selected with temperatures of 850°C, 875°C,
and 900°C, which is cofiring compatible
temperature for Ag and low temperature
cofired ceramics (ILTCC) 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 PZT-PZN-
PNN based compositions + x wt% Cu(
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
over (.3, second phase peak was observed,
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
wit? Cul) ceramics sintered at 900°C for Zh.
As the CuO addition amount increased, grain
growth happened whereas small grains
disappeared. This grain growth with CuO
addition ean be explained with liquid phase
sintering. Previously, we showed that the
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addition of CuO can reduce the sintering
temperature of the Ph(Zr,TH O -Ph(NiNb)O,
system by the formation of a liquid phase
[13]. Thus this liquid phase formation can also
be an explanation for the PZT-PZN-PNN
based compositions + x wt% CuQ) ceramics.

Density, dielectric permittivity (£..'/€ ),
clectromechanical coupling factor (kP),
mechanical quality factor (¢, ) and piezoelectric
constant (d,.) were plotted as a function of
the amount of CuO addition in Figure 5.
The density was increased with the increase
of CuO contents approximately from 6.4 to
7.8 g/em®. This improvement of the density
might be related to the formation of the liquid
phase. Moreover, the variation of piezoelectric
and dielectric properties showed similar trend
to that of density. Therefore, the improved
piezoelectric and dielectric 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 Figure 4. This
hardening effect that could be confirmed by
the enhancement of O value approximately
from 600 to 1200 as shown in Figure 5.
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Figure 5. Density, diclectric permirivity (€7, /€ ), piezoclectric constant (d,,), electromechanical
coupling factor (%) and mechanical quality factor (€ ) of the specimens sintered at 900°C for
2h in PZT-PZN-PNN based compositions + x wt% CuO ceramics.
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Therefore, Caions could be expected to enter
B site and act as a hardener.

3.2 Effect of Bi,O, Addition

Bi,0, has low melting temperature (817°C)
and it was reported that Bi, O, can form liquid
phase with ZnO at approximately 750°C.
Therefore, Bi,0, was added to PZT-PZN-
PNN based compositions + 0.5 wi% CuO
in order to further improve the piezoelectric
properties 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 PZAT-PZN-
PNN based compositions + 0.5 wt% CuO
+y wt% BizoJ ceramics. It can be seen that
all the samples exhibit a perovskite structure.
The base compaosition (y=(0) had a slight
tetragonal symmetry. The tetragonality of the

peaks was reduced until y=0.3; but it was

un
w

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

Figure 8 shows the SEM images of the
PZT-PZN-PNN based compositions
+ 0.5 wt% CuO + y we% Bi,0, ceramies
sintered at 900°C for 2 h. When the amount
of Bi,0, was more than 0.3 wt%, the small
grains almost disappeared and average grain
size increased. Even though apparent liquid
phase formation was not observed in the
SEM images, Bi,0, addition might induce
small amount of liquid phase and it could be
expected to help grain growth due to its low
melting point.

Density, dielectric permittivity (€,,"/€,),
clectromechanical coupling factor (,ép),
mechanical quality factor (Qﬂ) and piezoelectric
constant (d,,} of PZT-PZN-PNN based
compositions + 0.5 wt% CuO + y wt% Bi,0,
ceramics sintered at 900°C for 2 h are plotted
as a function of the amount of Bi,O, addition

85

—&— sintering @ 650°C

—&— sintoring @ 876°C
8.0 —y— sintering @ 900°C ;//4
75 '/’_'_’—/—'7"

Density (g/em’)
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" /
55 T T T ¥ T T
00 a1 02 03 o4 05 08
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Figure 6. Density in different sintering temperature in PAT-PZN-PNN based compositions

+ 0.5 wt% CuO + y wt Bi O, ceramics.
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Sintering temp, 900°C
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Figure 7. XRD patterns of the samples sintered 900°C for 2h in PZT-PZN-PNN based
compositions + 0.5 wt% CuO + y wt% Bi,0, ceramics.
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Figure 8. SEM images of the samples sintered at 900°C for 2h in PZT-PZN-PNN hased

compositions + (1.5 wt% CuO + y wi% Bi, O, ceramics : (a) y=0, (b) y=0.1, (¢) y=0.3 and
(d) y=0.5.
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Figure 9. Density, dielectric permittivity (€7,,/€,), piezoelectric constant (d, ), electromechanical
coupling factor (;EP) and mechanical quality factor () of the specimens sintered at 900°C for
2h in PZT-PZN-PNN based compositions + 0.5 wt% CuO + y wt% Bi O, ceramics.

in Figure 9. When Bi,0, was added, density
was increased and this increased density
improved the dielectric and piezoelectric
properties as seen in Figure 8. The density of
the specimens was improved when the
amount of Bi,00, was added and this increase
might be due to the formation of liquid phase.
In addition, Q... was decreased and S_UT/SO
and d, 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, O
exhibits a minimum profile at 0.3 wt% of
Bi,O, addition. In addition, £,./€, d,, and
£ were increased with the amount of B1,0O,
addition above 0.3 wt%. Thus, Bi ions might
act as 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.
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4. CONCLUSIONS

Theaddition of CuO decreases the sintering
temperature through the formation of a liquid
phase. IHowever, the piezoelectric properties
of the CuO-added ceramics sintered at below
900°C are lower than the desited values. The
additional Bi,0, results in a significant
improvement in the piezoclectric properties.
Furthermore, at the sintering temperature of
900°C, the electromechanical coupling factor
(k) , piezoelectric constant (d, ), mechanical
qulity factor (@) of PZT-PZN based
composition ceramics with 0.5 wt% CuO and
0.5 wt% Bi,0, show the optimal value of
0.56, 350 pC/N and 1042, respectively.

5. ACKNOWLEDGEMENTS

This work was supported by the
Synchrotron Light Research Institute (Public
Organization) SLRI, the Thailand Research
Fund (TRF), the Commission on Higher



58

Education (CHE), and the Faculty of Science,
Chiang Mai University. Thank are also
extended to Kenji Uchino, ICAT, Penn State
for helpful discussion and use of facility during
a visit.

REFERENCES

[1] Uchino K., and Ginlewicz [.R., Mioro-
meechatronics, Marcel Dekker, New York,
2003.

[2] Takahashi S., Sintering Pb(Zr,Ti)O,
Ceramics at Low Temperature, fpa. J.
Appl. Phys., 1980; 19: 771-771.

[3] Lucuta P.G., Constantinescu I, and Barb
D., Structural Dependence on Sintering
Temperature of Lead Zirconate-Titanate
Solid Solutions, [. Am. Ceran. Soc., 1985;

£9. £22 £27
[ ek X Sk N

[4] Zhilun G., Longtu L., Suhua G, and
Xisowen Z., Low-Temperature Sintering
of Lead-Based Piezoelectric Ceramics,
J Ane. Coram. Soc, 1989; 72: 486-491.

[5] Patel NI, and Nicholson P8, Comparison
of piezoelectric properties of hot-pressed
and sintered PZT, Am. Ceram. Sor. Bull,
1986 65: T83-787.

[6] Yamamoto T., Oprimum Preparation
Methods for Piezoelectric Ceramics. and
Their Evaluation, Am. Ceram. Sor. Brlf,
1992; 71: 978-985.

[7] Kaneko S., Dong D)., and Murakami K.,
Effect of Simultaneous Addition of
BiFeQ), and Ba{Cu ;W )0, on Lowering
of Sintering Temperature of Ph{Zr,THO,
Ceramics, [ Aw. Ceram. Sor, 1998; 68:
1013-1018.

Chiang Mai |- Sei. 2000; 36(13

8] Wang X., Murakami K., and Kaneko §.,
High-Performance PbZn  Sb, O -
PbNi, ,Te, ,0,~PbZrO,~PhTiO,
Ceramics Sintered at a Low Temperature
with the Aid of Complex Additives
11,€0,-Bi,0,-CdCO,, Jpn. | Appl Phys.,
2000, 39: 55565559,

9] Havyashi T, Inoue T, and Akiyama Y., Low-
Temperature Sintering and Properties of
(Ph, Ba, Srj(Zz, Ti, SbjO, Piezoelectric
Ceramics Using Sintering Aids, [pa. [.
Appl. Phys., 1999; 38: 5547-5552.

[L0] Wu L., and Wang C.H., The Dielectric
and Piezoelectric Properties of (.125PMMN-
0.875PZT Ceramics Doped with
4PbOB,O,, [pn. | Appl Plys, 1993; 32:
2757-2761.

[11] Wittmer D.E., and Buchanan R.C., Low
Temperature Densification of Lead
Zirconate Titanate with Vanadium
Pentoxide Additive, [ Am. Ceram. Sor.,
1981; 64: 485-490.

[12) Park S. =FL, Ural S, Ahn C. =W Nahm
S, and Uchino K., Piezoelectric Properties
of Sb-, Li-, and Mn-substituted
Pb{Zr Ti, )O~Pb(Zn, Nb, )O -
Ph{Ni, ,Nb, jO, Ceramics for High-
Power Applications, Jpn. | Appl Phys,
2006; 45: 2667-2673.

(13] Ahn C. =W.,. Song H. =C.,, and Nahm §,,
Priya 5., Park S. —H, Uchino K., Lee H. -
G, and Lee H. -, Effect of ZnO and
CuO on the Sintering Temperature and
Piezoelectric Properties of a Hard
Piezoelectric Ceramic, . Am. Ceranm. Soc,
2006; 89: 921-925.

-32-



et

£/

Chiang Mai ]. Sci. 2009; 36(1) : 59-68

T
fo wwwisdencecomu acth /joumal-science/josa.html
“v.‘ _f" Contwributed Paper

Effect of MnO, Addition on Dielectric, Piezoelectric
and Ferroelectric Properties of 0.2Pb(Zn,,Nb, )
0,-0.8Pb(Zr,Ti, )O, Ceramics

Athipong Ngamj i

, and Sup

Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand.
*Author for corespondence; e-mail: suponananta@yahoo.com

ABsSTRACT

Received: 20 December 2008
Accepted: 7 January 2000.

Piezoclectric materials are presenty being extensively developed for applications such as

ultrasonic motors and piczodectric transformers. In this study, the dickctric, piczoclectric,
and ferroclectric properties of MnO,<doped 02Pb(Zn,, Nb, O 08Pb(Zr, . Ti, O, (hereafter
0.2PZN-0.8PZT), which is the morphotropic phase boundary compaosition of the PZN-PZT
system, were investigated. It was found that crystal structure moved to thombohedral side
when increasing MnO, conwent.  With the addition of MnO,, Curic tempenarure T, the
piczoclectric constant 4, and dectromechanical coupling factor £ were slightly decreased,
but the mechanical quality factor §_ was significantly increased. The P-FE and s-E loop
demonstrated decreased P, and strain level but increased £, with addition of MnO,. These
results deary showed the significance of MnO, addition on the dectrical propertics of the
PZN-PZT system with “hard” characteristcs.

Keywords: diclectrie, piczoclectric, ferroelectric, hard doping,

1. INTRODUCTION

All commercial piczoclectric devices
employ Pb(ZrT1)O, (PZT)-based formula-
tions, close to the morphotropic phase
boundary (MPB). The MPB compaosition is
modified by the acceptor and/or donor ions
to yield high piezoclectric properties with low
losses. The influenceof vadous substinidons
on the B-site of Pb(Zr,T1)O, perovskite has
been widely investigated to optimize the
piczoclectric properties [1-6]. Fan and Kim
[T)investigaed Pb(Zn, Nb, ), ((Zr, o Ti, ), ¢
O, ce ics with position dose w MPB
and darified that the ceramics had large
electro-mechanical coupling factor tP.

-33-

However, the mechanical quality fictor O was
too low to permit their use as high power
piczoclectric devices. It is necessary to
improve O as much as possible for
suppressing the gencration of heat during
operation. To develop materials suitable for
multilayer piczoclectric transformers and
actuators with high d,,, high 4 and 0, it is
necessary to add some dopants to PZN-PZT
based ceramics to optimize the piezoclectric
properties for device applications [8-11].
Manganese ions have been investigared
extensively as effectve dopant in PZT-based
ceramics because Mn ions can have valence
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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% MnO, 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 rhombohedral side across MPB
with increasing amount of MnO, around
0.5 wt%. It has been reported [6,8] 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
surfaces of 0.2Pb(Zn, Nb, 1O, -0.8Pb(Zr,
,Ti, O, ceramics doped with 0.0-0.9 wi%
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 e¢f af [16]. Further
increasing MnO, 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 MnO, 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, jO,-0.8Pb
(Zr, ) Ti, JO, ceramics. It can clearly be seen
from Figure 2 that the ceramics have high
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 (.5 wt%, manganese
ions will accumulate at the grain boundaries
[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 d) for 0.2PZN-
0.8PZT + x wt% MnO,, x=0,0.1,0.3,0.5,
0.7 and 0.9 are shown in Figure 3. The
maximum dielectric constant 2t 1 kHz (g @
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 MnO,. Tt may be caused
from oxygen vacancies and conducting
regions near grain boundaries [18] when
increasing MnO,.  The variation of the Curie
temperature (T ) as a function of composition
x is plotted in Figure 4. The Curie
temperature of 0.2PZN-08PZT + x wt%

MnO, system can be varied over a wide range

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

x | Density (g/cm’) | Grain size range(llm) | Average grain size (Lm)
7.826 05-20 1.726
0.1 7.849 1.5-6.0 4131
03 7.897 1.0-30 2.991
0.5 8.028 0.5-20 2116
0.7 7.718 - -
0.9 7.653 - -

_34-
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Table 2. Diclectric and piezoelectric properties of 0.2PZN-0.8PZT + xwt% MnO, ceramics.

Diclectric properties Diclectric propertieg e e o

5% T.(°C) (at 25 °C, 1 kHz) (@ T, )
€ tand € tand |d, (pC/N)| Kk Q
O 3397 1575 0.0249 | 21047 | 0.0420 430 0.583 o0
0.1 334.2 1155 0.0436 7784 | 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 237 0.44 1080

Table 3. Terroclectric and strain properties of 0.2PZN-0.8PZT + xwr% MnO, ceramics .

Ferroclectric properties (at 25 °C)
X Loop squareness (R )| Strain Yol 4MV /m
P.(C/m) | P (C/mi) | E, (MV/m)

] 0.287 0.300 1.97 1.483 0.278
0.1 0.224 0.233 2.18 1.488 0.231
03] 0.208 0.213 2.37 1.712 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
091 0.077 0.111 1.75 0.311 0.115

5
g i, ¢
) i AO
] _JIL i 1 A ©
.
g A ) S I\ @
£, ©
B H 5 §8  gz= iE
= = J{ g8 285 7 (@
20 I 30 I 40 ' 50 I 60

26 (degrees)

Figure 1. XRD patterns of the samples sintered at 1200°C for 2h of 0.2PZN-0.8PZT + x
wt% MnO, ceramics: (a) x =0, (b) x =01, (¢) x =03, (d) x =0.5, (¢) » =0.7 and (f) » =09,
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Figure 2. SEM images of the specimens sintered surface of 0.2PZN—-0.8PZT + xwt% MnO,
ceramics at 1200°C for 2h; (a) 2 =0, (b) 2 =0.1, () x =0.3, (d) x=0.5, (¢) x=0.7 and (f) x=0.9.

from 310 to 340 °C by controlling the addition
of MnO, content in the system. The results
indicate a rapid decrease in with an increase
in MnO, content over the range from (L0 to
0.9 wt%e.

Density, dielectric constant (£), electro-
mechanical coupling factor (£ ), mechanical
quality factor and piezoelectric constant (d,,)
are plotted as a function of amount of MO,
addition in Figure 5. When the amount of
MnQ, is lower than (.5 wt%, density slightly
increases. However, €, a(eP and d,, show
decreasing trends with increasing MnO,
content. When the amount of MnO, is lower
than (1.5 wt%, ;{2[‘ and d,, are rapidly decreased

-36 -

with increasing MnO, content. 1t is well
known that the substitutions of acceptor
dopant Mn ions will lead to the creation of
oxygen vacancies, which pin the movement
of the ferroclectric domain walls and result
in a decrease of €, & and 4 [ 11,19]. The
mechanical quality factor () inereases
rapidly with increasing MnO), content [4]. The
acceptor dopant of MnO, improves O
significanty. The highest value o, (~1413)
are obtained in the ceramics with MnO,
amounts of 0.5 wt%. Further addition r_}%
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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Diclectric somstant

&

Temperature (')

0}

Figure 3. Temperature and frequency dependence of dielectric properties of 0.2PZN-0.8PZT
+ s wt% MnO), ceramics at 1200°C for 2h; (2) x =0, (b) x =0.1, (¢) » =03, (d) » =05, (¢) x

=0.7 and (f) x =0.9.

microstructure, as shown in Figure 2.

The polarization-field (P-E) hysteresis
loops of 0.2PZN-0.8PZT + x wt% MnO,
ceramics are shown in Figure 6. The well-
developed and fairly symmetric hysteresis
loops with the field are observed for all
compositions. To further assess ferroelectric

characteristics in MnO_-modified PZAN-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 P and P decrease with an
addition of MnO, into the PZN-PZT
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Figure 4. Curie temperature of the specimens sintered at 1200°C for 2h of 0.2PZN-0.8PZ
+ xwt% MnO, ceramics where x =0, 0.1 ,030.5, 0.7 and 0.9.
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Figure 5. Density, dielectric constant (€ ), piezoelectric constant (d,)), electromechanical
coupling factor (&), and mechanical quality factor (¢ ) of the specimens sintered at 1200°C
for 2h of 0.2PZN-0.8PZT + x wt% MnO, ceramics where x=0,0.1,0.3,0.5, 0.7 and 0.9,
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Figure 6. Polarization and electric field (P-E) loops of 0.2PZN-0.8PZT + x wt% MnO,
ceramics.
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Figure 7. Strain and electric field (s-E) loops of 0.2PZN-0.8PZT + x wt% MnQ, ceramics.
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composition, while E_increases to the
maximum at » = (.3 wi%. The ferroelectric
characteristics can also be assessed with the
hysteresis loop squareness (R, }, which can be
calculated from the empirical expression
RqZI‘.Pr/P‘:&{P”Fﬂ/P!}, where P is the
remnant polarization, P_ is the saturated
polarization ohtained at some finite field
strength below the dielectric breakdown and
P:,;r-.: is the polarization at the field equal to
L1E_[20]. For the ideal square loop, R_ 1s
equal to 2.00. As listed in Table 3, the R

parameter increases from 1483 in x = 0 to
reach the maximum value of 1.712 inx= 0.3,
Further addition of MnO, above 0.3 wt%
leads to a decrease in the Rq parameter, which
is mainly attributable to non-uniformiry of
the microstructure, as shown in Figure 2. The
longitudinal sirain (5) 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. These results (decreased P and strain
level but increased I7)) clearly indicate the
“hard” characteristics with addition of MnO,
mainly caused by Mn ions substimition in B-
site leads to the creation of oxygen vacancies,
which pin the movement of the ferroelectric

domain walls.

4. CONCLUSIONS

The structure and electrical properties of
MnO_-doped 0.2Pb{Zn,  Nb, ;0 -0.8Pb
(Zr, [ Ti, O, ceramic, which is the MPB
composition of the PZN.PZT system, are
investigated. The addition of MnO, content
transforms the crystal structure to
rhomhohedral side. Furthermore, MnO,
additdon decreases the Curie temperature, £,
4, and £ , bur enhances the mechanical quality
factor. The P-E and +-E loops demonstrate
decreased P and strain level with increased
Ii_wath addition of MnO,. These results
clearly show the hardening influence of MnO,

_40 -

in the PZN-PZT system.
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ABSTRACT

Zinc niobate, ZnNb,O;, 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,O; 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(Zn;;sNb,;)O; 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 ef. 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>Og (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,Os 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,O; 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 CuKg
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.O; which are matched in JCPDS file number 30-0873.

ZnNb, O JCPDS file no. 76-1627

11y
{210)
(060)

3 88

‘fibre-milling 25h,
ibro-milling 200,
N SR U S
Vibro-milling 15h.
PP
Vibro-milling 100,
it
Vibro-milling 7.5h.

Intensity(a.u.)

Vibro-milling Sh.
Vibro-miling 2.5h
Vibro-milling 1h.

A ISR
Vibro-milling 0.5 h

|
|
-@

20 30 40 50 60

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.

-
et

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 zine 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 compeositions of a combination b . kite piezo-

electric ceramics lead zine niobate (PZN) and lead zirconate titanate (PZT), close to
the morphotropic phase boundary (MPB) i.e. the 0.2PZN-Q.8PZT, doped with MnO,
concentrations af 0.0-0.9 wit were fabricated by a simple solid-state reaction and a

pre sinlering fechnig Keray diffraction (XRI}) specira from these maleri-
als reveal transformation of the retragonal into the rhombehedral structure, The local

structure of Mn was analyzed by mean of synchrorron extended X-ray absorprion fine
structure ( EXAFS) measurements at the Mn K-edge. The correlation between the stric-
tural changes and the Mn content was analyzed and compared, The EXAFS analysis
indicates that Mn ions shouwld occupy the B-sites in PEN-PZT structure and plays a
critical role for the hard ferroelectric behavior of the materials

Keywords Piezoceramics; perovskite; EXAFS; Xoray diffraction

1. Introduction

Lead-based complex perovskite piezoceramics with general formula Pb(B,B")Os such
as PZN, PZT and their solid-solutions close 1o the MPB are very attractive for sensor,
transducer and acluator 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]. Becanse of different 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
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and electrical properties of MnOs-doped 0.2PZN-0.8PZT compositions were investigated.
It was found that with the addition of MnQ,, Curie temperature, the piczoelectric constant
and electromechanical coupling factor were slightly decreased, but the mechanical quality
factor was significantly enhanced, However, so far, the nature of the hard ferroelectric 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 sitin 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 o 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 to determine the local structure around Mn ions.

2. Experimental

The selected samples studied were fabricated according to the formula 0.2Pb(Zn ;3 Nbys)
O3 08PbZrypTiyn)0s + x wi% MnO,, where x = 0.0 10 0.9 by a simple mixed-oxide
method as detail described elsewhere [7]. Starting materials of PO, ZnO, Nb,Os, Zr,,
TiC},, and MnO, with =99% purity were vibro-milled with zirconiz 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 hto eliminate the PVA, followed by sintering with PhO-
rich atmosphere inside sealed 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 (electron
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 erystal

Figure 1. EXAF experimentzl set-up at BLS, SPS.
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menochromator 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(ZnyaNbys }03_0.8Pb{Zr 5:Tig.45)0s 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 compourds
[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
is indicated by the splitting of (002} and (200} peaks inthe 28 range from 43 to45°, similar
to the reported by Hou et al. [13] and Yang et al. [14]. It is noticed that a small amount
of rhombohedral 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 (rthombohedral phase) addition on
PZT system earlier reported by Lee ef al. [11]. In addition, the effect of Mn on the shift
of MPB toward the thombohedral phase region in the similar system of Mn-doped PZT
ceramics was also observed by Kim and Yoon [€]. It is believed thit manganese ions are
mainly incorperated into the lattice, but if the addition is above 0.5 wt%, manganese icns
will accumulate at the grain boundaries [5]. It has been reported thit manganese coexists
mainly in the Mn’* and Mn** states, which entered into the perovskite structure of B0,
octahedron to substitute for the B-site ion (e.g. Ti** 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 relatec to the heterogenecus
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*t (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 neighbering 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 2. (1) XRD patterns of 0.2Pb{Zn; s Nby; )O3 0 8Pb(Zr 2 Tiy: )05 + x wi% MnOs;, where x =
0.0 10 0,9 and (b) enlarged XRD patterns in the 26 = 23467, (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 pi(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 Fourier transferm
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 1s evidence that no
change in the location of the majority of Mn 1ons occurs with increasing Mn concentration.
Furthermore, the location of Mn appears to be unaffected by the presence of 0.9 wi%
Mn(),. 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 et 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 unitcell. 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 ef 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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4. Conclusions

A combination of X-ray diffraction and synchrotron extended X-ray absorption fine struc-
ture experiments is performed on Mn-doped 0.2Pb(Zn)aNbaya )03 0.8Pb{Zr 2 Tiy0 Y04, The
transformation of the tetragonal into the rhombohedral structure with increasing Mn con-
tent was revealed by XRD technique. The EXAFS analysis indicates that Mn ions should
occupy the BiZn, Nb, Zi, Tij-sites in PEN-PZT structure and plays a critical role for fhe
hard ferroelectric behavior of the materials.
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