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Abstract

Low-temperature sintering of 12Pb(Ni;/38b,/3)03-40PbZrO;—48PbTiO; (12PNS-40PZ-48PT) calcined powders with V,Os and
excess PbO additives has been investigated. Adding 0.20 to 0.40 wt.% V,0Os5 and 1.0 wt.% excess PbO to 12PNS-40PZ—48PT calcined
powders and sintering at 950 °C for 4 h, the sintered samples only contain the perovskite structure. The calcined powders are doped with
3.0 wt.% excess PbO and 0.20 to 1.0 wt.% V,Os and sintered at 950 °C for 4 h, the coexistence of both tetragonal and rhombohedral
phases with the minor phase of pyrochlore is observed. During the calcined powders contain 1.0 wt.% excess PbO and are sintered at 950
to 975 °C for 2 h, the bulk density decreases with V,O5 addition greater than 0.6 wt.%. When the calcined powders with 3.0 wt.% excess
PbO are sintered at 900 to 975 °C for 2 h, the bulk density decreases with added V,O5 content increased. The values of the planar
coupling coefficient (K,,) approach the maxima, namely, 0.51 obtained for the compacts containing 0.40 wt.% V,Os and 1.0 wt.%
excess PbO and sintered at 950 °C. As the calcined powders are added with 3.0 wt.% excess PbO and 0.80 wt.% V,0s and sintered

at 975 °C for 2 h, the maximum Q,, value 1100 is obtained. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Lead zirconate—titanate (PZT) ceramics are used
extensively for piezoelectric devices and are promising
materials for electrooptic and information storage devi-
ces. These applications require very precisely controlled
piezoelectric properties, hence, close control of ceramic
compositions and microstructure is required.! The
understanding of certain physical phenomena in piezo-
electric ceramics has developed continuously during the
last few decades and presently it is possible to discuss in
some detail the physics of piezoelectric ceramics.? Shir-
ane et al.>* have studied lead zirconate-lead titanate solid
solution and found a morphotropic phase transformation.
The crystal structure changes from tetragonal to rhom-
bohedral in the vicinity of Zr/Ti= 53/47 corresponding to
a composition of the morphotropic phase boundary.’
Jaffe et al.® have also found excellent piezoelectric prop-
erties as well in the composition Pb(Zr( 55Tij 45)O3 near
the morphotropic phase boundary.

* Corresponding author. Fax: + 886-6-250-2734.
E-mail address: dragon@cc.kuas.edu.tw (M.-C. Wang).

The PZT ceramics have been prepared by a mixed oxide
technique. In the conventional sintering of PZT-type
ceramics, control of the atmosphere and sintering tem-
perature is critical due to the evaporation of PbO.” Typi-
cally, packing powders and/or pellets containing excess
PbO and PbZrO; or PbO-PbZrO; mixtures are used to
provide a positive PbO vapor pressure surrounding the
PZT ceramics during sintering.®~'° On the other hand,
several workers have attempted to control or eliminate the
loss of PbO by using hot pressing followed by heat treat-
ing in a PbO atmosphere,'? addition of excess PbO during
the material batching,'!-'> hot-pressing in oxygen,!3!# use
of multiphase crucibles,’> and improved powder pre-
paration.'¢~18

The development of low-sintering temperature piezo-
electric ceramics could reduce energy consumption and
environmental pollution and enable the ceramics to be
cofired with less expensive metals in multilayer devices.'
Gui et al.!” have reported that the sintering temperature of
PZT ceramics can be reduced from near 1250 to about
960 °C by the addition of a small amount of the lower
melting frit, B,O3-Bi,O5~CdO. Wang et al.?® have repor-
ted the effect of various amounts of 30B,03-25Bi,O3—
45CdO (BBC) glass powders and 1.0 wt.% excess
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PbO on the l2Pb(Ni1/3Sb2/3)O3—40PbZrO3—48PbTiO3
(12PNS—40PZ-48PT) ceramics, 97.5% of the theoretical
density is obtained for the compact containing 2.0 wt.%
BBC glass and 1.0 wt.% excess PbO after sintered at
925 °C for 4 h. Wittmer and Buchanan?! have pointed out
that the addition of 0.10 to 6.0 wt.% V,Os to PZT cera-
mics promotes rapid densification below 975 °C, thereby
eliminating the need for PbO atmosphere control .

In our previous study, the base composition of Pb
(Ni1/3Sb2/3)03 (PNS) =12 mOlOA), PbZI'O3 (PZ) =40
mol% and PbTiO; (PT)=48 mol% was the morpho-
tropic phase boundary (MPB) in the xPNS—(52—x)
PZ—48PT (4<x<14) and 12PNS-(88—y)PZ—yPT(44 <
x<52) piezoelectric ceramics systems.??> Hence the pre-
sent work was undertaken to investigate the effect of V,Os5
and excess PbO addition on the low-temperature sintering
of the 12PNS-40PZ—48PT ceramics. The object of this
study is to reduce the sintering temperature of the 12PNS—
40PZ—-48PT ceramics, while maintaining desirable piezo-
electric properties. In this paper, the following four
aspects were studied as follows: (i) to present the phase
stability and compare that with the addition of V,Os
and excess PbO and sintering temperature at the same
time; (i) to evaluate the relationship between among
bulk density, V,0s5 additive content and sintering tem-
perature; (iii) assess the effect of various additive contents
on the microstructure of the 12PNS—40PZ—48PT ceramics
during sintering; and (iv) to evaluate the relationship
between planar coupling coeficient (K,) and mechanical
quality coefficient (Q,,) and the V,O5 additive content and
sintering temperature.

2. Experimental procedure
2.1. Sample preparation

The base composition of this study was Pb(Ni; 3Sb,3)
03=12 mol%, PbZrO;=40 mol%, PbTiO;=48%
(12PNS—40PZ-48PT), 1.0 and 3.0 wt.% excess PbO
were added to the base composition, respectively.
Additive amounts of V,Os were added to the host
12PNS—40PZ—48PT ceramic powders in concentration
varying from 0.20 to 1.0 wt.%.

The 12PNS—40PZ—48PT ceramic powders with excess
PbO were prepared by the mixed-oxide technique. V,0s5
was added after the calcination at 850 °C for 2 h. The
flow chart of the preparation of the 12PNS—40PZ—48PT
calcined powders with V,Os5 is shown in Fig. 1.

The raw materials of PbO (purity > 98%, supplied by
Santoku Chemical Co., Ltd., Japan), TiO, (purity >99%,
supplied by FERAK, Germany), ZrO, (purity >99.9%,
supplied by Showa Chemicals Inc., Japan), NiO (purity
>99.9%, supplied by FERAK, Germany) and Sb,O;
(purity >99.9%, supplied by FERAK, Germany) were
weighed and mixed. Each mixture of the starting powders

PbO+0.04Ni0+0.04Sb,0,
+0.40Zr0,+0.48TiO,

/
1.0 wt% and 3.0 wt % excess

PbO, respectively
Mix -8 h
Distilled water and Al,O; balls

y
’ Dry

v

Calcined at 850°C for 8h
Grind
Wet ball milled for 2 h

v

Dried and sifted

0.20 wt% to 1.0 wt % V,0;

With 1.0 PVA binder
High shear milling for 2 h

L

Sieved and granulation

(-80 & +120 mesh)

v

Press at 245 MPa

Y

Sintered at 920 to 975°C for2h

Fig. 1. Flow chart for the preparation of the 12PNS-40PZ-48PT cal-
cined powders with excess PbO and V,Os.

was milled and mixed in a centrifugal mill, followed by
wet-homogenized with distilled water for 8 h using high
purity Al,O5 balls (SSA-S standard, diameter 1.0 cm).
The obtained powders were dried in an oven and sub-
sequentely mixed and dried in a covered alumina crucible
(SSA-S standard) and finally calcined at 850 °C for 2 h
with a heating and cooling rate of 350 °C-h~!. The cal-
cined powders were reground using wet ball-milling for
15 min, then dried and sifted.

The fine calcined powders were mechanically blended
with 0.20 to 1.0 wt.% V,05 powders (purity >99%, sup-
plied by Merck, Germany) and a 1.0 wt.% PVA binder in
a high-shear milling for 2 h and sieved after granulation.
After granulation the powder mixture was isostatically
pressed at 245 MPa into a pellets of 1.50 mm in height
and 12.0 mm in diameter.
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Finally, the pellets were sintered in a sealed alumina
crucible between 900 and 975 °C for 2 h at a heating rate
of 4 °C-min—!.23 The sintered compact was lapped to a
thickness of 1.00 mm. Electrodes were made by painting
with silver paste and firing at 780 °C for 20 min.

2.2. Analysis

After sintering, the bulk densities of sintered samples
was measured by using an Archimedes method and cal-
culated by Eq. (1)

Bulk density = D(W—S)"' (g-cm~3) @

where D weight of a dried sample,
S weight of a sample in water,
W weight of a wet sample.

The crystalline phase was identified by X-ray diffra-
tion (XRD) analysis. The XRD work was performed
with a Ragaku X-ray diffractometer (model rad TIA,
Rigaku, Tokyo) with Cuk, radiation and a Ni filter, at
a scanning rate (260) of 0.25°-min!.

The fracture surface of the sintered specimens was
examined by scanning electron microscopy (SEM, Jeol
840, Tokyo).

Preceding the piezoelectric properties measurements,
the sintered specimens were poled in a silicone oil at 100 °C
by applying a static field of 3.5 kV-min~! for 1 h. The
specimens were field-cooled to room temperature in 30
min. Twenty-four hours after poling, the planar coupling
coefficient (K,)** and mechanical quality coefficient
(Om)?® were calculated by Egs. (2) and (3), respectively,

Ky = [2.51(fa — fr)* -fr']"? ®)
and
2 2 2\1~!

Om = fa*[27RrCfr(fa* — fr*) ] 3)
where  fa antiresonant frequency (Hz),

fr resonant frequency (Hz),

Rr  resonant resistance (ohms),

C capacitance (farads).

3. Results and discussion

3.1. Effect of V05 and PbO addition on the phases
stability

In the present study, the base composition of
PNS =12 mol%, PZ=40 mol% and PT =40 mol% was
at the morphotropic phase boundary (MPB) in the

XPNS—(52—x)PZ-48PT (4<x<14) and 12PNS—-(88—y)
PZ—yPT (44 <y<52) piezoelectric ceramic systems.??
The chemical compositions for the tetragonal side of
MPB are well known for optimized electrical properties.

The typical X-ray diffraction (XRD) patterns of the
1.0 wt.% excess PbO-doped 12PNS-40PZ-48PT piezo-
electric powders added with various V,0Os contents and
sintered at 950 °C for 4 h are shown in Fig. 2. It indicates
that these sintered ceramics added with 0.20 and 0.40
wt.% V,Os5 only contain the perovskite structure. But as
the V,Os content increased from 0.60 to 1.0 wt.%, the
piezoelectric perovskite structure is often associated
with an parasitic phase of pyrochlore. The formation of
the pyrochlore phase is due to the excese phase in com-
position containing beyond 0.60 wt.% V,Os.

The typical XRD patterns of the 3.0 wt.% excess
PbO-doped 12PNS—40PZ—48PT piezoelectric powders
added with various amounts of V,Os and sintered at
950 °C for 4 h are shown in Fig. 3. It indicates that the
addition of V,0Os5 content from 0.20 to 1.0 wt.% shows in
all cases the coexistence of both tetragonal (Fr) and
rhombohedral (Fgy phases as revealed by the splitting of
the (2 0 0) peak reflection into (2 0 0)z and (0 0 2)7 peaks.
The reflection indexed with T is assigned to the tetragonal
piezoelectric phase, Frr, whereas that indexed with R to the
rhombohedral phase, Fr. The coexistence of both piezo-
electric phases at the MPB composition has been pre-
viousely demonstrated by XRD in different piezoelectric
ceramic systems by splitting of the (2 0 0) diffraction peak
only,?*27 the two peaks (2 0 0) and (2 2 2),?® (20 0) and
(2'11), 22 the three peaks (1 00), (20 0) and (1 12), 2! or

1.0 wt%

0.8 wt%

0.6 wt%

0.4 wt%

110

20
Fig. 2. XRD patterns of the 12PNS-40PZ-48PT calcined powders

containing 1.0 wt.% excess PbO and various V,05 contents and sin-

tered at 950 °C for 4 h. P, pyrochlore.
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Fig. 3. XRD patterns of the 12PNS-40PZ—48PT calcined powders
containing 3.0 wt.% excess PbO and various V,0s contents and sin-
tered at 950 °C for 4 h. P, pyrochlore.

splitting of the (h 0 0)- and (h 0 1) peaks in the triplets
ofthe (00 h) 7, (h00) g, and (h00) 7, (h01) £ (h01)x
and (1 0 h) 7 peaks, respectively.’

From Fig. 3, it is also found that even only with 0.20
wt.% V,05 addition to the 12PNS—40PZ-48PT con-
taining 3.0 wt.% excess PbO and sintered at 950 °C for
4 h the minor crystalline phase of pyrochlore is also
present. This result is caused by the excess PbO and
V,0s at 350 °C, which are present as a liquid phase?!
and easily react with the 12PNS—40PZ-48PT piezo-
electric powders to form the pyochlore phase during
sintering. Hence, the low-temperature sintering of the
12PNS-40PZ—48PT with 3.0 wt.% excess PbO do not
need much excess PbO to prevent or control the lead
loss and produce a material with enhanced or more
consistent properties.

Figs. 2 and 3 indicates that when the specimens of the
same composition are sintered at 950 °C for 4 h, the XRD
reflection intensity of the pyrochlore phase of the 12PNS—
40PZ—-48PT with 3.0 wt.% excess PbO is greater than with
1.0 wt.% excess PbO for the same amount of added V,Os.
Hence, the crystalline phases obtained from these sintered
specimens are clearly composed of the mixed phases of
each solid solution without any change in the mixing
ratio of each phase over the temperature range.

3.2. Bulk density of the sintered specimens
The bulk density for the base composition of the

12PNS—40PZ—48PT calcined powders added with 1.0
wt.% excess PbO and sintered at various temperatures

8.25
1.0 wt% excess PbO
L —&—300°C
——925°C
——3950C
- —&—9757C
& 800 F
g
()
=1]
e
I
= )
5 775 F
a
750 1 1 1 1 1 1
0.2 0.4 06 0.8 1.0

V,05 content ( wt% )

Fig. 4. Relationship among bulk density, V,05 content and sintering
temperature of the base composition 12PNS-40PZ-48PT calcined
powders containing 1.0 wt.% excess PbO.

for 2 h is a function of V,0s5 content as shown in Fig. 4.
It indicates that, with the specimens containing V,Os
from 0.20 to 0.40 wt.% the bulk density 7.91 g-cm™3
[98.9% theoretical, based on the XRD value of 8.0 g-cm—3
for an unmodified PZT (53-47)] is obtained for the sam-
ples containing V,05 0.40 wt.% and sintered at 925 and
975 °C for 2 h, respectively. During the addition of only
0.20 wt.% V,Os, insufficient liquid amount leads to poor
wetting of the grain boundaries. In the liquid phase sinter-
ing the formation of a poor wetting liquid may lead to
swelling of the compact during heating without densifica-
tion,?° resulting in bulk density less than 7.91 g-cm~3. On
the other hand, the bulk density decreases with V,Os
addition greater than 0.60 wt.% and this result is
attributed to the formation of a lower-density second
phase.

For the compact containing 3.0 wt.% excess PbO, the
effect of sintering temperature and V,Os content on the
bulk density is shown in Fig. 5. It indicates that when
the samples is sintered at 900 °C for 2 h, within experi-
mental error the bulk density decreases from 7.96 to
7.75 gem™3 (96.9% theoretical) with added V,Os
increases from 0.20 to 1.0 wt.%. The trends of the bulk
density variation for samples sintered at 900-950 °C are
same sintered at 975 °C, i.e. the bulk density decreases
with added V,Os increased. According to Figs. 2—4, this
result can be caused the parasitic phase of pyrochlore
formation. On the other hand, Wittmer and Buchanan?!
also have reported that the sintered density decreases
with increasing V,Os addition for the samples sintered
in air at 940-975 °C for 2 h. In the present study,
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Fig. 5. Relationship among bulk density, V,05 content and sintering
temperature of the base composition 12PNS-40PZ-48PT calcined
powders containing 3.0 wt.% excess PbO.

instead of PbO atmosphere control, the addition 3.0
wt.% excess PbO and various V,0s5 additive are used.
The V,05 additive is easily absorbed on the PZT parti-
cle surface and forms a complex lead vandate at
>350 °C.?! This phenomenon reduces the liquid phase
sintering and the initial density decreases with increas-
ing V,0Os content.

3.3. Microstructures of the sintered samples

The SEM micrographs of the fracture surface of the
compacts containing differents V,Os and various excess
PbO and sintered at various temperatures for 2 h are
shown in Fig. 6. The SEM micrographs shows the pre-
sence of a number of large pores. Besides, it also indi-
cates the grains of the samples sintered at 900 °C for 2 h
[Fig. 6(a)] maintain their initial morphology. When sin-
tering at 900 °C the average grain size from 0.60 to
1.8 um is practically the same, but sintered at 975 °C
[Fig. 6(b)] this value (3.0 um) is greater than at 900 °C.
On the other hand, when sintering at 975 °C, the grains
have the different morphology. The different sizes as
well as the morphological modification of the grains are
noticeable in these samples. Fig. 6(c) shows the sample
containing 1.0 wt.% excess PbO and added V,0O5 0.40
wt.% and sintered at 950 °C for 2 h. It seens that the
grain size become more uniform due to material transfer
from a liquid phase, but the wider boundary still exist.
The SEM micrograph of sample added V,Os5 0.80 wt.%
and 1.0 wt.% excess PbO and sintered at 950 °C for 2 h
is shown in Fig. 6(d). It found that most of the grains
precipitated from the liquid phase have sharp corners
and thinner boundaries. Fig. 6(¢) shows the SEM

micrograph of the sample added V,05 0.80 and 3.0
wt.% excess PbO and sintered at 950 °C for 2 h. It seen
that a very small amount of the liquid phase remains in
the grain boundaries and reabsorbed in the grains, but yet
contains a large pore fraction.. A liquid phase that pro-
motes densification of the material appears in the initial
and intermediate stages of sintering, then the liquid phase
is reabsorbed in the grain in the final stage of sintering.!”
Wittmer and Buchauan?' have pointed out two factors
contributing to the development of a more uniform
microstructure of mill-addition samples: (i) the larger
initial particle size is due to the higher calcination tem-
perature of the PZT powders prior to the mill-addition of
V,0s; and (ii) the probable presence of a liquid phase.

3.4. K, and Q,, value of the sintered samples

The relation between K, value and V,Os content of
the 12PNS-40PZ-48PT calcined powders added with
1.0 wt.% excess PbO and sintered at various tempera-
tures for 2 h is shown in Fig. 7. It indicates that, the
sintered sample has the highest value, 0.51 when the
compact contains 0.40 wt.% V,Os and is sintered at
950 °C. The K, value increases with the V,0s content
varying from 0.20 to 0.40 wt.% and sintered at 900—
975 °C. However, the K, value decreases with the V,Os
content varying from 0.60 to 1.0 wt.%. Although
Bystrikov3® has pointed out that during the formation
of PZT, the diffusion of V** into the PZT lattice
depletes the vanadium content of the boundary phase.
Similarly, Wittmer and Buchauan?! have also reported
that the V 4% content is found to induce lattice distor-
tion while it is increased by the presence of V,05 during
the formation of the PZT. However, as shown in Fig. 2,
these results can be caused by the volatilization of PbO
whicle generally leads to the formation and growth of
the pyrochlore phase.

Fig. 8 shows the relationship between K, value and
V,0s5 content of the 12PNS—40PZ—48PT calined pow-
ders containing 3.0 wt.% excess PbO and sintered
between 900 and 975 °C for 2 h. It shows that the K
value decreases as the V,Os content increases from 0.20
to 1.0 wt.%. From Figs. 3, 7 and 8, it is evident that for
the same amount of V,05 additive, increasing the excess
PbO content leads to the formation of the pyrochlore
phase which results in a degradation of K, value.

The relationship between Q,, value and V,Os content
of the 12PNS—40PZ—48PT calcined powders containing
1.0 wt.% excess PbO and sintered between 900 and
975 °C for 2 h is shown in Fig. 9. It indicates that, as the
V,05 content increases from 0.20 to 0.40 wt.%, the O,
value gradually increases from 122 to 131, and 133 to
138, for the samples sintered at 900 and 925 °C, respec-
tively. Conversely, the Q,, value decreases from 131 to
122, and 167 to 119, for the samples sintered at 950 and
975 °C, respectively. When added V,Os increases from
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Fig. 6. SEM micrographs of the 12PNS—40PZ—48PT calcined powder added various V,0s5 and excess PbO and sintered at various temperatures for
2 h: (a) V505 0.40 wt.% and excess PbO 1.0 wt.%, sintered at 900 °C, (b) V,05 0.40 wt.% and excess PbO 1.0 wt.%, sintered at 975 °C, (c) V,05 0.40
wt.% and excess PbO 1.0 wt.%, sintered at 950 °C, (d) V,Os5 0.80 wt.% and excess PbO 1.0 wt.%, sintered at 950 °C, and (e) V,05 1.0 wt.% and

excess PbO 3.0 wt.%, sintered at 950 °C.

0.4 to 1.0 wt.%, the Qy, value increases from 119-213
for the samples sintered at 975 °C. On the other hand,
the trends of the O, variation for the samples sintered
at 900-950 °C are same as that sintered at 975 °C. The
maximum Q, attains to 218 for the calcined powders
containing 1.0 wt.% excess PbO and 1.0 wt.% V,0O5 and
sintered at 925 °C for 2 h.

Fig. 10 shows the relationship between Q,, value and
V,05 content of the 12PNS—40PZ—48PT powders added
with 3.0 wt.% excess PbO and sintered at 900 to 975 °C

for 2 h. It indicates that, the Q,, value increases from
250-304 for the samples containing V,0s from 0.20 to
0.60 wt.% and sintered at 975 °C. This value is higher
than the result of Fig. 9. The Q,, value (1100) shows a
sudden increase for the compact containing 0.80 wt.%
V,0s. This result can expect that the internal bias field
prohibits the domain wall mortion under a small electric
signal which is used for the Q,,-measurement even at room
temperature. This is probably the cause of the high Q,,
value.3! When the V,Os content is higher than 0.80 wt.%,
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the Q,, value decreases due to the increasing amount of
the pyrochlore phase for sintering at 900 to 975 °C.

In our previous studies of the xXPNS—(52—x)PZ—48PT
(4<x<14) and 12PNS—-(88—y)PZ—yPT (44<y<52)
piezoelectric ceramic systems, the morphotropic phase
boundary has been found in these systems.?> The object
of adding excess 0.5-7.0 wt.% PbO to the 12PNS-
40PZ—48PT, piezoelectric ceramic system with no addi-
tives and sintering at 1280 °C for various times is to
eliminate the need for a controlled PbO atmosphere.3?
The object of adding 30B,03-25Bi,03;-45CdO (mol%)

0.60
1.0 wt% excess PbO
0.50 F ——900C
——925°C
I —8—950C
S 040 e

0.30

0.20

02 0.4 06 0.8 1.0
V,05 content (wt%)

Fig. 7. Relationship between K|, value and V,Os content in the
12PNS—-40PZ-48PT calcined powders added with excess PbO 1.0
wt.% and sintered at various temperatures for 2 h.

0.35

0.30 3.0 wt% excess PbO

—&—900C
i ——925C
0.25 —8—950C
a ! —h—g75%C
X
0.20
0.15
0.10 A

0.2 0.4 0.6 0.8 1.0
V,0s content (wt)

Fig. 8. Relationship between K, value and V,Os content in the
12PNS—40PZ—-48PT calcined powders containing 3.0 wt.% excess PbO
and sintered at various temperatures for 2 h.

glass with 1.0 wt.% excess PbO on the sintering 12PNS—
40PZ—48PT piezoelectric ceramics is to reduce the sin-
tering temperature of the 12PNS-40PZ—48PT ceramics
and eliminate the need for a controlled PbO atmosphere,
while maintaining describle piezoelectric properties.?’
In the present study, for the 12PNS—40PZ—48PT cal-
cined powders containing 3.0 wt.% excess PbO and 0.80

250
L 1.0 wt%
excess PbO
225 | ——900C
- ——925°C
200 — | —®—950T
L —&—975C

175

Qm

150

125

100
0.2 0.4 0.6 0.8 1.0

V,0s content ( wt% )

Fig. 9. Relationship between Q,, valve and V,Os content in the
12PNS—40PZ—-48PT calcined powders containing 1.0 wt.% excess PbO
and sintered at various temperatures for 2 h.

1200
3.0 wt% excess PbO
1000 —&—900°C
—|—925C
I ——950°C
800 ——975°C

600

Qm

400

0.2 0.4 0.6 0.8 1.0
V205 content
Fig. 10. Relationship between Q. value and V,0Os content in the

12PNS—40PZ—48PT calcined powders containing 3.0 wt.% excess PbO
and sintered at various temperatures for 2 h.
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wt.% V,0s and sintered at 975 °C for 2 h the maximum
O, value 1100 was obtained. This value is higher than
the base composition (i.e. 12PNS—40PZ-48PT) sintered
at 1280 °C for 2 h (O, =300).>2 For the 12PNS-40PZ~
48PT powders added with 3.0 wt.% excess PbO and
sintered at 1280 °C for 2 h, O, =314 is obtained’? and
for the 12PNS—40PZ—48PT powders added with 4.0
wt.% 30B,O3-25Bi,03;—45CdO glass and sintered at
900 °C for 2 h, Q,, =460 is obtained.?®

4. Conclusions

The effects of V,05 and excess PbO addition on the
low-temperature sintering of 12PNS-40PZ-48PT cal-
cined powders have been studied. The results in the
present study are summerized as follows:

(1) When 1.0 wt.% excess PbO-doped 12PNS—40PZ-
48PT calcined powders are added with 0.20 to 0.40
wt.% V5,05 and sintered at 950 °C for 2 h, the sintered
sample only contains the perovskite structure. As the
V,05 content increases from 0.60 to 1.0 wt.%, the per-
ovskite structure is often associated with the pyrochlore
phase.

(2) When 3.0 wt.% excess PbO-doped 12PNS—40PZ-
48PT calcined powders are added with 0.20 to 1.0 wt.%
V5,05 and sintered at 950 °C for 2 h, the XRD patterns
show in all cases the coexistence of both tetragonal and
rhombohedral phases as the major phases and the
minor phase of pyrochlore is also observed as well.

(3) When the 12PNS-40PZ—48PT calcined powders
containing 0.20 to 0.40 wt.% V,Os are added with 1.0
wt.% excess PbO and sintered at 925 to 975 °C for 2 h,
the bulk density 7.91g-cm™3 (98.9% of theoretical) is
obtained. Conversely, the bulk density decreases when
V,05 content is greater than 0.60 wt.%.

(4) For the compact containing 3.0 wt.% excess PbO
and various V,05 contents, when sintered at 975 °C for
2 h, the bulk density decreases from 7.96 to 7.75 g-cm ™3,
as the V,O5 content increases from 0.20 to 1.0 wt.%.
The trends of bulk density variation for the samples
sintered at 900 to 950 °C are the same as that sintered at
975 °C, namely, the bulk density decreases with added
V,0s.

(5) As the 12PNS—40PT—48PZ calcined powders are
added with 1.0 wt.% excess PbO and various V,Os
contents, the K, value increases with the V,Os content
varying from 0.20 to 0.40 wt.%, all compacts being sin-
tered at 900 to 975 °C for 2 h. Conversely, the K|, value
decreases with the V,05 content increasing from 0.60 to
1.0 wt.%.

(6) When 3.0 wt.% excess PbO doped 12PNS-40PZ—
48PT calcined powders are added with various V,O5 con-
tents and sintered at 900 to 975 °C for 2 h, the K, value
decreases with the V,0s5 content increasing from 0.2 to
1.0 wt.%.

(7) When 1.0 wt.% excess PbO-doped 12PNS—40PZ—-
48PT calcined powders are added with 0.20 to 0.40 wt.
V,05 and sintered between 900 and 925C, the Q,, value
gradually increases with V,Os content. Conversely, the
O., value decreases when the compact is sintered at 950
to 975 °C. On the other hand, the Q,, value increases
with the V,Os content increasing from 0.40 to 1.0 wt.%
when the compacts are sintered at 925 to 975 °C for 2 h.

(8) As the 12PNS—40PZ-48PT calcined powders con-
taining 3.0 wt.% excess PbO are added with V,05 from
0.20 to 0.60 wt. , the O, value increased from 250 to 304
for the samples sintered at 900 to 975 °C for 2 h. When the
sample containing 0.80 wt.% V,0O5 and sintered at 975 °C
for 2 h, the maximum Q,, value, 1100 is obtained.

Acknowledgements

This work was supported by National Science Coun-
cil, Taiwan, the Republic of China under contract No.
NSC 78-0404-E006-22 for which the authors are very
grateful. Experimental suggestions from Professor M.P.
Hung, Professor M.H. Hon, Mr. S. Y. Yau and Mr.
J.M. Chen are very much appreciated.

References

1. Atkin, R. B. and Fulrath, R. M., Point defects and sintering lead
zirconate titanate. J. Am. Ceram. Soc., 1971, 54, 265-270.

2. Isupov, V. A., Some aspects of the physics of piezoelectric cera-
mics. Ferroelectrics, 1983, 46, 217-225.

3. Shirane, G. and Takeda, A., Phase transition in solid solution of
lead zirconate and lead titanate. J. Phys. Soc. Jpn., 1952,7, 5-11.

4. Shirane, G., Suzuki, K. and Takeda, A., Phase transition in solid
solution of lead zirconate and lead titanate. J. Phys. Soc. Jpn.,
1952, 7, 12-18.

5. Okazaki, K., Developments in fabrication of ceramics. Ferro-
electrics, 1982, 41, 77-96.

6. Jaffe, B., Roth, R. S. and Marzullo, S., Piezoelectric properties of
lead zirconate-lead titanate solid solution ceramics. J. Appl.
Phys., 1954, 25, 809-810.

7. Lucuta, P. G. R., Constantinescu, F. L. and Barb, D., Structural
dependence on sintering temperature of lead zirconate-titanate
solid solution. J. Am. Ceram. Soc., 1985, 68, 533-537.

8. Kulcsar, F., Electromechanical properties of lead titanate zirco-
nate ceramics with lead partially replaced by calcium or stron-
tium. J. Am. Ceram. Soc., 1959, 42, 45-51.

9. Murray, T. F. and Dugan, R. H., Oxygen firing can replace hot-
pressing for PZT. Ceram. Ind., 1964, 83, 74-77.

10. Okazaki, K., Ohtsubo, I. and Toda, K., Electrical, optical and
acoustic properties of PLZT ceramics by two-stage processing.
Ferroelectrics, 1976, 10, 195-197.

11. Snow, G. S., Fabrication of transparent electrooptic PLZT cera-
mics by atmosphere sintering. J. Am. Ceram. Soc., 1973, 56, 91—
96.

12. James, A. and Messer, P., The preparation of transparent PLZT
ceramics from oxide powders by liquid-phase sintering. Trans. Br.
Ceram. Soc., 1978, 77, 152—-158.

13. Haertling, G. H. and Land, C. E., Hot-pressed (Pb, La) (Zr,
Ti)Os5 ferroelectric ceramics for electrooptic applications. J. Am.
Ceram. Soc., 1971, 54, 1-11.



14.

15.

16.

17.

18.

20.

21.

22.

M.-C. Wang et al. | Journal of the European Ceramic Society 22 (2002) 697-705 705

Murata, M., Wakino, K., Tanuka, K. and Hamakawa, Y., Che-
mical preparation of PLZT powder from aqueoces solution.
Mater. Res. Bull., 1976, 11, 323-328.

Holman, R. L. and Fulrath, R. M., Intrinsic nonstoichiometry in
single-phase Pb(Zr 5Tio.5)O; ceramics. J. Am. Ceram. Soc., 1972,
55, 192-195.

Thomson, J., Chemical preparation of PLZT powders from aqu-
eous nitrate solutions. J. Am. Ceram. Soc. Bull., 1974, 53, 421-425.
Webster, A. H. and McNamara, T. B., The effects of some var-
iations in fabrication procedure on the properties of lead zirco-
nate-lead titanate ceramics made from spary-dried co-
precipitated powders. J. Am. Ceram. Soc., 1966, 35, 61-68.
Weston, T. B., Studies in the preparation properties of lead zir-
conate-lead titanate ceramics. J. Can. Ceram. Soc., 1963, 32, 100—
115.

. Gui, Z., Li, L., Gao, S. and Zhang, X., Low-temperature sinter-

ing of lead-based piezoelectric ceramics. J. Am. Ceram. Soc.,
1989, 72, 486-491.

Wang, M. C., Huang, M. S. and Wu, N. C., Effects of 30B,O3—
25Bi,05-45CdO glass addition on the sintering of 12Pb (Ni;/3
Sb,3)03—40PbZrO;-48PbTiO3 piezoelectric ceramics. J. Eur.
Ceram. Soc., 2001, 21, 695-701.

Wittmer, D. E. and Buchanan, R. C., Low-temperature densifi-
cation of lead zirconate-titanate with vanadium pentoxide addi-
tive. J. Am. Ceram. Soc., 1981, 64, 485-490.

Wu, N. C., Huang, M. S., Wung, J. S. and Wang, M. C., Sinter-
ing and piezoelectric properties of Pb(Ni,38by/3)O3-PBTiO5-
PbZrOj; ceramic. J. Mater. Sci. 2002, (in press).

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

Hall, C. E. and Blum, J. B., Effect of sintering heating rate of the
electrical properties of St—PZT. Ferroelectrics, 1981, 37, 643-646.
Mason, W. P. and Jaffe, H., Methods for measuring piezoelectric,
elastic, and dielectric coefficients of crystals and ceramics. Proc.
IRE, 1954, 42, 921-930.

Berlincourt, D. A., Cmolik, C. and Jaffe, H., Piezoelectric prop-
erties of polycrystalline lead titanate zirconate compositions.
Proc. IRE, 1960, 48, 220-229.

Ari-Gur, P. and Benguigui, L., Direct determination of the coex-
istence region in the solid solution Pb (Zr,Ti,_,)O5. J. Phys. D,
1975, 8, 1856-1862.

Hanh, L., Uchino, K. and Namura, S., On the phenomenon of
morphotropic tetragonal-rhombohedral phase boundary in the
ferroelectric ceramics. Jpn. J. Appl. Phys., 1978, 17, 637-641.
Turik, M. V., Kuprianov, M. F., Sidorenko, E. H. and Zaitsev,
S. M., Behaviour of piezoceramics type Pb(Zr,Ti;_,)O3 near the
region of morphotropic phase transition. Sov. Phys., Techn. Phys.
(Engl. Transl.), 1980, 25, 1251-1254.

German, R. M., Liquid Phase Sintering. Plenum, New York,1985.
Bystrikov, A. S., Mechanism of the formation of zirconium-sili-
con-vanadium and some other ceramic pigments. Glass Ceram,
1965, 22, 367-369.

Takahashi, S., Effect of impurity doping in lead zirconate-tita-
nate ceramics. Ferroelectrics, 1982, 41, 143-156.

Wu, N. C., Hunag M. S. and Wang, M. C., Effect of PbO excess
addition on the sintering and piezoelectric properties of 12Pb
(Ni;38b,/3)03-40PbZrO5-48PbTiO3 ceramics. J. Mater. Sci.
2002, (in press).



