric constant and electrical resistivity, and to increase in mechanical quality
factor. Hence, these results clearly indicate that increased AlO; would degrade piezoelectric
properties due to exceeding the solution limit of lattices [11].

The polarization-field (P—/) hysteresis loops of 0.2PZN-0.8PZT + x wt% ALO; ceramics are
shown in Fig. 6. The well-developed and fairly symmetric hysteresis loops with the field are
observed for all compositions. To further assess ferroelectric characteristics in Al,Os-modified
PZN-PZT ceramics, the ferroelectric parameters, i.e. the remnant polarization (#;) and the coercive
field (/.), have been extracted from the experimental data and given in Table IIl. It can be seen
clearly that P, P; and /-, decrease with an addition of Al,O; into the PZN-PZT composition [12].
Strain of specimens as function of the electric filed is shown in Fig. 7. Decreasing in strain and
coercive field with increasing Al,O;3 content is clearly observed. Finally, the decrease in 7, I, and
strain level with ALOs addition suggests the reduction of the polarization and strain that are
achieved during an electric field cycle. These quantities depend directly on the extent of domain
boundary motion [9].
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Figure 5. P-I hysteresis loops of Figure 6. Strain loops of 0.2PZN-0.8PZT
0.2PZN-0.8PZT + x wt% Al,O; ceramics + x wt% Al,O; ceramics
Summary

The structure and electrical properties of Al;Os;-doped 0.2Pb(Zn;;3Nby/3)03-0.8Pb(Zr 2 Ti 2)03
ceramic, which is the morphotropic phase boundary composition of the PZN-PZT system, are
investigated. The addition of ALO; transformed the crystal structure from coexisting with
rhombohedral to purely tetragonal structure. Furthermore, added Al,Os decreases &, ¢33 and &, but
increases Curie temperature and enhances the mechanical quality factor. The -/ and s-/ loops
demonstrate decreased P, strain level, and £, when addition of Al;O3; in PZN-PZT ceramic
systems.
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multilayer piezoelectric devices. Furthermore,
low temperature sintering can provide
advantages such as compatibility with low
temperature cofired ceramics (LTCC), the
reduction of energy consumption, and the
reduced PbQ volatilization.

Previously, various techniques were
employed to obtain the low temperature
sinterable PZT composition. The addition of
dopants, which improves solid-state sintering,
and the addition of oxides and compounds,
which have low melting points for liquid-
phase sintering are the most popular methods
[24]. The other processes such as sinteting in
an inert atmosphere followed by hot pressing
[5], use of fine starting powders [6] are not
generally used due to their expensive,
complicate and laborious procedure.

Some of the oxides and compounds that
have been used for assisting liquid-phase
sintering are BiFeO,+Ba(Cu W, O, [7],
Li,Co, Bi,0, CACO, [8], LiBiO, (melting
temperature of 700°C) [9], 4PbOB,O, [10],
B,O-B1,0,-CdO [4], and PO + CuO [11].
Lven though these techniques were able to

ohrain dense ceramics at low sintering
temperature, piezoelectric properties wete not
satisfactory enough to be used in industry. In
the initial and middle sintering stages, low
temperature sintering aids form a liquid phase
and promote densification, but i the final
sintering stage, additives enter into a lattice,
and eventually affect the dielectric and
piezoclectric properties.

Previously, we developed the Sb, Li and
Mn substituted Pb(Zr; T, )0, Pb(Zn, ,
NhM}O]-I’b(}\?i:(,,‘N b, O, ceramics with
excellent dielectric and piezoelecttic properties
when sintered at 1200°C  [12]. 'The aim of
this study was' to lower the sintering
temperature of this composition for
providing Ag or Cu cofiring compatible high-
power piezoelectric ceramics, aiming at
layered structure piezoelectric actuators and

205

transformer applications. We therefore
mnvestigated the effect of CuO and B1,O,
addition in the Sh, Li and Mn substituted
Pb(Zt, . Ti, ) O,-Pb(Zn Nb, )O,-Pb(Ni, ,

[ 1/% 2/%

Nb%)()‘ ceramics as a solution for low

temperature sinterable high power ceramics.

2. EXPERIMENTAL PROCEDURE

The specimens studied in this research
were fabricated according to the formula:
08Pb{Zr,  T3,)O, - 0.2Pb [0.7{0.7(Zn Ni, ), .

N, Sby ),5~0.3L4, (N Sby ), } — 0.3Ma, .
(Nb, Sb 3,1 O, +xwt% CuO + ywto B0,

called PZT-PZN-PNN based compositions,
where x=0.1~0.5; y= 0~0.5, respectively. Raw
materials of PhO, ZtQ), TiO,, Zn0O, NiO,
Nb,0,, $b,0,, Li,CO,, MnO,, CuO and
Bi,0, with >99% purity were used to prepare
samples by a conventional ceramic sintering
process. The obtained mixture was ball-milled
using zirconia ball media with isopropanal as
a medium in a polvethylene jar for 24 h. The
mixed slurry was dried and calcined at 750 °C
for 2 h. The calcined powders were ball-milled
again with additives and consolidated into
disks of 12.5 mm diameter and rectangular
plates using isostatic pressing about 150 MPa.
PbO-rich atmosphere sintering of the
ceramics was performed in a high-purity
alumina crucible at the temperature of
850-900°C. for 2 h. The crystal structure and
symmetry of the sintered bodies were
examined by X-ray diffraction (XRI)) and
sintered densities were measured by
the Archimedes method. Electrode (Dupont,
QS 171) was printed on the lapped surfaces
for electrode. The electrode specimens were
poled in silicone oil at 150 °C by applving
a d.e. field of 3kV/mm for 30min. The
piezoelectric constant {4, ) was measured using
a quasi static piezoelectric 4, meter {Model
7]-3d, Institute of Acoustics Academic Sinica,
Chinaj. 'The planar coupling coefficient &)
and the mechanical quality factor ()} wete
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determined by the resonance and anti- 3. RESULTS AND DISCUSSION
resonance technique using an impedance 3.1 Effect of CuQ Addition

analyzer (Model HP4294A, Hewlett-Packard, Initially, the effect of the addition of CuO

CA). All ceramics were characterized as on PZT-PZN-PNN based ceramics. The

described in Figure 1. sintering temperature of all the specimens was
I Raw materials i

I Ball milled 24 h with zirconia media in ethyl alcohiol ‘

i
I Calcined at 750°C for 2 hours l
1
l Ball milled 24h with sintering aids l
i
| Sinter at 850-900°C for 2 hours |
!
; XRD l l Density I IPiemckctrlc Propertiesl

Figure 1. Diagram of experimental procedure on ceramics.

8.0
—®-- sintering @ 850°C
754 | —®— sintering @ 875°C -
w - sintering i@ S00°C " S——
7.0 4 '

Density (g/em’)
§ @
(2.3
4

e A —
6.0 4 P ol =
55 A
50 ; ! J ' ’
0.0 01 02 03 04 65 08

wt% of CuO

Figure 2. Density in different sintering temperature in PZT-PZN-PNN based compositions
+ x wi% CuO ceramics.
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Figure 3. XRD patterns of the samples sintered 900°C for 2h in PZ1-PZN-PNN based

compositions + x wt% CuO  ceramics.

(e:

Figure 4. SEM images of the samples sintered at 900°C for 2h in PZ/T-PZN-PNN based
compositions + x wt%a CuQ) ceramics : (a) x=0.1, (b) x=0.2, (c) x=0.3 (d) x=0.4 and (¢) x=0.5.

B



selected with temperatures of 850°C, 875°C,
and 900°C, which is cofiring compatible
temperature for Ag and low temperature
cofired ceramics (LTCC) substrate. Density
in different sintering temperature is shown in
Figure 2.

Figure 3 shows the XRD patterns of the
samples sintered 900°C for 2h in PZ1-PZN-
PNN based compositions + x wt% CuO
ceramics It can be seen in Figure 3 that all
samples exhibit a perovskite structure, and that
there is no secondary phase until x=0.2
(any peak for secondary phase was not
detected in the range of 0.0-0.2). When x was

however, a composition for the second peak
was not clearly identified.

Figure 4 shows the SEM images of the
PZT-PZN-PNN based compositions + x
wt% CuO ceramics sintered at 900°C for 2h.
As the CuO addition amount increased, grain
growth happened whereas small grains
disappeared. This grain growth with CuQ
addition can be explained with liquid phase

sintering. Previously, we showed that the

Chiang Mai . Sci. 2009; 36(1)

addition of CuO can reduce the sintering
temperature of the Pb(Zt, T)O,-Pb(INi,Nb)O,
system by the formation of a liquid phase
[13]. Thus this liuid phase formation can also
be an explanation for the PZ1T-PZN-PNN
based compositions + x wt% CuQ ceramics.

Density, diclectric permittivity (€,,'/€),
clectromechanical coupling factor (%)
mechanical quality factor (¢ ) and piezoelectric
constant (d, ) were plotted as a function of
the amount of CuO addition in Figure 5.
‘I'he density was increased with the increase
of CuQO) contents approximately from 6.4 to
7.8 g/cm®. ‘This improvement of the density
might be related to the formation of the liuid
phase. Moreover, the variation of piezoelectric
and dielectric properties showed similar trend
to that of density. Therefore, the improved
piezoelectric and diclectric properties, which
were observed in the range of x>0.3, might
be due to the increased density as well as
increased grain size shown in Tigure 4. This
hardening effect that could be confirmed by
the enhancement of . value approximately
from 600 to 1200 as shown in Figure 5.

1200
1100 4 . =
< 1000 A
900 J 4053
800 3 e
o5
350 ; el
2 7 J 049
3 300 048
e
- o
250 —8 | 41200
Pt 41100 o,
- - 4 1000 e
— e Joop <
g8 7s4 e T 3 800
L - " e B —8 Y900
& 724 - G
2 69
>
8 664 e
a 634
T y T T T T
0.1 02 0.3 0.4 05

Amount of CuQ (Wt%)

Figure 5. Density, diclectric permittivity (€', /€ ), piezoclectric constant (d,,), electromechanical
coupling factor (K’P) and mechanical quality factor () of the specimens sintered at 900°C for
2h in PZT-PZN-PNN based compositions + x wt% CuQ ceramics.
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Therefore, Cuions could be expected to enter
B site and act as a hardener.

3.2 Effect of Bi,0, Addition

Bi,O, has low melting temperature (817°C)
and it was reported that Bi,O, can torm liquid
phase with ZnQO at approximartely 750°C.
Therefore, Bi O was added to PZT-PZN-
PNN based compositons + 0.5 wt% CuO
in order to further improve the piczoclectric
propertics of the specimens sintered at low
temperature. Density in different sintering
temperature is shown in Figure 6.

Figure 7 shows the XRD patterns of the
samples sintered 900°C for 2h in PZT-PZN-
PNN based compositions + 0.5 wt% CuO
+ y wt% Bi O, ceramics. It can be seen that
all the samples exhibit a perovskite structure.
The base composition (y=0) had a slight
tetragonal symmetry. The tetragonality of the
peaks was reduced until y=0.3; but it was

n
o

increased when the amount of Bi, O, addition
exceeded 0.3 wt%. ‘

Figure 8 shows the SEM images of the
PZT-PZN-PNN compositions
+ 0.5 wt”% CuO + y wt% Bi O, ceramics
sintered at 900°C tor 2 h. When the amount
of Bi,0, was more than 0.3 wt®o, the small

based

grains almost disappeared and average grain
size increased. Even though apparent liquid
phase formation was not observed in the
SEM images, Bi O, addition might induce
small amount of liquid phase and it could be
expected to help grain growth due to 1ts low
melting point.

Density, diclectric permittivity (€,,'/€,).
electromechanical coupling factor (k'),
mechanical quality factor (¢ ) and piezoclectric
constant (4,) of PZT-PZN-PNN based
compositions + 0.5 wte CuO +y wt* BLO,
ceramics sintered at 900°C for 2 h are plotted
as a function of the amount of Bi, O, addition

85
—o— sinteiing @ 860°C
—@— sintering @& 876°C
8.0 4 —y— sintering @ 900°C /
4 T
d’g 15 —"
g 7.0 4
= .—M /4
6.0 4 /
5-5 T T T T T T
0.0 Qo1 02 03 04 a5 08

Wit of Bi,0,

Figure 6. Density in different sintering tempetature in PZT-PZN-PNN based compositions

+ 0.5 wt% CuQ + y wt® Bi,O, ceramics.
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Figure 7. XRD patterns of the samples sintered 900°C for 2h in PZ'T-PZN-PNN based
compositions + 0.5 wt% CuQ) + y wt%o Bi,O, ceramics.

§30anrep€

Figure 8. SI:M images of the samples sintered ar 900°C for 2h in PZT-PZN-PNN bascd
compositions + 0.5 wt% CuO + y wt% Bi,0, ceramics : (a) y=0, (b) y=0.1, (c) y=0.3 and
(d) v=0.5.
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Figure 9. Density, dielectric permittivity (ETB,

/ B piezoelectric constant ({/53), electromechanical

coupling factor (#) and mechanical quality factor (¢, ) of the specimens sintered at 900°C for
2h in PZ/I-PZN-PNN based compositions + 0.5 wt% Cu() + y wto B1,0, ceramics.

in Tigure 9. When Bi,O, was added, density
was increased and this increased density
improved the diclectric and piczoclectric
properties as seen in I'igure 8. 'The density of
the specimens was improved when the
amount of Bi,(}, was added and this increase
might be due to the formation of liquid phase.
In addition, @ was decreased and €)' /e,
and 4, were increased with the amount of
Bi,0, addition in the range of 0.0<y<0.3.
Therefore, their variations could happen
because Biions entered A site, since they acted
as softener in this range. On the contrary, 9
exhibits a minimum profile at 0.3 wt% of
Bi,0, addition. Tn addition, g, /e, d, and
@, were increased with the amount of BL,O,
addition above 0.3 wt%. Thus, Bi ions might
actas both hardener and softener in this range
and their variations might be able to occur
because Bi ions entered B site and A site,
respectively.

o)

4. CONCLUSIONS

“The addition of CuQ decreases the sintering
temperature through the formaton of a liquid
phase. However, the piezoelectric properties
of the CuO-added ceramics sintered at below
900°C are lower than the desired values. The
additional Bi,O, results in a significant
improvement in the piczoelectric propetties.
Furthermore, at the sintering tempetature of
900°C., the electromechanical coupling factor
(k) , piczoclectric constant (d,)), mechanical
qulity factor (@) of PZI-PZN based
composition ceramics with 0.5 wi%o CuQO and
0.5 wto Bi,O, show the optimal value of
0.56, 350 pC/N and 1042, respectively.
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from Mn** to Mn** [1-6, 8-10]. Mn-ions are
well knnown to be effective in very small
amounts for improving the reliability of
ceramic capacitors. The enhanced properties
are expected to be due o the distribution of
Mn®*, Mn*, and Mn*" on B-sites. Mn
incorporated on the B sites would act as a
lower valent species on a higher valent site.
Accordingly, oxygen vacancies would be
created for charge compensation, imparting
polarization pinning and “hard™ charactetis-
tics, i.e., an increase in (0 value (12-14].

In this stady, in order to develop PZN-
PZT based ceramics for a piezoelectric trans
former application, we investigated the
influence of Mn()z addition on structure, and
electrical properties of (.2Ph(Zn, b, )0,
O‘SPb(Zr] -'sz:/z)Or« ceramics. The main
purpose of this study was to obtain ceramics
with higher &, kp and @ which are especially
important from the viewpoint of the develop-
ment of practical piezoelectric materials.

2. EXPERIMENTAL PROCEDURE

The specimens studied were fabricated
according to the formula: 0.2Pb(Zn, Nb, )
0O,-0.8Ph(Zr, X O, e wit% MO,
where = = 0.1, 0.3, 0.5, 0.7 and 0.9. Raw
materials of PbO, ZrO,, 11O, ZnO), Nb,O,
and MnO, with >99% purity were used to
prepare samples by a conventional mixed
oxide process. The starting powders were
mixed by zitconia ball media with isopropanal
as 2 medium in a polyethylene jar for 30 min
via vibro-milling technique. The mixed slhurr y
was dried and calcined at 900 °C for 2 h. The
calcined powders were ball-milled again with
additives and consolidated into disks of 12.5
mm diameter using isostatic pressing about
150 MPa. PbO-rich atmosphere sintering of
the ceramics was performed in a high purity
alumina crucible at 1200 °C for 2 h. The crystal
structure and symmetry of the sintered hodies

Chiang Mai J. Sci. 2009; 36(1)

were examined by X-ray diffraction (XRDD)
and densities were measured by Atchimedes
method. Surface morphologies of sintered
ceramics were directly imaged, using scanning
electron microscopy (SEM; JEOL JSM-
840A). Grain size was determined from SEM
micrographs by a linear intercept method.
For electrical properties characterizations,
silver electrode (Dupont, QS 171} was printed
on the lapped sutfaces. The electrode was fired
at 850 °C for 45 min. The specimens were
poled in silicone oil at 150 °C by applving a
DC field of 3 kV/mm for 30 min. The
dielectric properties of the sintered ceramics
were studied as functions of both temperature
and frequency with an automated dielectric
measurement system. 'I'he computer-controlled
dielectric measurement system consists of a
precision LLCR-meter {(Hewlett Packard, model
4284A), a temperature chamber, and a
computer system. The capacitance and the
dielectric loss tangent are determined over the
temperature range of 50 and 450 °C with the
frequency ranging from 100 Hz to 100 kHz.
The Curie temperature (I} was determined
by the temperature dependence of the
dielectric constant at 1 kHz. The piezoclectric

constant (4,,)

.} was measured using a quasi-

static piezocelectric 4, meter (Model Z] 3d,
Tnstitute of Acoustics Academic Sinica,
China). The planar coupling coefficient (kp)
and the mechanical quality factor (@ ) were
determined by the resonance and anti-
resonance technicue [15] using an impedance
analyzer {Model HP4294A, Hewletr-Packard).
Ferroelectric switching measurements were
made using a modified Sawyer-Tower circuit
with a linear variable differential transducer
(LVIXT) for strain measurement, DSP lock-
in amplifier (SR830, Stanford Reseatch),
high voltage power supply (TREK 609C-6,
Trek), and computerized control and dara
acquisition.

v
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3. RESULTS AND DISCUSSION

Perovskite phase formation, crystal
structure and lattice parameter were deter-
mined by XRD at room temperature. The
XRD patterns of 0.2Pb(Zn,, Nb, O, -
0.8Pb(Zr, Ti, )O,, with the addition of 0.0-
0.9 wt% MnQ, are shown in Figure 1, showing
the perovskite structure for all compositions.
‘The pyrochlore phase is not observed in this
system. In the XRD patterns, the crystal
structure of the specimens appears clearly to
change to rthombohedral side across MPB
with increasing amount of MnQO, around
0.5 wt%. It has been reported [(;,8] that
manganese coexists mainly in the Mn** and
Mn™* states, which entered into the perovskite
structure of BO, octahedron to substitute for
the B-site ion (e.g, Ti'*'and Zr*").

Figure 2 shows SEM photographs of the
sutfaces of 0.2Pb(Zn, ,Nb, )O,-0.8Pb({Zr,,
21,0, ceramics doped with 0.0-0.9 wit%
MnO,. As shown in Figs. 2(a-b), the grain sizes
of the ceramics are increased with increasing
amount of MnO, addition. The result is
similar to the result of Yu ¢7 4/ [16]. Further
increasing MnQO, content gives rise to an
inhomogeneous grain size. However, the SEM
micrographs in Figure 2{c-f) show that a
higher porosity level is observed when the
amount of MnQO, is increased [17]. The above
results are obviously consistent with the
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change in the bulk density with MnO, content
for Mn-doped 0.2Pb{Zn,  Nb, 10, -0.8Ph
(\Zr'l/.!Ti'J
from Figure 2 that the ceramics have high

,»O, ceramics. Tt can clearly be seen

densities in the MnO, addition range of 0.0-
0.5 wt%. It is believed that manganese ions
are mainly incorporated into the lattice, but
if the addition is above 0.5 wt%, manganese
ions will accumulate at the grain houndaries
[14]. These inferences are obviously consistent
with the changes mentioned above in the
microstructures. The micrographs also show
that the grain size of the ceramics varies
considerably, as listed in Table 1.

The temperature and frequency depen
dences of the dielectric constant () and
dielectric loss tangent (tan &) for 0.2PZN—
0.8PZT + x wi% MnO,, x = 0, 0.1, 0.3, 0.5,
0.7 and 0.9 are shown in Figure 3. The
maximum dielectric constant at 1 kHz €, @
1 kHz;} is listed in Table 2. Dielectric behaviors
show strong increase of frequency-dependence
on dielectric constant and dielectric loss with
increasing amount of MnQ . It may be caused
from oxygen vacancies and conducting
regions near grain boundaries [18] when
increasing MnQO,.  The variation of the Curie
temperature (T') as a function of composition
x 1s plotted in Figure 4. The Curie
temperature of 0.2PZN-0.8PZT + x wt%
MnO, system can be varied over a wide range

Table 1. Physical properties of 0.2PZN-0.8PZT + x wi% MnQO, ceramics.

x | Density (g/cm’) | Grain size range(im) | Average grain size (um)
0 7.826 0.5-2.0 1.726

0.1 7.849 1.5-6.0 4.131

0.3 7.897 1.0-3.0 2.991

0.5 8.028 0.5-20 2.116

0.7 7718 - -

0.9 7.653 -

=55 =
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Table 2. Dielectric and piezoelectric properties of 0.2PZN-0.8PZT + x-wt%s MnQ), ceramics.

Dielectric propertieg Dielectric propertied 5 i ’
bl prop Piezoelectric properties

x | T.(C) | (a125°C,1kHz) @t T,,)
£ tand € tand du(pC/ N) & Q,
0 339.7 1575 0.0249 21047 0.0420 430 0.583 90
0.1 334.2 1155 0.0436 17784 | 0.1181 365 0.564 356
0.3 326.5 1100 0.0464 19102 | 0.1241 320 0.551 735

0.5 323.4 1086 0.0440 18220 | 0.1454 305 0.532 1413

0.7 318.7 1020 0.0368 21178 | 0.1354 263 0.48 1260
0.9 311 948 0.0438 21389 | 0.1762 257 0.44 1080

Table 3. Terroclectric and strain propertics of 0.2PZN-0.8PZT + x wt% MnQ), ccramics

o Ferroelectric properties (at 25 °C) Loopilusrcnes (R)| Strain %@ 4MV/m
P (C/m* |P (C/m?) | E.(MV/m)
0 0.287 0.300 1.97 1.483 0278
0.1 0.224 0.233 2.18 1.488 0.231
0.3 0.208 0.213 2317 1712 0.188
0.5 0.147 0.175 1.94 1.024 0.162
0.7 0.089 0.126 1.63 0.811 0.134
0.9 0.077 0.111 1.75 0.811 0.115

intensity (a.u.)

2u (degrees)

Figure 1. XRD patterns of the samples sintered at 1200°C for 2h of 0.2PZN-0.8PZ1 + x
wto MnO, ceramics: (a) & =0, (b) x =0.1, () x =0.3, (d) x =0.5, (¢) » =0.7 and () ~=0.9.

-36.-
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: ¢ 1‘)

Figure 2. SEM images of the specimens sintered surface of 0.2PZN-0.8PZ1 + xwt%o MnQO,

ceramics at 1200°C for 2h; (a) x =0, (b) x =0.1, (¢) 2 =0.3, (d) x =0.5, (

from 310 to 340 °C by controlling the addition

of MnO, content in the system. 'L'he results

indicate a rapid decrease in ‘" with an increase
in MnO, content over the range from 0.0 to
0.9 wt%.

Density, diclectric constant (€), clectro-
mechanical coupling factor (ltzp), mechanical
quality factor and piezoelectric constant (4,,)
are plotted as a function of amount of MnO,
addition in Figurc 5. When the amount of
MnO, is lower than 0.5 wt%, density slightly
increas

However, € , £ and 4 show

s
decreasing trends with increasing MnQO
content. When the amount of MnQ), is lower

than 0.5 wt%, & and 4, arc rapidly decreased
’ )

L7

x=0.7and (£) x=0.9.

with increasing MnQ), content. It is well
known that the substitutions of acceptor
dopant Mn ions will lead to the creation of
(;xygcn vacancies, which pin the movement
of the ferroclectric domain walls and result
in a decrease of €, kp and 4, | 11,19]. 'The
mcchanical quality factor (:Q‘\\\/\ increascs
rapidly with increasing MnO, content [4]. The
acceptor dopant of MnO, improves
signiticantly. The highest value ) (~1413)
ate obtained in the ceramics with MnO),
amounts of 0.5 wt%. Further addition of
MnO, above 0.5 wt® leads to a slightly
decrease in the value of ¢ | which may be
mainly attributable to non-uniformity of the
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Figure 3. Temperature and frequency dependence of dielectric properties of 0.2PZN--0.8PZT

0/

+ xwt%
=0.7 and (f) ~ =0.9.

microstructure, as shown in Figure 2.

‘The polarization-field (P-E) hysteresis
loops of 0.2PZN-0.8PZT + x wt% MnO,
ceramics ate shown in Figure 6. The well-
developed and faitly symmetric hysteresis

loops with the field are observed for all
terroelectric

compositions. To further ass

MnO, ceramics at 1200°C for 2h; (a) x =0, (b) x =0.1, (c) ¥ =0.3, {d) x =0.5, () x

characteristics in MnO,-modified PZN-PZT
ceramics, the ferroelectric parameters, i.e. the

remnant polarization (P ) and the coercive field
(E), have been extracted from the
experimental data and given in Table 3. It
can be seen that Pand P_decrease with an

addition of MnO, into the PZN-PZT

=88 =
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Polarization (C/m®)

—#— Undoped
U1
e 13 et

-
@ 0.7
g 0.9 7% MG,

Figure 6. Polarization and clectric field (P-T5) loops of 0.2PZN-0.8PZ1T + x wt% MnQ,
ceramics.

Strain (%)
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e 0.1 W% MO,
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Figure 7. Strain and clectric field (s-I) loops of 0.2PZN=0.8PZT + x wt MnQ), ceramics.
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composition, while E_increases to the
maximum at x = 0.3 wt%. The ferroelectric
characteristics can also be assessed with the
hysteresis loop squareness (R_ P which can be
calculated from the unpmul expression
R‘ =(P [ PyLAas /P), where P is the
remnant polarization, P is the saturated
polarization obtained at some finite field
strength below the dielecttic breakdown and
P, 5. is the polarization at the field equal to
L1E_[20]. Fot the ideal square loop, h 1s
eq\nl to 2.00. As listed in Table 3, the R]
parameter increases from 1.483 in x = 0 to
reach the maximum value of 1.712 in % = 0.3.
Further addition of MnO, above 0.3 wt%
leads 1o a decrease in the R parameter, which
is mainly attributable to non-uniformity of
the microstructure, as shown in Figure 2. The
longitudinal strain () of the specimens as a
function of the electric field is shown in
Figure 7. The strains are degraded markedly
when MnO, content is increased, as listed in
Table 3. fllt\t results (decreased I‘ and strain
level but increased ) clearly indicate the
“hard” characteristics \Vllh addition of MnQ),
mainly caused by Mn ions substitution in B-
site leads to the creation of oxygen vacancices,
which pin the movement of the ferroelectric
domain walls.

4. CONCLUSIONS

The structure and electrical properties of
MnQO, doped 0.2Pb{Zn, , Nb, 30,-0.8Pb
(Zr,,Ti, )O, ceramic, Wh)ch is the MPB
cumpuam(m of the PZN-PZT system, are
investigated. ‘The addition of MnO, content
transforms the crystal structure to
rhombohedral side. Furthermore, MnQO,
additon decreases the Curie temperature, €,
d,,and 1:[‘, but enhances the mechanical quality
factor. The P-E and s-E loops demonstrate
decreased P and strain level with increased
E_with addition of MnO,. These results
(Jcarly show the hardcmngmﬂuence of MnO,

e

n the PZN-PZT system.
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ABSTRACT

Zinc niobate, ZnNb,Oy, nanopowders was synthesized by a solid-state reaction via a rapid
vibro-milling technique. The effect of milling time on the phase formation and particle size of
ZnNb,O4, powder was investigated. The formation of the ZnNb,O; phase investigated as a function
of calcination conditions by DTA and XRD. The particle size distribution of the calcined powders
was determined by laser diffraction technique, while morphology, crystal structure and phase
composition were determined via a SEM techniques. In addition, by employing an appropriate
choice of milling time, a narrow particle size distribution curve was also observed.

INTRODUCTION

Zinc niobate (ZnNb,Og, ZN ) is one of the binary niobate compounds which exhibits excellent
dielectric properties at microwave frequencies [1-2]. It has very low loss and high dielectric
constant and is a promising candidate for application in microwave devices[3-4]. Moreover, the
columbite-structured ZnNb,O is well known as an attractive B-site precursor for the preparation of
lead zinc niobate (Pb(Zn3Nb,;3)0; or PZN)-based ferroelectric ceramics used for high performance
electromechanical actuators and transducers and piezoelectric ultrasonic motors [5-7]. This is
significant because it is very difficult to synthesize those compounds via the conventional
solid-state reaction process using oxides as starting materials [8-10]. In the past, ZnNb,O,, powders
were usually prepared by a solid-state reaction process [11-13]. Recent work by Vittayakorn er. al.
[14] has also shown promise in producing pure phase columbite ZN powders with the conventional
mixed-oxide ball milling method technique that used very long heat treatments at ~950-1350 °C for
4h, while Ngamjarurojana er. al.[15] has successfully synthesized ZN powders via a rapid
vibro-milling technique, which have been developed as alternatives to the conventional solid-state
reaction of mixed oxides. These techniques are aimed at reducing the temperature of preparation of
the compound by mixed oxide route.

Therefore, the main purpose of this work is to explore a simple mixed oxide synthetic route for the
production of ZnNb,Os (ZN) powders via a rapid vibro-milling technique and to perform milling
time, which calcined at 600 °C for 2 h with heating/cooling rates 5 °C/min, on the phase formation
and particle size of ZnNb,O,, powder was investigated.

EXPERIMENTAL

In this study, starting materials were commercially available zinc oxide, ZnO (Fluka Chemical,
99.9% purity) and niobium oxide, Nb,Os (Aldrich, 99.9% purity). ZnNb,Os powders were
synthesized by the solid-state reaction of these raw materials. Ground mixtures of the powders were
required with stoichiometric ratio of ZnO and Nb,Os powders. A McCrone vibro-milling technique

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (ID: 202.28.27.3-30/07/09,04:37:08)
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was employed in order to combine mixing capacity with a significant time saving. The milling
operation was carried out in isopropanal. High purity corundum cylindrical media were used as the
milling media. After varied vibro-milling from 0.5- 25 h. and drying at 120 °C, the mixture was
calcined at 600 °C for 2 h with heating/cooling rates 5 °C/min[13] in alumina crucible to investigate
the phase formation behavior of ZN powders. Calcined powders were subsequently examined by
room temperature X-ray diffraction (XRD; Siemens-D500 diffractrometer) using Ni-filtered CuK,,
radiation to identify the phases formed for the ZN powders. Powder morphologies and particle sizes
were directly imaged using scanning electron microscopy (SEM; JEOL JSM-840A). The particle
size distributions of the powders were determined by laser diffraction technique (Zetasizer Nano;
Malvern Particle Size).

RESULTS AND DISCUSSION

All calcined powders in together different vibro-milling time as shown in Fig. 1. It can be noticed
that all conditions is pure phase of ZnNb,Os which are matched in JCPDS file number 30-0873.

ZnNb_O, JCPDS file no. 76-1827
ke 2 [
[,[ Vibro- m.umg 25h.
- ._._..JW_‘M,.J S O SR W S S o, SRR
Vibro-miliing 20h.
b’ \MWJ!WXW%-M“%
| Vibro-milling 15h.
= A it A
= [ B \..._._.,,A/;‘UMM_.JJ\MA**,,\JW\._MAM'NL‘._»M
& [11 Vibro-milling 10h.
% A W,.,J) LA IR i AR R AN ]
g Vibro-milling 7.5h.
= ‘__.,._J s __._,,.J \ e e A RN i)
Vibro-milling 5h.
\
| s,m“,,,)f P L o E—
i Vibro-milling 2.5h.
[ T !\WMM\.,MM,\M“W
J Vibro-milling 1h.
_,....4 L LSS, SR ST SRS L S0 S, PR
| Vibro-milling 0.5 h.
_ﬂ.__.J\_.._..mx J;_MM.__A_,M_N_MM.A. I
T T ¥ .
20 30 40 50 60

20(degrees)

Fig. 1 XRD patterns of the ZN powders calcined at 600 °C for 2 h with
heating/cooling rates 5 °C/min with various milling times.

Fig. 2 shows the morphological evolution of all samples as a function of milling times. In general,
the particles are agglomerated and basically irregular in shape, with a substantial variation in
particle sizes. By increasing the milling time from 0.5 h to 25 h, the particle size of the ZN powder
almost similar in size and shape. This is probably due to the effectiveness of vibro-milling and
carefully optimized reaction. It is also of interest to point out that larger particle size was obtained
for the milling time longer than 10 h. This observation may be attribute to the occurrence of hard
agglomeration with strong inter-particle bond within each aggregates resulting from high energy of
too long milling time process.

The effect of milling time on particle size distribution was found to be quite significant as shown in
Fig 3. After milling times of 0.5-7.5 h, the powders have similar particle size distribution behavior.
They exhibit a single peak covering the size ranging from 0.3 — 0.8 um. By increasing the milling
time to 10 h, a uniform particle size distribution with a much lower degree of particle agglomeration
was found. However, upon further increasing of milling time up to 25h, a
distribution curve with peak broadening between 0.2 — 1 um was observed. This may be attribute to
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the formation of hard and large agglomeration found in the SEM results. In this work, it is seen that
the optimum milling time for the production of smallest nanosized and high purity ZN powder was
found to be at 10 h. Variations in these data may be attributed mainly to the formation of hard and
large agglomerations found in the SEM results.
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Fig. 3 Particle size distribution curves of the calcined ZN powders with various milling times.
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CONCLUSIONS

The effect of milling times on phase formation, particle size and particle size distribution of
perovskite zinc niobate synthesized by the solid-state reaction via a rapid vibro-milling technique
was investigated. The resulting ZN nano-sized powders consist of a variety of agglomerate particle
size, depending on milling times.
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In this work, the selected compositions of a combination between perovskite piezo-
electric ceramics lead zinc niobate (PZN) and lead zirconate titanate (PZT). close to
the morphotropic phase boundary (MPB) i.e. the 0.2PZN-0.8PZI. doped with MnO,
concentrations of 0.0-0.9 wt'%e were fabricated by a simple solid-state reaction and a
pressureless sintering techniques. X-ray diffraction (XRD) spectra from these materi-
als reveal transformation of the tetragonal into the rhombohedral structure. The local
structure of Mn was analyzed by mean of synchrotron extended X-ray absorption fine
structure (EXAFS) measurements at the Mn K-edge. The correlation between the struc-
tural changes and the Mn content was analyzed and compared. The EXAIS analysis
indicates that Mn ions should occupy the B-sites in PZN-PZT structure and plays a
critical role for the hard ferroelectric behavior of the materials.

Keywords Piezoceramics: perovskite: EXAES; X-ray diffraction

1. Introduction

Tead-based complex perovskite piezoceramics with general formula Ph(B.B)Os such
as PZN, PZT and their solid-solutions close to the MPB are very attractive for sensor,
transducer and actuator applications [1-3]. This is because of their low firing temperature
and excellent piezoelectric properties. It has been widely proposed that these important
properties strongly depend on the rotations and distortions of the BOg octahedra [1, 2].
Manganese oxide is one of the key effective dopants for lead-based perovskite piezoce-
ramics to exhibit hard ferroelectric behavior [4-6). Because of ditferent valence of Mn and
B-site ions, an enhancement in the Mn/B-site ions ratio may increase the vacancy concen-
tration, forming acceptor-type defects and/or etc. In our previous work [7], the structure

Received August 23, 2009 in final form October 9, 2009.
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It was found that with the addition of Mn0,, Curie temperature, the piczoelectric constant
and electromechanical coupling factor were slightly decreased, but the mechanical quality
factor was significantly enhanced. However, so [ar, the nature of the hard ferroclectric re-
sponse and the site preference of Mn in these complex perovskite materials are still unclear
[4-7]. Additionally, these previous investigation on Mn-doped PZT-based ceramics has
also assumed that Mn ions sit in B-site [4-7]. Interestingly, so far, there has been no direct
experimental determination of Mn-site in these materials. Thus, in this work, a combina-
tion of X-ray diffraction (XRD) and synchrotron extended X-ray absorption fine structure
(EXAFS) experiments [8, 9], which is proven to be a powerful technique for resolving the
local structure surrounding a particular (absorbing) atom, was performed on the Mn-doped
PZN-PZT system in order (o determine the local structure around Mn ions.

2. Experimental

The selected samples studied were fabricated according to the formula 0.2Pb(Zn;;3Nbss3)
03.0.8Pb(Zr 2 Ti15)O03 + x wi% MnO,, where x = 0.0 (o 0.9 by a simple mixed-oxide
method as detail described elsewhere [7]. Starting materials of PbO, ZnO, Nb,Os, ZrO,,
TiO,, and MnO, with >99% purity were vibro-milled with zirconia media in isopropanal
for 30 min. After drying, the powders were calcined at 900°C for 2 h. The calcined PZN-
PZT powders were vibro-milled with MnO, additive and PVA binder for 30 min, pressed
into pellets and fired at 500°C for 1 h to climinate the PVA, followed by sintering with PbO-
rich atmosphere inside scaled alumina crucible at 1200°C for 2 h [7]. Phase identification
of the samples was performed by XRD and densities were measured by Archimedes
method. The synchrotron EXAFS measurement was performed in the transmission mode
at the X-ray absorption spectroscopy beamline (BL-8) of the Siam photon source (clectron
energy of 1.2 GeV), Synchrotron Light Research Institute (Public Organization), Thailand
(Fig. 1). The spectra were collected at ambient temperature with a Ge(111) double crystal

- |
lon Chamber [l Sample Chamber [

E

Figure 1. EXAF experimental sct-up at BL8, SPS.
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monochromator and recorded after performing an energy calibration. To increase the count
rate, the ionization chamber was filled with Ar gas. The storage ring was running at an
energy of 1.2 GeV with electron currents between 80 mA and 30 mA.

3. Results and Discussion

The XRD patterns of 0.2Pb(Zny;3Nb,/3)03_0.8Pb(Zr 5, Tio.45)03 ceramics at different Mn
concentrations are shown in Fig. 2. In general, the strongest reflections apparent in the
majority of these XRD patterns indicate the formation of the pure perovskite phase for
all compositions. It should be noted that no evidence of the pyrochlore-type compounds
[10, 11] was found in this study, nor was there any indication of the unreacted precursors
[12] being present. This is possibly due to uses of different processing methods. In those
either works, a conventional ball-milling was employed, while the rapid vibro-milling used
in this present study results in finer powders with apparently more reactivity, hence the
pure perovskite phase is formed more easily. Furthermore, the effective suppression of
PbO volatilazion commonly found for lead-based perovskite ceramics during high firing
temperature [1, 2] was also achieved with the designed sample arrangement for the sintering
scheme [7] The undoped PZN-PZT ceramics were characterized as tetragonal phase which
isindicated by the splitting of (002)r and (200)r peaks in the 26 range from 43 to45°, similar
to the reported by Hou ef al. [13] and Yang et al. [14]. It is noticed that a small amount
of thombohedral phase is also present with increasing Mn substitution with a complete
transformation to rhombohedral phase (revealed by the single (202)g peak) when x reaches
0.5 wt%). This is similar to the circumstance of PZN (thombohedral phase) addition on
PZT system earlier reported by Lee et al. [11]. In addition, the effect of Mn on the shift
of MPB toward the rhombohedral phase region in the similar system of Mn-doped PZT
ceramics was also observed by Kim and Yoon [6]. It is believed that manganese ions are
mainly incorporated into the lattice, but if the addition is above 0.5 wt%, manganese ions
will accumulate at the grain boundaries [S]. It has been reported that manganese coexists
mainly in the Mn?* and Mn** states, which entered into the perovskite structure of BOg
octahedron to substitute for the B-site ion (e.g. Ti*t and Zr*+).

The MPB composition range has believed to be quite narrow, but in practice the MPB
has a wide range of compositions over which the tetragonal and rhombohedral phases
coexist in ceramics. Since all properties take extreme values near MPB, the width of the
MPB has been investigated by many workers and found to be related to the heterogeneous
distribution of Zr*+ and Ti** cations on the B-site of perovskite lattice [5, 6]. By means
of XRD, the co-existence of the two phases over a range of compositions around the MPB
was demonstrated in this work. The smaller ionic radius of Mn** ion (0.053 nm) compared
with that of the B-site ions (either Zn>* (0.083 nm), Nb™* (0.069 nm), Zr** (0.082 nm) or
Ti** (0.064 nm) [1, 15] leads to the reductions in the lattice constants (and tetragonality)
in Mn-doped PZN-PZT ceramics. However, the information on site preference of Mn in
PZN-PZT perovskite structure cannot be retrieved directly from the XRD analysis alone.
The EXAFS analysis was then employed to further study the local structure of Mn in the
PZN-PZT-based lattice.

Figure 3 show the Mn K edge and Fourier transforms for the EXAFS spectra with
possible bonding information identified and local structure of Mn-doped 0.2PZN-0.8PZT
ceramics. The Fourier transform is a complex function of distance R, the amplitude of
which is denoted by the real function p(R). The position of peaks in p(R) is related to
bond distances between the Mn ion and neighboring ions while the height of each peak
is proportional to the number of neighbors. The bond lengths and coordination numbers
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Figure 3. (a) Mn K edge spectra of MnO, doped 0.2PZN-0.8PZT ceramics, (b) Fourier transforms
of the EXAFS spectra for MnO, doped 0.2PZN-0.8PZT ceramics (peaks are designed with possible
bonding) and (¢) Possible local structure for Mn-doped 0.2PZN-0.8PZT ceramics. (See Color Plate
XXX)
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Figure 3. (Continued)

cannot, however, be read directly from p(R). In order to determine the bond lengths and
coordination numbers, the k-dependent amplitude and phase corrections must be made
to the EXAFS signal. For example, prior to the phase correction, the peaks in p(R) are
basically smaller than the corresponding bond lengths by ~0.5 A [9]. Interestingly, the
location of Mn within PZN-PZT unit cell can be resolved without making phase and
amplitude corrections. As shown in Fig. 3, by simply comparing the raw Fouricr transform
for different Mn contents (0.1-0.9 wt%), there is no observable change in peak positions,
particularly for the first main peak. The coincidence of the main peaks is evidence that no
change in the location of the majority of Mn ions occurs with increasing Mn concentration.
Furthermore, the location of Mn appears to be unaffected by the presence of 0.9 wi%
MnO. It should be noted that a similar Fourier transform of EXAFS spectra for Mn doped
PZN-PZT in this study, Mn doped PZT reported by Cherdhirunkorn ef al. [9] and PZN,
PZT perovksite established by Chen [16] is observed. The results indicate the site of Mn
atom at B(Zn,Nb,Zr,Ti)-site in the PZN-PZT unit cell. Since the peak position indicates the
bond distance between Mn and its neighbors or the location of Mn within the PZN-PZT unit
cell, the unit cell of Mn-doped PZN-PZT can be extracted from the peak positions in the
Fourier transform of EXAFS spectra shown in Fig. 3. According to the simulation EXAFS
for Mn-doped PZT established by Cherdhirunkorn et al. [9], similar information can be
extracted from the Fourier transforms of the EXAFS spectra from Mn-doped PZN-PZT
observed in this work. It is very interesting to observe similar EXAFS signatures between
the Mn-B-site curve where the first main peak occurring at ~1.25 A (due to the six nearest
oxygen atoms), while the second peak at ~3.2 A is attributed to the nearest Pb atoms.
Furthermore by comparing the results shown in Fig. 3 and Ref. [16], it is evident that the
peaks are well consistent with a simulation of EXAFS that assumes Mn occupies the B-site
but the minority A-site occupation cannot be ruled out.
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135 4. Conclusions
136 A combination of X-ray diffraction and synchrotron extended X-ray absorption fine struc-
137 ture experiments is performed on Mn-doped 0.2Pb(Zny,3Nby3)03_0.8Pb(Zr; Tiy)O3. The
138 transformation of the tetragonal into the rhombohedral structure with increasing Mn con-
139 tent was revealed by XRD technique. The EXAFS analysis indicates that Mn ions should
140 occupy the B(Zn, Nb, Zr, Ti)-sites in PZN-PZT structure and plays a critical role for the
141  hard ferroelectric behavior of the materials.
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